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Abstract 

Selenium (Se) is a naturally occurring element first identified as a contaminant in the 1970s in 

agricultural drain water acting as a breeding ground for wetland wildlife.  In addition to coal 

ash slurry waste, Se released from fossil fuel combustion, garbage, paper, and tire incineration, 

forest fires, soil erosion, volcanism, agriculture, coal combustion, insecticide production, oil 

refining, photovoltaic, and glass manufacturing among others, and can easily evolve into a 

significant environmental concern, despite also being essential for animal and plant tissue 

function. Se bioavailability, uptake, distribution, metabolism, and volatilization within living 

organisms are influenced by the type of vegetation, the chemical form of Se in soil, pH, 

moisture content, and soil composition.  

 

Australia is well known for its rich coal exports, but coal is also consumed domestically for 

electricity generation by power plants around the country. One of the by-products of coal use 

for electricity production is a coal ash slurry. Coal ash slurry is dumped in unlined ponds near 

power plants and leaches into the surrounding soils and eventually into waterways. While there 

are several methods of seepage prevention, power plant companies are not obliged by 

government regulations to line historical coal ash slurry dump sites. They are also not required 

to remediate the land before or after power plant closure leaving behind a legacy of coal ash 

slurry waste contamination in soil. The resulting impact of the coal ash slurry seepage is an 

elevated level of carcinogenic and toxic compounds in the ground, including cadmium, arsenic, 

mercury, and selenium (Se). There have been numerous studies to show how plants absorb 

these contaminants from soil. Still, there are no studies to date demonstrating the 

phytoremediation of Se from the earth using plants as a potential solution in Australia.  

  

The plants selected for this study were Brassica ‘vitamin green’, Helianthus annuus, Neptunia 

amplexicaulis, and Solanum tuberosum species used for phytoremediation on contaminated 

sites through tissue engineering. The specific aims of the current research project were:  

1. To determine sublethal selenite and selenate concentrations in the selected plants 

2. To measure the effects of sublethal selenite and selenate concentrations on reactive 

oxygen species enzyme activity under Se stress 

3. To establish and compare patterns of Se uptake on a whole plant and proteomic scale 

4. To study the effects of Se stress on plant protein regulation 
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The experiments described in this thesis attempt to quantify the uptake patterns in the leaves, 

stems, and roots of three plants, Brassica species, Helianthus annuus and Neptunia 

amplexicaulis. These plants are known for varying levels of selenium absorption. 

Understanding the location of Se accumulation in the plants will determine their suitability in 

situ phytoremediation, where the efficacy of currently used species is constrained by slow 

growth rates and low biomass production. Se is also an essential micronutrient for human 

function so an added benefit of using edible crops for phytoremediation is that if plants are 

storing Se in the edible parts of the plant such as the leaves or seeds, there is the potential for 

adding these plants to livestock feedstock. The addition of the Se enriched plants to livestock 

feedback may then be used to supplement to the human diet.  

Sublethal Se concentrations were determined by subjecting the test plants to increasing 

concentrations of two selenium salts over 21 days, with sublethal concentrations determined 

by measurements of the shoot and root length, fresh and dry weights, and the number of leaves 

present as the selenium concentrations increased. Sublethal concentrations ranged between 15 

μM for Solanum tuberosum to 500 μM for Neptunia amplexicaulis.  

The reactive oxygen species were measured in the leaves, stems and roots based on the above 

exposure concentrations. The results indicated that exposure to elevated levels of selenite and 

selenate in plants results in higher reactive oxygen species (ROS) enzyme activity than seen in 

the controls, confirming that plants exposed to selenite and selenate were experiencing 

oxidative stress.  

A radioactive isotope of selenium (Se75) was used to quantify the Se concentration in each plant 

and translocation of Se in each plant part. The study indicated higher uptake in the shoots than 

the roots for selenite and the opposite for selenate uptake in the Brassica species and Helianthus 

annuus. At the same time, Neptunia amplexicaulis showed no significant differences in Se 

translocation between the roots and shoots. 

Given that the results from the autoradiographic study were more reliable in Helianthus annuus 

and Neptunia amplexicualis, these two plants were the focus for subsequent proteomic analysis 

to identify whether selenoproteins could be detected in selenium-exposed plants. If 

selenoproteins were not detected then what effect selenite and selenate exposure have on 

protein expression in the selected plants. The final component of the research project indicated 
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that proteins associated with reactive oxygen species were elevated in the selenium-treated 

plants compared to controls; however, proteomic methods did not conclusively identify 

specific selenoproteins.  

  

This research identified the need to further optimize the use of radioisotopes for plant 

autoradiography and proteomic techniques for plant studies.  It also highlighted the potential 

of using Neptunia amplexicualis as a tool for the phytoremediation of Se contaminated soils. 

However, further research is needed. 
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Chapter 1. General introduction 

1.1 Australian coal production 

Australia is amongst the world's largest producers and exporters of coal (Saunders, 2015). 

Since the 1990s, Australia's total domestic coal production has doubled, and exports have 

steadily grown (Figure 1). However, global market demand has been changing in recent years, 

influencing the longer-term view for coal exports where demand is expected to grow 

unobtrusively. This is dependent on the transition toward renewable energy sources, changes 

in steel production technology, and global economic growth (Cunningham et al., 2019) 

1.2 Impacts of coal production 

Coal production has been linked to air pollution and climate change through greenhouse gas 

generation; however, another waste product from coal-fired power stations and mines is coal 

ash (Agency, 2016). Coal ash is a toxic ash, post-combustion by-product from electricity 

production using coal (Jones et al., 2012). Coal naturally contains trace amounts of toxic 

chemicals which become concentrated when the coal is burned, forming coal ash (Bednar et 

al., 2013). The concentrated toxic chemicals in coal ash are known carcinogens, neurotoxins, 

and poisons which include but are not limited to selenium (Se), cadmium, lead, radium, 

mercury, and arsenic (Bednar et al., 2013). The coal ash is blended with saline wastewater 
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directed into dump sites creating a slurry of toxic chemicals that leak into aquifers and soil and 

eventually into rivers and lakes where humans and animals can be exposed to it (EPA, 2015). 

The toxins from coal ash have been linked to asthma, heart disease, cancers, respiratory 

conditions, and stroke (Block and Calderón-Garcidueñas, 2009). 

Increasingly the impact of coal ash on air pollution has become known. Still, minimal research 

has been done in Australia to demonstrate the impact of coal ash chemicals in water and soil 

(Jones et al., 2012).  Communities near power plants are particularly susceptible to the dust 

from dried uncontained coal ash and exposure to water bodies contaminated with leaked coal 

ash slurry (Gao et al., 2013, Kish et al., 2013, Orazzo et al., 2009). Regardless of this, regulators 

permit coal ash ponds to be built and operate in a manner that does not intercept surface and 

groundwater contamination, allowing leaks and community exposure to the contaminating 

chemicals in coal ash. Even with best practices, coal ash cannot be disposed of safely. There is 

still a contamination risk to people and the environment, highlighting the need for coal ash 

dump sites to be strictly monitored, managed, and rehabilitated to minimize the risk posed to 

human and environmental health (B and Dikshit, 2012, Bednar et al., 2013Bhatt et al., 2019).  

1.3   Regulation of Coal ash waste management 

Currently, regulation of coal ash dumping in Australia is very inadequate with a lack of 

reporting information. Additionally, there is a lack of requirements for clean maintenance of 

toxic coal ash dumps and a lack of best-practice rehabilitation. There are no clear closure plans 

for current coal dump sites, and nor is there a plan for future coal ash dump contamination risk 

mitigation (Kok et al., 2019, Suthar and Aggarwal, 2016, Whiteside and Herndon, 2019). Wet 

disposal is the most economical method of coal ash disposal despite the contamination risk, 

with very few power plants utilizing the coal ash dry and cover method (B and Dikshit, 2012). 

While preventing coal ash slurry seepage is the best form of management, it does not 

adequately mitigate environmental contamination.  

A report by environmental injustice Australia demonstrates that coal ash dumps are already 

contaminating water, polluting aquatic ecosystems, and dispersing toxic coal ash over 

communities who live near them (Bhatt et al., 2019). The report identified that cleaning up 
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existing coal ash dump sites is vital to minimizing water contamination, air pollution, and 

planning for future land use (Bhatt et al., 2019). 

 

1.4 An introduction to Se 

Selenium (Se) was first discovered by a Swedish chemist Jons Jakobin Berzelius in 1817. It 

was named after the Greek moon goddess ‘Selene’. Se belongs to the periodic table Group 

VIA, which is the same group as Sulfur (S). The first encounter with Se, thought to be by Marco 

Polo in 1295, travelled through Asia Minor from Venice to China. During this journey, his 

horses endured necrotic hoof disease. Initially,  it was thought to be due to consuming what 

was thought to be a poisonous plant.  Instead, it was confirmed to be due to Se toxicity due to 

excessive consumption of Se- accumulator plants (Birringer et al., 2002).  

Se was first used commercially in a television system in 1884 and using Se photocell 

technology for imaging (Chasteen and Bentley, 2003). The usage of Se subsequently became 

popular in areas such as xerography, the electrical, electronic, and semiconductor industries, 

agriculture, paint, pigment production, vulcanization, oil refining, glass manufacturing, 

electricity generation using coal, metallurgy, and now increasingly in medicine (Lemly, 2004).  

Se is an essential element for human and animal function (White and Brown, 2010).  The role 

of Se in plant function remains controversial; Se stimulates growth and increases tolerance to 

environmental factors and provides resistance to pathogens. However, it can also lead to 

oxidative stress in plants in excessive concentrations (El Mehdawi and Pilon‐Smits, 2012, Feng 

et al., 2013, Pilon-Smits et al., 2009b, Quinn et al., 2007b, White and Brown, 2010).  

 

1.5  Naturally occurring sources of Se 

The dispersal of concentrated forms of Se in natural soils is determined primarily by geology 

(Dhillon and Dhillon, 2003, Fordyce, 2012). Certain geological features enhance the Se 

concentrations in natural soils where the Se range can fall between 0·01–2·0 mg Se kg–1, up to 

1200 mg Se kg–1(Barker and Pilbeam, 2016, Dhillon and Dhillon, 2003, Fordyce et al., 2000).  

These selenium concentrations in natural soils can support uniquely adapted life but can be 

detrimentally toxic to fauna and flora (Brown and Shrift, 1982, Rosenfeld and Beath, 1964).  

Seleniferous soils are defined as soils with naturally occurring high levels of Se. These soils to 

date have been identified in the Great Plains of the USA, Canada, South America, Australia, 
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India, China, and Russia (Bujdoš et al., 2005, Dhillon and Dhillon, 2003, Foyer and Halliwell, 

1976). 

Se is an unevenly distributed naturally occurring element throughout the earth’s crust (Lakin, 

1972). While Se does not occur as an ore, it is in various rocks, minerals, lunar and volcanic 

material, fossil fuels, plant materials, and waters as a significant component of 40 minerals.  

Sedimentary rocks such as shales, sandstones, limestones, and phosphorate rocks contain 

concentrated sources of Se.  Selenite minerals are also located in areas of high concentrations 

of sulphur, given their similar chemistry (Elkin, 1968.). Chalcopyrite, bornite, and pyrite are 

also Se-rich minerals (Cooper et al., 1970). 

The sources of Se contamination vary depending on geological distribution, natural weathering 

occurrences, and anthropogenic activities (Anderson et al., 1961). As described above, whilst 

areas of the earth’s surface have concentrated deposits of Se, it remains a rare element with an 

abundance of about 0.09 ppm (Lakin, 1972).  

Anderson et al. (1961) estimated that 58% of sedimentary shales are naturally Se rich, some of 

which have led to the formation of Se-toxic soils in Ireland, Australia, and several other 

countries (Nicholas, 2012) Se rich rocks which have weathered form seleniferous soil (Moxon 

et al., 1950, Ohlendorf, 1989) 

Limestone is estimated to have low levels of Se, and it has been challenging to estimate the Se 

content in sandstone, with values ranging from 0–112 ppm {Lakin, 1967).  Phosphate fields in 

the U.S. over parts of Wyoming, Utah, Nevada, Idaho, and Montana contained 1.4 to 178 ppm 

Se (Robbins and Carter, 1970)  

Atmospheric Se is partially caused by volcanic eruptions and in seleniferous sulfur and sulfur-

containing inorganic salts. However, not all volcanic sulfur contains high concentrations of Se. 

Hawaiian and Japanese volcanic sulfur ranges from 67 ppm to 206 ppm and 1026 to 2000 ppm, 

respectively (Lakin and Davidson, 1967). 

High Se concentrations in sedimentary deposits are either due to Se precipitation from the rain 

from volcanic eruptions, deposition of erosion products from volcanic sulfur seleniferous tuffs 

and sulfide deposits, or precipitation of Se from streams or groundwater carrying unusual 

quantities of Se from older seleniferous sediments (Ellis et al., 2004). 
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1.6 Se as a contaminant 

Se concentrations can have detrimental impacts on the environment when they exceed optimal 

levels. Elemental Se liberates from rock and soil mixtures and combines with water and air,  

converts to one of two bioavailable high-water soluble forms of Se, selenate, and selenite ions. 

The high-water solubility of both selenite and selenate allows the ions to be easily absorbed by 

living organisms, including plants increasing the chances of Se toxicity within these organisms. 

Se concentrations in plants are directly related to Se phyto availability in the soil. Se phyto 

availability is demonstrated by four observations where Se concentrations were higher in:  

 

(1) Plants thriving in soils with greater Se phyto availability. (Brown and Shrift, 1982, 

Rosenfeld and Beath, 1964, Rosenfeld and Beath, 2013, Thomassen et al., 1994) 

(2) Plants growing in contaminated soil with Se that was anthropogenically introduced 

(Wu, 2004) 

(3) Crops cultivated in soils having greater Se phyto availability (Broadley et al., 2006a, 

Joy et al., 2015, Lee et al., 2011, Williams et al., 2009)  

(4) Crops on which Se fertilizers (soil or foliar) have been applied (Alfthan et al., 2015, 

Broadley et al., 2006a, Chilimba, et al., 2012, White and Broadley, 2009)  

 

1.7 Impact of Se soil contamination on humans 

 

As mentioned above, Se is essential for healthy human bodily functions. The dietary intake of 

Se in the human population reflects the naturally occurring Se in the soil in which food crops 

are cultivated (Yang et al., 1983). In many countries, Se occurs naturally in soil. For example, 

in the Northwest of China along the geographic belt from Heilongjiang Province to Yunnan 

Province in the south-west, there are Se deficient soils (Tan et al., 1989). In the Enshi District, 

Hubei Province and Ziyang County, Shanxi Province in China, high Se levels lead to Se 

toxicity among the human population (Yang et al., 1983).  

 

1.8 Phytoremediation as a solution for Se soil contamination  

 

While studies remain inconclusive on the importance of Se to flowering plants (angiosperms), 

it has been recognized as a growth stimulant, can facilitate tolerance to environmental factors 
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during oxidative stress, which allows plants to develop resistance to pathogens and herbivory 

(El Mehdawi and Pilon‐Smits, 2012, Feng et al., 2013, Pilon-Smits et al., 2009b, Quinn et al., 

2007b, White and Broadley, 2009). The angiosperms have been categorized into three main 

groups regarding their ability to accumulate Se into their tissues: non-accumulator, Se-

indicator, and Se-accumulator species. Se concentrations of 10–100 μg Se g–1 dry matter (DM) 

cannot be tolerated by non- accumulator species (Beath et al., 1940, Rodriguez et al., 2005). 

Se-indicators can tolerate tissue Se concentrations of up to 1 mg Se g–1 DM and thrive in non-

seleniferous and seleniferous soils (Beath et al., 1940, Rodriguez et al., 2005). Baker (1981) 

found that the Se phyto-availability in the soil was proportionate to the Se concentration in Se-

indicator plants, allowing them to act as an “indicator” of soil Se concentrations. Se-

accumulator species generally only survive and thrive on seleniferous soils, and their leaf Se 

concentrations can exceed 1 mg Se g–1 dry matter (DM) (Beath et al., 1940, Brown and Shrift, 

1982). Of the 185 angiosperms that have been tested, most are non-accumulators (White et al., 

2007, White et al., 2004b).  A few plants that have been identified as Se indicator and Se 

accumulators have been outlined in Table 1.  

Table 1. Angiosperm species studied for Se-(hyper) accumulation have demonstrated shoot Se 

concentrations >1000 mg Se kg–1 dry matter. Modified from (White, 2015) 

Species Location Se 

concentrati

on (mg Se 

kg–1 DM) 

Reference 

Stanleya pinnata Pine Ridge, Fort Collins, 

CO, USA  

>4000 Galeas et al. (2007) 

Astragalus canadensis Las Vegas, NE, USA 1110 (Byers, 1936) 

Acacia can NW Queensland, 

Australia  

1121 (McCray and Hurwood, 

1963)  

Coelospermum 

decipiens  

Cape York Peninsula, 

Queensland, Australia 

1141 (Knott and McCray, 

1959) 

Gutierrezia 

microcephala 

Thompson, UT, USA 1287 (Beath, 1943) 

Astragalus bisulcatus Pine Ridge, Fort Collins, 

CO, USA  

13 685 (Sura-de Jong et al., 

2015) 
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Astragalus 

flavus var. candicans 

Thompson, UT, USA 1322 (Beath, 1943) 

Astragalus flavus Aztec,  NM, USA 1361 (Beath et al., 1941) 

Symphyotrichum 

ericoides  

Pine Ridge, Fort Collins, 

CO, USA  

1378 (El Mehdawi et al., 

2015)  

Astragalus racemosus WY, USA 14 920 Knight and Beath 

(1937)  

Dieteria canescens Midwest USA 1600 Beath et al. (1939a) 

Astragalus 

eastwoodiae 

Utah, USA 1664 Beath (1943) 

Atriplex confertifolia Thompson, UT, USA 1734 Beath (1943) 

Xylorhiza glabriuscula Huerfano County, CO, 

USA  

1750 (Byers, 1938)) 

Symphyotrichum 

lateriflorum  

SD, USA 1800 (Moxton et al., 1939) 

Cardamine 

hupingshanensis 

Yutangba, Enshi, China 1965 (Yuan et al., 2013) 

Astragalus crotalariae Truckhaven, CA, USA 2175 (Beath et al., 1941) 

Astragalus sabulosus Thompson, UT, USA 2210 (Beath et al., 1941) 

Astragalus 

bisulcatus var. haydeni

anus  

Cuba,  NM, USA 2377 (Beath et al., 1941) 

Stanleya bipinnata Laramie, WY, USA 2490 (Beath et al., 1941) 

Astragalus osterhoutii Krem mLing, CO, USA 2678 (Beath et al., 

1940)Beath et al. (1940) 

Astragalus beathii Cameron, AZ, USA 3135 (Beath et al., 

1940)Beath et al. (1940) 

Castilleja 

angustifolia var. dubia 

Lysite, WY, USA 3460 (Beath et al., 1941) 

Xylorhiza venusta Midwest USA 3486 (Rosenfeld and Beath, 

1964) 

Oonopsis foliosa Lascar, CO, USA 3630 Beath et al. (1939b) 

Astragalus preussii Thompson, UT, USA 4188 Beath (1943) 
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Neptunia 

amplexicaulis 

Richmond, Queensland, 

Australia  

4334 (Knott and McCray, 

1959)Knott and McCray 

(1959)  

Astragalus grayi Carbon County, WY, 

USA  

4450 (Byers, 1936) 

Symphyotrichum 

ascendens  

Soda Springs, ID, USA 4455 (Pfister and Zeeman, 

2016) 

Astragalus praelongus Leupp, AZ, USA 4835 (Beath et al., 1941) 

Astragalus pectinatus Teton County, MT, USA 5170 (Byers, 1938, Draize and 

Beath, 1935) 

Astragalus albulus La Ventana,  NM, USA 530 (Draize and Beath, 1935) 

Xylorhiza parryi Albany County, WY, 

USA  

5390 (Draize and Beath, 1935) 

Astragalus 

flavus var. argillosus 

Greenriver, UT, USA 631 (Beath et al., 1941) 

Astragalus praelongus 

var. ellisiae  

Valmont, NM, USA. 656 (Beath et al., 1941) 

Astragalus rafaelensis Jensen, TX, USAA 716 (Beath et al., 1941) 

Astragalus pattersonii Thompson, UT, USA 8512 (Beath, 1943) 

Oonopsis wardii Albany County, WY, 

USA  

9120 Byers (1935) 

Grindelia squarrosa Lower Brule Reservation, 

SD, USA  

930 Lakin and Byers (1941) 

Atriplex nuttallii WY, USA 930 Beath et al. (1937) 

Astragalus 

beckwithii var. purpure

us  

Clark County, NE, USA 970 Lakin and Byers (1941) 

Stanleya 

pinnata var. integrifolia 

Vernal, UT, USA 977 Beath et al. (1941) 

Astragalus toanus ID, USA 990 Lakin and Byers (1948) 
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1.9 Research gaps 

Coal mining is just one of the several sources of potentially toxic elements (PTE’s) which can 

alter the natural environment and disrupt the processes of the environments and the organisms 

in the soil (Ghori et al., 2016). Traditional land reclamation includes surface stabilization to 

prevent water erosion, prevent toxic pollutant runoff into the surrounding environment, and 

restore the natural landscape (Xie and van Zyl, 2020)  . In situ physical chemicals: soil isolation 

and containment, solidification and stabilization, vitrification, soil flushing, and electrokinetic 

reclamation techniques are used on abandoned mine sites (AMS) (Dada et al., 2015). However, 

they are expensive, time-consuming, and complex to implement on a large scale, and the public 

perception of these techniques has been poor(Mahar et al., 2016). 

 Increasingly in the last 20 years, plants have been used to extract, stabilize, volatilize, and 

remediate the soil. Wood ash, manure, sawdust, compost, sewage sludge, biosolids, wood 

chips, and inorganic methods, including phosphate-derived products, liming materials, alkaline 

sludge, and sugar foam, are also used for soil remediation and are cheap to implement 

(Rodríguez et al., 2016). The disadvantage of these methods is that they do not remove all 

PTE’s from the soil(Grobelak, 2016). In addition to the remediation of the soil, recreating the 

biodiversity in fauna and flora is also essential. Therefore, native flora that can thrive in the 

ecosystem must be planted during or soon after phytoremediation(Venkateswarlu et al., 2016). 

The most critical stage in developing a phytoremediation plan is selecting the 

hyperaccumulator plant species(Suman et al., 2018). Hyperaccumulators are plants that store 

at least 1 g kg−1 in their aerial plants without plant death(Suman et al., 2018). Research to date 

has focused on the phytoextraction of As, Co, Cr, Cu, Ni, Pb, Sb, Se, and Tl(Tchounwou et al., 

2012). Aside from hyperaccumulating PTE’s in aerial parts of the plant, plants for 

phytoremediation also need to produce high biomass, rapid growth rates, easy crop 

management, genetic stability, and cannot be a food source for animals(Ghori et al., 2016). 

While an increasing number of plants can be used for phytoremediation, there are still 

complexities as the ability of the plants to absorb PTE’s is impacted by climate and soil pH(Xie 

and van Zyl, 2020). Despite these challenges, there are real-world examples of where 

phytoremediation has been used to remediate contaminated soils. In Spain, following a toxic 

mining site accident in 1998, Lupinus albus plants demonstrated an increase in acid soil pH, a 

decrease in soluble As and Cd and high concentrations of As and Cd levels in roots(Madejón 

et al., 2018). These finds, however, were made after several failed trials using Helianthus 
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annuus and Brassica juncea (Madejón et al., 2003).  Another study carried out in Castelo 

Branco in Portugal where soil contaminated with As, Sb and W was remediated with Pinus 

pinaster for As and W, Cistus ladanifer and Cistus vulgaris for Sb and W, Digitalis purpurea 

and Erica umbellata for Sb, and Quercus ilex, Chamaespartium tridentatum, and Eucalyptus 

globulus for W(Pratas et al., 2005). 

The PTE’s studied so far are hugely toxic to humans. However, Se unlike As, Sb and W is 

essential for human function discussed below. It is proposed that by understanding how plants 

absorb and metabolise Se, it can be determined how suitable it is, for Se to be given to livestock 

to continue to be metabolized by humans. 

The detection of effective Se accumulator species is an area with vast benefits to animal and 

human health. Very little research has been done to address the physiological impacts of 

selenite and selenate on the selected plants. There is an opportunity to address the gaps in 

knowledge in this area. To date, there is ample research to demonstrate the importance of Se 

to healthy human function.  

There have also been studies to demonstrate the importance of Se in microorganisms such as 

Escherichia coli  (Deng et al., 2018, Eswayah et al., 2016); after this discovery, Salmonella, 

Clostridium, Methanococcus, and Methanococcus, Desulfovibrio desulfuricans were identified 

containing selenoproteins (Heider and Böck, 1993, Johansson et al., 2005, Oremland et al., 

1989).  

Studies have also shown, albeit to a comparatively lesser extent on studies the importance of 

Se in humans , that Se in low concentrations offers protection for plants to exposure to abiotic 

stresses including cold stress (Oremland et al., 1989), drought (Chu et al., 2010), desiccation 

(Kumar et al., 2012) and metal stress (Pukacka et al., 2011). Still, Se has rarely been studied as 

a soil contaminant using-sublethal concentrations to date.    

1.10 Research aims 

As discussed above, there is ample research into the naturally occurring Se in soil, and its 

importance to human health has been established. Still, very little research has been performed 

to study the physiological effects of Se on plants at sublethal concentrations as a contaminant. 
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The secondary goal of this research is to explore the early stages of the potential use of these 

plants to supplement human dietary Se requirements.  

 

The current research aimed to address these gaps in knowledge by: 

 

1. Identifying sublethal concentrations of selenite and selenate exposure in Se accumulator 

and non-accumulator plant 

2. Identifying patterns of ROS related enzyme activity in a Se accumulator and non-

accumulator plant 

3. Quantifying Se in Se accumulator and non-accumulator plants through creating an 

autoradiographic image  

4. Identifying relationships between seed storage proteins and selenium uptake as a precursor 

to proteomic studies 

5. Identify up and downregulating proteins on exposure to sublethal concentration of Se 

 

The overall objective of this study is to use the theoretical knowledge gained to inform plant 

selection for use for field trials on Se contaminated soils. 
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Chapter 2. Sublethal selenium concentration selection 

Abstract 

 

To date, limited research has been conducted to determine how the patterns of Se uptake and 

accumulation determine the suitability of plants for phytoremediation of mine sites. The plants, 

Brassica rapa ‘Vitamin Greens’, Helianthus annuus ‘Dwarf Helianthus annuus’ (secondary 

Se accumulators) and Neptunia amplexicaulis ‘. All plants were grown in tissue culture and 

harvested after 21 days of exposure to a range of increasing concentrations of selenite and 

selenate salts, with a range of widely accepted growth measurement variables, including fresh 

and dry weight, shoot and root length and water content used to assess plant health.  

 

Each plant was able to withstand various concentrations of sodium selenite and sodium selenate 

salts. The results indicated that the sublethal concentration of selenite and selenate for Brassica 

rapa was 20µM, Solanum tuberosum was 10 µM, Helianthus annuus 25µM, and Neptunia 

amplexicaulis 500µM. Sublethal exposure concentrations were used for further experimental 

studies in enzymatic, autoradiography, and proteomics   
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2.1 Introduction        

2.1.1 Plant selection for potential phytoremediation use    

 

Selenium (Se) is an increasingly essential micronutrient for the health of humans and animals, 

and its importance in flowering plants remains an area of interest (Pilon-Smits et al., 2009).  A 

greater understanding of Se accumulation in flowering plants offers a more economically 

feasible solution to phytoremediation with the added possibility of using these Se accumulating 

plants to supplement the shortage of dietary Se in humans and livestock.  

 

Se accumulator plants need to meet several essential criteria before being nominated for their 

potential use in soil remediation. A plant must develop to maturity in a relatively short amount 

of time with a mature root system, have the nitrogen-fixing capacity, be adaptable to local 

climates, withstand a wide range of physicochemical conditions, grow in a mixture of soil 

compositions and be able to cycle nutrients in organic matter to improve substrate fertility to 

be suitable for use in phytoremediation, (Maiti, 2012). Based on the criteria as mentioned 

above, a few plants have been identified from a range of genera, some of which have been 

successfully used in eco-restoration (Bogdanović et al., 2008, Dragović et al., 2008, Gajić et 

al., 2018, Kostić et al., 2019, Maiti, 2012). Singh et al. (2016) previously found that grass and 

legume species, which include the genus of Festuca, Lolium, Agropyron, Poa, Medicago, and 

Vicia, are the most suitable grass and legume species for application on contaminated sites in 

a temperate climate. Additionally, Populus, Robinia, Salix, Alnus, Betula, and Acer are suitable 

phytostabiltizing trees among many other varieties of angiosperms and herbaceous plants 

(Garau et al., 2019).  

 

In the past, some studies have dealt with Se accumulating plants for phytoremediation of Se in 

contaminated sites (Bañuelos and Dhillon, 2011, Wu et al., 2015). However, more recently, 

attention has been drawn to addressing Se deficiency in the human diet. For this reason, more 

excellent value has been placed on crops, vegetables, and edible mushrooms for enriching with 

Se (Zhao et al., 2005, Maseko et al., 2014, Dogan et al., 2016). Studies by Li et al. (2018) 

performed on Brassica rapa var. rapa (turnip), where results indicated that selenate was 

absorbed in greater concentrations than selenite.  

Asteraceae, Brassicaceae, and Fabaceae studied from America, Australia and China have 

accumulated Se in their leaf trichomes and epidermal cells (Freeman et al., 2006, Freeman et 
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al., 2010, Yuan et al., 2013, White, 2015). Additionally, Lecythidaceae is said to accumulate 

Se in its fruits and seeds (Dernovics et al., 2007, Hammel et al., 1996, Chang et al., 1995).    

 

2.1.2 Selenium accumulating plant groups 

To date, plants have been categorised into three groups according to their capability to 

accumulate Se. Most plants are non-accumulators (Beath et al., 1940). The main groups of 

plants are Se accumulators, Se indicators, and non-Se accumulating plants.  

 

Non Se accumulating plants are those that do not absorb significant amounts of Se under any 

circumstances. Se indicator plants/secondary accumulators absorb Se depending on how much 

Se is present in the soil. Secondary Se accumulators typically contain 5–30 mg Se kg−1 dry 

weight. Researchers Huang and Wu (1991) and White et al. (2004) have put plants such as 

Aster, Atriplex, Brassica juncea, and Brassica napus (canola), species of Comondra, Grayia, 

Gutierrezia, Siderenthus, and Castilleja into the secondary Se category. Se accumulator’s 

plants accumulate Se into their tissues in concentrations in the range of 70–300 mg Se kg−1 

dry weight. (Marschner and Rengel, 2012) and White et al. (2004) grouped Astragalus, 

Stanleya pinnata, Melilotus officinalis, Grindelia squarrosa, Neptunia amplexicaulis, 

Bertholletia excelsa, and species of Lecythis, Morinda, Happlopappus, and Machaerantha as 

Se accumulator plants. Some of the plants belonging to this group have been previously 

measured for Se concentrations in their natural environments. However, to date, not all plants 

have been studied to the same extent or level of detail, and Se absorption potential can vary 

significantly within species, highlighting the need to understand individual varieties (Li et al., 

2018).  

 

2.1.3 Helianthus annuus for potential Se phytoremediation 

The Helianthus genera include Helianthus annuus, a significant source of edible oils that has 

also been mentioned for its phytoremediation ability, with the added advantage of the sturdy 

stems and plant material (Fan and Eskin, 2015). Numerous studies have demonstrated the 

ability of Helianthus annuus to absorb essential nutrients under stressed conditions with nitrate 

or ammonium as a nitrogen source (Kurvits and Kirkby, 1980).  Forte and Mutiti (2017) 

demonstrated that Helianthus annuus accumulated cadmium and lead in significant 

concentrations. The only study at the time of writing was (Farzaneh et al., 2018), where 

Helianthus annuus absorbed higher levels of Se compared to maize. However, there are no 
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studies to date that demonstrate the ability of Helianthus annuus to accumulate Se when 

exposure is at sublethal concentrations in tissue culture. 

 

2.1.4 Brassica rapa for potential Se phytoremediation  

Numerous studies have demonstrated the potential of Se accumulation by species from the 

Brassicaceae (Hladun et al., 2011, Seppänen et al., 2010, Suarez et al., 2003). Given that a 

large range of Brassicaceae varieties such as pakchoi, cabbage, broccoli, mustard, radish, and 

turnip are already grown on a commercial scale around the world, they are readily available 

plants for the Se biofortification as a means of improving dietary intake to address the 

inadequate levels of Se intake in humans. Given a large number of plant varieties within the 

Brassicaceae (Couvreur et al., 2010), each variety requires an individual assessment of its 

ability to absorb Se, to classify these plants as non-accumulators or Se hyperaccumulators 

(Seppänen et al., 2010, Suarez et al., 2003, Yuan et al., 2013). 

 

Research has identified Brassica juncea (Indian mustard), popular in Japan as a Se 

accumulator, along with Brassica rapa var. hakabura (Nozawana) and Brassica rapa var. 

peruviridis (komatsuna) as suitable candidates for use in Se phytoremediation. Of these three 

plants, Nozawana accumulated the greatest concentration of Se (Harris et al., 2014). Minerals 

such as iron, copper, and zinc could be extracted easily from the plant (Kumar et al., 2020). 

The Se accumulation ability of Nozawana combined with the ease of extracting other minerals 

place it as a potential phytoremediation crop where Se soil contamination is present (Flors and 

Nonell, 2006). While there are many more varieties of Brassicae that have been identified as 

having the ability to absorb Se to varying ranges, there are no studies to indicate that Brassica 

rapa ‘Vitamin greens’ can also absorb Se let alone other minerals and if so, the concentration 

of selenite and selenate that can be tolerated.  

 

2.1.5 Neptunia amplexicaulis for potential Se phytoremediation  

A range of species such as Stanleya pinnata and Astragalus sp. have been well studied in areas 

where there are naturally occurring Se soils. On the other hand, some plants have received less 

attention, such as Neptunia amplexicaulis, which was first documented by Knott and McCray 

(1959). Since the discovery of Se accumulation in plants, there have only been two other studies 

on the ability of Neptunia amplexicaulis to absorb Se in Australian soils (Burnell, 1981, 
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Peterson and Butler, 1967).  This lack of research into this naturally occurring Australian Se 

accumulator justifies the selection of this plant for a detailed investigation. No research on 

Neptunia amplexicaulis has been performed to understand its Se uptake when Se is present as 

a contaminant. Neptunia amplexicaulis has been studied to a limited extent as a Se 

hyperaccumulator for its ability to absorb naturally occurring Se from its surrounding soils; 

however, the effect of the soil composition on Se uptake ability was not considered in this study 

(Peterson and Butler, 1967). Therefore, any beneficial effect of other compounds is not known 

to date. 

 

2.1.6 Aim  

 

This experiment aimed to determine the sublethal concentrations of sodium selenite and 

sodium selenate in Solanum tuberosum, Helianthus annuus, Brassica rapa. var vitamin greens 

and Neptunia amplexicualis. Growth variables on exposure to increasing concentrations of 

sodium selenite and sodium selenate in tissue culture were measured. The findings of this 

chapter will then be used as the basis for further investigations into the ROS enzymes and 

metabolites, uptake, quantification of Se within the plants, and trends in the upregulation and 

downregulation of proteins. 

 

Methods        

2.1.7 Se solution stock preparation     

 

Stocks of 0.1M solution of sodium selenite, Na2SeO3 (CAS: 10102-18-8) with a MW: 

172.94g/mol and 0.1M sodium selenate Na2SeO4 (CAS: 13410-01-0) MW: 188.94 g/mol were 

prepared in 100 mL deionized sterile H20 for addition to culture media. Sodium selenite and 

sodium salt were purchased from Sigma Aldrich.   

 

2.1.8 Tissue culture preparation      

 

Murashige and Skoog (MS) 1/4 strength media solution was prepared with 1.0825g MS salts 

7.5g sucrose and stirred over a hot plate to ensure that all components were dissolved for 1 
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hour. 600 mL was then placed into a 1L stock bottle with 0.8g of agar to solidify media for 

tissue culture.  

 

All bottles of tissue culture media were placed in an autoclave in a setting of 30 min at 121°C, 

104 kPa, and left to set at room temperature. Culture media was used the same day as 

preparation in every instance. Controls did not contain selenium in any form. 

 

2.1.9 Seed preparation       

 

Seeds of Brassica rapa cv. Vitamin greens and Helianthus annuus were sourced from 

Rangeview seeds, Derby, Tasmania. Neptunia amplexicaulis seeds were sourced from 

Richmond, QLD by Dr Ashwa Nanjappa Central Queensland University, Australia, and 

identified by the Sydney Royal Botanical Gardens. Since plants utilize the hard seed coats to 

protect from the environmental conditions until suitable germination conditions arise, the seed 

coats do not form a seed storage compartment, and therefore where applicable, hard seed coats 

were removed by hand without damaging seeds inside (Erbaş et al., 2016). Once seed shells 

were removed, all seeds were surface sterilized with 70 % (v/v) ethanol for 3 min, followed by 

autoclaved MQ water rinses five times. Seeds were then washed in 2% sodium hypochlorite 

solution for 5 min, after which they were rinsed five times again with autoclaved MQ water. 

All seeds were used immediately after sterilization. Neptunia amplexicaulis seeds were nicked 

with a nail clipper to break open the seed coat to ensure penetration of nutrients and initiate the 

first stage of the triphasic germination, i.e., rapid initial uptake of water (Bewley, 1997, Manz 

et al., 2005, Schopfer and Plachy, 1984). This was not necessary for the softer seed coatings. 

Plants were grown for 21 days at 24°C, relative humidity of 85-95 %, and a day/night cycle of 

12 hours/12 hours. A data logger was used to ensure that humidity and temperature were 

consistent throughout the experiments. 

 

2.1.10 Data collection       

 

The variables on which sublethal concentrations were assessed are fresh weights (g), dry 

weights (g), shoot length (mM), root length (mM), the number of leaves excluding cotyledons, 

and leaf grading where 1= healthy green leaves and 5= dead leaves.  
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All plant samples were collected after 21 days. Culture media was washed off the root system 

with deionized water three times to ensure the removal of all culture media. Fresh weight (FW) 

was then measured on an analytical balance. Plants were laid flat, straightened and measured 

using a ruler from shoot tip to root tip. Plants were then placed in 6 mL kimble tubes at 80°C 

for 8 hours and weighed again for dry weights, by which time plants had achieved a constant 

weight.   

 

2.1.11 Statistical analyses        

 

P < 0.05 is indicated by an * to show significant differences between control and treatments. 

Two-way ANOVA was used to determine the difference between groups and followed by 

Tukey's post hoc pairwise test. Results are graphed as means ± standard error.   

 

2.2 Results         

 

Figures 2,3,4 and 5 illustrate the effects of selenium salts, selenite, and selenate on four plants, 

Brassica rapa, Helianthus annuus, Neptunia amplexicaulis, and Solanum tuberosum. Graphs 

a, b, and c in each figure represents the effect of selenite on fresh weight, dry weight, water 

content, total shoot length, root length, shoot to root ratio, the number of leaves and leaf 

grading. Graphs d, e and f, represent the effects of selenate on the same variables mentioned 

above. Data is shown as n=6.  
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2.2.5 Selenite and selenate sublethal concentrations in Brassica rapa         

 

Figure 2 shows details of all the growth variables for Brassica napa sp vitamin greens to 

determine the sublethal concentrations of sodium selenite and sodium selenate for further 

research. Note that the results are in line with typically increased toxicity effects resulting from 

increasing concentrations of Se. 

 

For sodium selenite (Figs. 2a, 2b and 2c), a concentration of 20 μM and greater significantly 

reduced fresh weight, dry weight, shoot length and root length compared to controls, whilst the 

effects of lower concentrations of selenite were inconsistent. At 20 μM and greater 

concentrations, there was also a decrease in water content and increased shoot to root ratio 

compared to controls, and at times also at lower concentrations of Se. Importantly the number 

of leaves and poorer health grading of plants were only significant at 20 μM compared to 

controls; lower concentrations were inconsistent.  

 

For sodium selenate (Figs. 2d, 2e and 2f) at concentrations of over 20-25 μM, there was a 

significant reduction in fresh weight, dry weight, shoot length and root length compared to 

controls whilst lower concentrations of selenate again had inconsistent effects. At >20-25 μM, 

there was also a decrease in water content and increased shoot to root ratio compared to 

controls, and at times also at lower concentrations of Se. Importantly the number of leaves and 

poorer health grading of plants were significant at >20-25 μM compared to controls, whilst 

lower concentrations were inconsistent. 
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Figure 2 shows details of all the growth variables for Helianthus annuus to determine the 

sublethal concentrations of sodium selenite and sodium selenate selected for further research. 

Figure 2. Brassica. rapa growth variable measurements on exposure to sodium selenite and sodium selenate.  a and d) fresh weight, dry 
weight and and water content (%)  b and e) total length of shots, roots and shoot to root ratio and (c and f) number of leaves grading where 
(1-healthy and 5-dead). All values are expressed as means±se, n=6. 
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Note that the results are in line with typically increased toxicity due to increasing 

concentrations of Se. 

 

For sodium selenite (Figs. 3a, 3b, and 3c), a concentration of >25 μM significantly reduced 

fresh weight, dry weight, shoot length, and root length compared to controls and lower 

concentrations of selenite were inconsistent. At 25 μM, there was also a decrease in water 

content and increased shoot to root ratio compared to controls, and at times also at lower 

concentrations of Se. Similarly, taking into consideration the number of leaves and poorer 

health grading, plants were only significantly affected at >25 μM compared to controls; lower 

concentrations were inconsistent.  

 

For sodium selenate (Figs. 3d, 3e, and 3f) at concentrations of >25 μM, there was a significant 

reduction of fresh weight, dry weight, shoot length, and root length compared to controls and 

lower concentrations of selenate were inconsistent. At >25 μM, there was also a decrease in 

water content and increased shoot to root ratio compared to controls, and at times also at lower 

concentrations of Se. Importantly the number of leaves and poorer health grading of plants 

were significantly affected at >25 μM compared to controls; lower concentrations were 

inconsistent. 
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Figure 3 Helianthus annuus growth variable measurements on exposure to sodium selenite and sodium selenate.  a and d) 
fresh weight, dry weight and water content (%) b and e) total length of shots, roots and shoot to root ratio and (c and f) number 
of leaves grading where (1-healthy and 5-dead). All values are expressed as means±se, n=6 
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2.2.7 Selenite and selenate sublethal concentrations in Neptunia amplexicaulis           

 

Figure 4 shows details of all the growth variables for Neptunia amplexicaulis to determine the 

sublethal concentrations of sodium selenite and sodium selenate selected for further research. 

 

For sodium selenite (Figures 4a, 4b, and 4c), a concentration of >500 μM significantly reduced 

fresh weight, dry weight, shoot length, and root length compared to controls, and lower 

concentrations of selenite were inconsistent. At >500 μM, there was also a decrease in water 

content and increased shoot to root ratio compared to controls, and at times also at lower 

concentrations of Se. Importantly the number of leaves and poorer health grading of plants 

were only significantly affected at >500 μM compared to controls; lower concentrations were 

inconsistent.  

 

For sodium selenate (Figs. 4d, 4e, and 4f) at concentrations of >500 μM, there was a significant 

reduction of fresh weight, dry weight, shoot length, and root length compared to controls and 

lower concentrations of selenate were inconsistent. At >500 μM, there was also a decrease in 

water content and increased shoot to root ratio compared to controls, and at times also at lower 

concentrations of Se. Importantly the number of leaves and poorer health grading of plants 

were significantly affected at >500 μM compared to controls; lower concentrations were 

inconsistent. 
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Figure 4. Neptunia amplexicaulis growth variable measurements on exposure to sodium selenite and sodium selenate.  a and 
d) fresh weight, dry weight and water content (%) b and e) total length of shots, roots and shoot to root ratio and (c and f) 
number of leaves grading where (1-healthy and 5-dead). All values are expressed as means ± se, n=6. 
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2.2.8 Selenite and selenate sublethal concentrations in Solanum tuberosum          

 

Figure 5 shows details of all the growth variables for Solanum tuberosum to determine the 

sublethal concentrations of sodium selenite and sodium selenate selected for further research.  

 

For sodium selenite (Figs. 5a, 5b, and 5c), a concentration of >15 μM significantly reduced 

fresh weight, dry weight, shoot length, and root length compared to controls, and lower 

concentrations of selenite were inconsistent. At >15 μM, there was also a decrease in water 

content and increased shoot to root ratio compared to controls, and at times also at lower 

concentrations of Se. Importantly the number of leaves and poorer health grading of plants 

were only significantly affected at >15 μM compared to controls; lower concentrations were 

inconsistent.  

 

For sodium selenate (Figs. 5d, 5e, and 5f) at concentrations of >15 μM, there was a significant 

reduction of fresh weight, dry weight, shoot length, and root length compared to controls and 

lower concentrations of selenate were inconsistent. At >15 μM, there was also a decrease in 

water content and increased shoot to root ratio compared to controls, and at times also at lower  

concentrations of Se. Importantly the number of leaves and poorer health grading of plants 

were significantly affected at >15 μM compared to controls; lower concentrations were 

inconsistent. 
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Figure 5. Solanum tuberosum growth variable measurements on exposure to sodium selenite and sodium selenate.  a and d) 
fresh weight, dry weight and water content (%) b and e) total length of shots, roots and shoot to root ratio and (c and f) number 
of leaves grading where (1-healthy and 5-dead). All values are expressed as means±se, n=6. 
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The analysis of the data generated through exposing the four plants to increasing concentrations 

of selenite and selenate salts indicated that Brassica rapa was able to tolerate up to 20 µM 

before there was a notable change in the variables measured. Helianthus annuus had a sublethal 

concentration of 25 µM, Neptunia amplexicaulis had a sublethal concentration of 500 µM, and 

Solanum tuberosum had a sublethal concentration of 10 µM for each salt respectively. 

2.3 Discussion  

 

The objective of this study was to identify the sublethal concentrations of exposure to sodium 

selenite and sodium selenate salts to selected edible crop plants. The results and sublethal 

concentrations deduced were then used to study in greater detail selenium uptake, metabolism, 

and localization within these plants in the next chapters. Sub-lethal concentrations were used 

to describe plants where there was no significant mortality induced when compared to the 

control (Schmidt et al., 1997), but most, if not, all growth variables were adversely affected. 

The sublethal concentration was defined as “inducing no significant mortality when compared 

to the untreated control” (Desneux et al., 2007) 

 

2.3.5 Brassica rapa sublethal concentrations             

 

Brassica rapa exposed to sodium selenite and sodium selenate at 20 µM concentrations were 

chosen as being the most appropriate sublethal levels satisfying the criteria above, based on the 

analyses and plant toxicity variable assessments (Huang et al., 2019). Previous research where 

Brassica rapa varieties have been exposed to Se in either form indicated that they were able to 

tolerate a range of concentrations of both Se by foliar application, where Se can stimulate 

growth and enhance tolerance to environmental pressures by inducing oxidative stress, along 

with offering resistance to pathogens and herbivores: thereby increasing yield and nutritional 

value (Hawrylak-Nowak et al., Quinn et al., 2007, Pilon-Smits et al., 2009, White and Brown, 

2010, El Mehdawi and Pilon‐Smits, 2012, Feng et al., 2013).  

 

Studies have also shown that within a narrow range, Se can also become toxic to some plants. 

White et al. (2004) (White et al., 2004a) and Huang Wu (1991) both described those secondary 

accumulators as those plants where less than 5-30 mg Se kg dry weight was accumulated, such 

as in Brassica juncea and Brassica napus (canola), and species of Comondra, Grayia, 
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Gutierrezia, Siderenthus, and Castilleja. In a study of 38 genotypic variants of 7 Brassica 

oleracea varieties, it was found that the most effective concentration of selenite and selenate 

was also 20 µM (Ramos et al., 2011).  Forage, crop plants, and some grasses accumulate less 

than 5 mg Se kg in the biomass and can thus be classified as non-accumulators (Freeman et al., 

2006, Baker, 2000, Ernst, 1982). From the current results, the concentration of Se in the 

biomass cannot be deduced and will be studied quantitatively in chapter 4. 

 

According to Figures 2a and 2b, water content in Brassica rapa exposed to selenite showed no 

significant differences between the control and Se concentrations of 5– 15 µM. At 20 µM, there 

was a significant difference between not the only control, but also 15 µM, which indicates that 

at this concentration, Brassica rapa is no longer able to process the increasing concentrations 

of Se, resulting in a decrease in water content which is directly proportional to the decrease in 

fresh and dry weight in both selenium salt tests. (Prins et al., 2011) demonstrated that in other 

non-accumulators such as Brassica juncea, there were also significant decreases in biomass, 

pollen germination, seed production, and seed germination. This trend was also evident in the 

number of leaves produced before the treatment of 20 µM, where the control produced the 

greatest number of leaves, whilst at the highest tested concentration, Brassica produced plants 

with significantly fewer leaves, with wilting and yellowing evident throughout growth for both 

forms of Se (Figures 2e and 2f). 

 

2.3.6 Helianthus annuus sublethal concentrations              

 

Helianthus annuus exposed to sodium selenite, and sodium selenate at 25 uM concentrations 

were chosen as being the most appropriate sublethal levels satisfying the criteria above (Huang 

et al., 2019). Helianthus annuus produced a dry weight of 0.07±0.01g with a water content of 

87.70% in the control media; however, the first significant difference in dry and fresh weight 

occurred at the concentration of 25 µM for both selenite and selenate, which indicates that 

Helianthus annuus can tolerate higher concentrations of Se compared to Solanum tuberosum 

and Brassica rapa. This finding was supported by previous work conducted by Garousi et al. 

(2016), where it was found that Helianthus annuus on exposure to Se in both forms showed 

symptoms of toxicity at high doses. However, in contrast to the findings in Figure 3a, 

Helianthus annuus exposed to selenite was more toxic than Helianthus annuus exposed to 

selenate measured by the dry weight of shoots and roots of the plantlets. Nevertheless, the 
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current studies indicated that Helianthus annuus had a high Se accumulation capacity. The Se 

toxicity manifested in poor leaf quality, stem elongation, and root development, as 

quantitatively shown in Figure 2. This agreed with the studies by (Garousi et al., 2016), where 

plants supplied with high doses of Se (3mg L−DW of selenate) had black and yellow leaves at 

higher concentrations (30 mg L−o)  leaves dried completely. Previous studies indicated that 

increasing concentrations in growth media could also be used to increase the absorbed 

absorption of Se in crop plants (Broadley et al., 2006a, Gupta, 1995, Valle et al., 2002).   

   

2.3.7 Neptunia amplexicaulis sublethal concentration               

 

Sodium selenite and sodium selenate at 500 µM was chosen as the most appropriate sublethal 

levels for Neptunia amplexicaulis, satisfying the criteria above. Neptunia amplexicaulis has 

been previously studied (Peterson and Butler, 1967, Burnell, 1981) as a hyperaccumulator in 

natural soil Se concentrations. Still, minimal research has since been done to demonstrate the 

translocation of Se from the roots to the shoots and its range of toxicity was never studied. This 

study was conducted in tissue culture and may have resulted in relatively lower Se 

concentrations than what may be found in contamination sites. The reason for the Se 

concentration used in the current work was related to the difficulty and health risks of accessing 

contaminated soils from privately owned power plant properties in the Sydney area.  

 

The first concentration to demonstrate a significant reduction in fresh and dry weight was 500 

µM for both selenite and selenate (Figure 4a and 4d). In contrast, Neptunia amplexicaulis 

collected from the natural environment contained up to 10 M of Se. This significant difference 

between these tolerance levels can be attributed to the short experimental growth period of 21 

days in the current work and higher Se concentrations generally found in naturally occurring 

soil conditions. Shoot and root length also decreased over increasing concentrations of Se 

(Figure 3b and e). The same trend as Solanum tuberosum, Brassica rapa, and Helianthus 

annuus was seen in Neptunia amplexicaulis (Figures 4c and 4f), with a decrease in leaf quality 

grading and the number of leaves produced. After considering the current toxicity assessment, 

a sublethal concentration of 500 µM appears to be appropriate. 
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2.3.8 Solanum tuberosum sublethal concentration                

 

Compared to Brassica rapa and Helianthus annuus, the sublethal concentration deduced from 

the Solanum tuberosum assessment was lower, with selenite and selenate concentrations of 

15µM identified as sublethal. This finding is in line with the general classification of Solanum 

tuberosum as a non-Se accumulator, with tubers previously measured to contain less than 0.01 

μg Se g−1 DW (Turakainen, 2007). Other trends observed for Solanum tuberosum included the 

lower amount of biomass produced compared to other plants studied. The control produced a 

maximum of 0.01 g of biomass compared to six-fold greater production in Brassica rapa, 

seven-fold in comparison Helianthus annuus and six-fold in Neptunia amplexicaulis. In the 

current studies, there was no production of tubers within the time frame of 21 days. 

Given that dry and fresh weights are the most accepted units for assessing plant health, these 

were the primary points of reference used to identify a sublethal concentration for the plant 

varieties studied. The water content (Figures 5a and b) in the Solanum tuberosum control was 

similar to that of plants grown in 50µM concentration. This can be attributed to the growth-

stimulating effect of Se, which was also observed in low concentrations;  after which it becomes 

toxic to the plant as seen here. The phenotype of the Solanum tuberosum plants (Figures 5c and 

5d) demonstrated declines in shoot and root length as the concentration of Se increased. In 

Figures 5 e and 5f, it was evident that as the concentration of the selenite increases, the number 

of leaves decreases, and the quality of leaves also diminishes with higher concentrations of Se. 

After considering fresh and dry weight, the root and shoot length, shoot and root length ratios, 

and the number of leaves and the grade of leaf material, the sublethal concentration of selenite 

and selenate for Solanum tuberosum was determined to be 15µM. 

 

2.3.9 Comparison to soil Se levels   

 

The test concentrations of Se ranged from 0 in control to concentrations similar to natural and 

contaminated environments such as those found on coal mining sites (Bond, 1999, Bujdoš et 

al., 2005, Cutter and Cutter, 1995, Desborough et al., 1999, Khamkhash et al., 2017, Nriagu 

and Wong, 1983). Previous surveys (Caritat and Cooper, 2011) have found maximum Se 

concentrations in South Australia and Perth of 4.36 mg/kg, with levels of 0.05 mg/kg occurring 

widely across Australia. While tissue culture media and soil vary in composition, this 

comparison is vital to ensure the current tests were relevant to possible applications of the test 



43 

plants in the phytoremediation of Se contaminated soils in Australia. For ease of comparison, 

sublethal concentrations were converted to mg/kg. This equates to the sublethal concentrations 

of selenite for Brassica rapa, Helianthus annuus, Neptunia amplexicaulis, and Solanum 

tuberosum of 0.96, 1.20, 23.99, and 0.72 mg/kg, respectively. Similarly, the sublethal 

concentrations of selenate in Brassica rapa, Helianthus annuus, Neptunia amplexicaulis, and 

Solanum tuberosum were 1.28, 1.60, 31.99, and 0.96 mg/kg, respectively. The sublethal 

concentrations of all Se in all these plants fall within the minimum and maximum 

concentrations detected by previous geochemical soil surveys (Caritat and Cooper, 2011). The 

limitation of this comparison is that the survey only accounts for the elemental Se and not for 

ions or compounds of Se, which would therefore occur in lower concentrations than that of 

elemental Se. As a result, the plants in this study would be suitable for growth in Se 

concentrations found in soil without considering other elements in the soil composition and 

climatic conditions. Neptunia amplexicaulis can tolerate much higher concentrations of Se, as 

typically found in contaminated soils such as those surrounding coal mining sites (de Caritat et 

al., 2011).  

Given that the purpose of this study was to analyze the uptake mechanisms and impacts of Se 

on the selected plants, tissue culture offered a beneficial solution with several advantages. 

Tissue culture allowed for the rapid expansion of seed material irrespective of seasonal 

variations, producing disease-free plants in a cost-effective and space-efficient method., thus 

overcoming the challenges of performing this research in the soil, which has been the 

accepted means of studying contaminant uptake in plant materials previously (Ponmurugan 

and Kumar, 2011). Additionally, tissue culture overcame the problems related to the lack 

of publicly available information regarding Se contamination from coal mining and its 

associated ash dumping sites for application to Australian Se contaminated sites (Lipski, 

2019). It should also be mentioned that these results cannot be directly applied in to field 

trials due to the mixed composition of contaminated sites, among other factors such as cost; 

hence it is important to realise the value of these findings lies in the ability to uncover the 

uptake mechanisms for, and metabolic function of Se in the plant system as a theoretical 

foundation from which to develop field trials (Doran, 2009).   
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2.4 Conclusion and Future Direction  

Based on impacts upon plant fresh and dry weights, root and shoot lengths, shoot and root 

length ratios, the number of leaves and the grade of leaf material, the sublethal concentration 

of each salt of selenite and selenate for Brassica rapa was determined to be 20 µM, for 

Helianthus annuus 25µM, for Neptunia amplexicaulis 500 µM, and for Solanum tuberosum 15 

µM.  These findings form the basis for the experiments performed in the proceeding chapters. 

Solanum tuberosum was eliminated for further studies as it was challenging to gain sufficient 

biomass for replication and statistics from this plant. 

Other variables could also have been measured, such as chlorophyll content, individual, 

specific, and total protein quantities, and Se concentration to increase the accuracy of these 

results; however, the resources for these were not available at the time of experimentation. The 

novelty of these findings prepares a foundation for the potential use of these plants, pending 

further research, in phytoremediation. 
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Chapter 3. Effects of Selenium species on reactive oxygen species 

enzyme activity 

Abstract  

Biotic and abiotic pressures induce oxidative stress in plants resulting in fluctuating levels of 

reactive oxygen species. Selenium is considered essential in animal and human cells but is yet 

to be found as critical for plant life. However, it has been found to alleviate the detrimental 

impacts of elevated ROS species in relatively small concentrations, but it can be toxic to plants 

and animals in high concentrations. 

 

The seeds of Brassica rapa, Helianthus annuus, Neptunia amplexicaulis were exposed to 

sublethal concentrations of selenium salts, sodium selenite, and sodium selenate, which are 

naturally occurring bioavailable water-soluble forms of selenium, in tissue culture for 21 days 

to identify the impact of each selenium species on the enzymes responsible for mitigating the 

effects of an increase in reactive oxygen species, i.e. superoxide dismutase, catalase, 

lipoxygenase, ascorbic acid peroxidase, glutathione reductase, glutathione, acid, and neutral 

proteases.   

 

Results indicated significant differences between the selenite and selenate effects on each 

plant's enzyme activity and in shoots compared to roots. The conclusion was that there was an 

increased activity of each enzyme in the plants at the pre-determined sublethal concentrations 

compared to controls except for the proteases. These results confirmed that there are not only 

physical effects of selenium salts at sublethal concentrations on plants but also physiological 

impacts. 

 

This increased understanding of the different physiological effects of selenite and selenate 

exposure through enzyme activity, lay a foundation for further work in genetic modification to 

enhance the function of enzymes and so to determine if these plants are suitable for remediation 

purposes. In the context of this thesis, this work also allowed for the substantiation of the 

protein expression findings.   
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3.1      Introduction            

3.1.1 Antioxidant pathways                   

 

Reactive oxygen species (ROS) species are the unsolicited companions of aerobic life when 

molecular oxygen was introduced to our earth by the O2 evolving photosynthetic organisms. 

The O2 molecule can be a free radical, as it has two unpaired electrons that possess the same 

spin quantum number, and the result is that O2 prefers to accept its electrons one at a time 

leading to the manufacture of ROS that can ultimately damage cells (Halliwell, 2006). ROS 

are constantly made as by-products of various metabolic pathways and are localized in different 

cellular compartments. A variety of environmental stresses can also accelerate their production, 

both biotic and abiotic (Rio et al., 2006). Numerous studies, which will be discussed below, 

have been performed to demonstrate the effect of various stresses on the reactive oxygen 

species of plants. Still, there are a limited number of studies that have demonstrated the effects 

of Se stress on the suite of enzymes seen in this study selected for their role in the enzyme 

cascade as a stress response.  

 

Reactive oxygen species are formed in various ways in several cellular compartments (Sakac 

and Sakac, 2000), including mitochondria (Kerksick and Zuhl, 2015), chloroplast (Apel and 

Hirt, 2004), peroxisomes (Klotz, 2002), endoplasmic reticulum (Moldovan et al., 2000), 

cytoplasm (Kobayashi et al., 2007), plasma (Kim et al., 2002)membrane and apoplast during 

normal metabolic processes (Ding et al., 2003), but they can be elevated upon exposure to 

environmental pressures (Whiteside and Herndon, 2019). 

 

 As mentioned earlier, there are few studies to date in which plants have been exposed to 

sublethal levels of Se. Therefore, existing studies of Se effects on antioxidant enzymes have 

only tested concentrations of Se at levels where there was thought to be a beneficial effect of 

Se on the plant in withstanding the respective abiotic stresses discussed in this chapter. 

  

3.1.2 Selenium as a stressor: superoxide dismutase (SOD)              

 

Superoxide dismutase is a metalloenzyme and is the first enzyme in the detoxification process 

where O2.- is scavenged by SOD, catalysed by its dismutation, O2.-is reduced to form H2O2, 

and then other enzymes are used to oxidize H2O2 to form O2.  
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SODs are classified into three different categories based on their metal cofactors:  

1. Fe-SOD (localised in chloroplasts),  

2. Mn-SOD (localised in mitochondria and peroxisomes),  

3. Cu/Zn-SOD (localised in chloroplasts, peroxisomes, and cytosol) 

        (Gill and Tuteja, 2010). 

 

Although H2O2 is a toxic product of SOD in the cell as it can rapidly damage proteins and is 

quickly eliminated by ascorbate peroxidase (APX), catalase (CAT), and/or guaiacol peroxidase 

(GPX) (Eshdat et al., 1997a).  

 

Upon exposure to a range of biotic and/or abiotic environmental stresses, SOD levels are 

amplified to battle the resulting oxidative stress. Studies performed on salt-stressed Mulberry 

(Harinsaut et al., 2003), Cicer arietinum, and Lycopersicon esculentum (Gapinska et al., 2008), 

indicated that SOD levels increased significantly. The impact of drought stress on Glycyrrhiza 

uralensis also revealed a significant increase in SOD activity (Pan et al., 2006). Similar results 

were observed with water-stressed Trifolium repens L. (Wang and Li, 2008). Upon exposure 

to cadmium (Cd) treatment, SOD activity also increased in Hordeum vulgare (Guo et al., 2004), 

A. thaliana (Skorzynska-Polit et al., 2003), Oryza sativa (Hsu and Kao, 2004), Triticum 

aestivum (Khan et al., 2007) and Brassica juncea (Mobin and Khan, 2007). While in most cases 

a rise in SOD activity has been detected upon exposure to various stresses, including salt, 

drought, chilling, heat stress, and heavy metal stress, there have been some studies that indicate 

otherwise, i.e., a decrease in SOD (Ahmad, 2014).  

 

Recently, Se has been found to alleviate oxidative stress caused by water deficit in cucumber 

roots (Jóźwiak and Politycka, 2019), and Manpreet (2018) demonstrated that on exposure to 

stress-inducing selenite and selenate in Triticum aestivum L. (wheat), there was a significant 

impact of SOD. Se to date has not been studied at sublethal concentrations to understand the 

impact on SOD activity in any of the selected plants for this thesis; however, based on previous 

research related to abiotic stresses cited above, it would be expected that SOD levels across all 

plants and in all plant, parts would be significantly higher than the controls.   

 



48 
 

3.1.3 Selenium as a stressor: catalase                     

 

Catalase is a tetrameric heme-containing enzyme that catalyzes the decomposition of H2O2 to 

H2O and O2, which is primarily formed from the peroxisomes and oxidation involved in beta-

oxidation of fatty acids photorespiration and purine catabolism (Duranteau et al., 1998). CAT 

is an essential part of ROS detoxification during stressed conditions (Gill and Tuteja, 2010). 

This decomposition process predominantly occurs in the peroxisomes but also the cytosol, 

mitochondria, and chloroplasts (Elstner, 1982). Like SOD, studies conducted applying various 

stresses on different plants also showed there was a significant increase in CAT activity. 

 

CAT activity has been observed to fluctuate under metal stress (Gill and Tuteja, 2010b). In 

Glycine max (Balestrasse et al., 2001a), Phragmites australis (Iannelli et al., 2002b), Capsicum 

annum (Leon et al., 2002), and Arabidopsis thaliana (Cho and Seo, 2005), CAT activity 

decreased. However, its activity increased in Oryza sativa (Hsu and Kao, 2004), Brassica 

juncea (Mobin and Khan, 2007), Triticum aestivum (Khan et al., 2007), Cicer arietinum (Hasan 

et al., 2008), and Vigna mungo (Gill et al., 2008). In experiments where rice seedlings were 

pretreated with H2O2 under non-heat shock conditions, increasing CAT activity, rice seedlings 

were protected from Cd stress (Hsu and Kao, 2007). Under salt stress conditions, there was an 

increase in CAT activity in Cicer arietinum leaves (Eyidogan and Öz, 2007), and studies by 

Kukreja et al. (2005) found similar results. A decrease in CAT activity in Anabaena doliolum 

under NaCl and Cu stress (Srivastava et al., 2005) was detected. Under drought conditions, 

there was an increase in CAT activity in wheat, which was higher in sensitive varieties 

(Simova-Stoilova et al., 2010b), but in contrast, a study by Sharma and Shanker Dubey (2005) 

in drought conditions found that CAT levels were lower. Drought stress under high light 

conditions was also found to produce an increase in CAT activity (Yang et al., 2008), and UV-

B stress led to an increase in CAT activity in Columbia auriculata seedlings (Agarwal, 2007). 

Additionally, salt stress combined with drought stress led to a decrease in the CAT activity in 

Glycyrrhiza uralensis seedlings (Pan et al., 2006b). 

 

As stated previously, Se has been previously studied for its stress alleviating effects and not at 

sublethal concentrations for its effect on CAT in plants. Hasanuzzaman et al. (2011) 

demonstrated that seedlings treated with selenite improved the tolerance of drought stress in 

Brassica napus by increasing its antioxidative defence ability, evidenced by increased levels 
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of CAT. Additional work by Gupta and Gupta (2016) showed that Se stressed Brassica juncea 

seedlings also had increased levels of CAT enzymes.  

3.1.4 Selenium as a stressor: Ascorbic acid peroxidase (APX)                     

 

In addition to the production of SOD and CAT as a protection against oxidative stresses, plants 

will produce ascorbic acid peroxidase as an enzyme specifically responsible for ascorbate 

oxidation and is another important ROS scavenger. It is thought to also play a critical role in 

scavenging ROS, and thus protecting cells in higher plants, algae, euglena, and other organisms 

(Gill and Tuteja, 2010b).  

 

APX enzyme activities are known to be correlated with oxidation tolerance (Batini et al., 1995). 

When hydrogen peroxide is reduced, APX can maintain the plasticity of the cell wall (Hidalgo 

et al., 1989). APX also plays a critical role in the ascorbate-glutathione cycle, the main 

hydrogen peroxide detoxification system in plant chloroplasts (Asada, 1992). Ascorbate is used 

as a specific electron donor by APX to reduce H2O2 to water. It should also be noted that the 

role of APX is not restricted to the chloroplasts but also extends to the cytosol, mitochondria, 

and peroxisomes (Asada, 1992, Asada, 1999, Mittler et al., 2004, Noctor and Foyer, 1998, 

Shigeoka et al., 2002) Given that APX has a greater affinity for H2O2 than CAT and peroxidase 

(POD) activity, it may have a greater role on ROS  mitigation under stress conditions (Gill and 

Tuteja, 2010b).  

 

Enhanced levels of APX have been detected in plants exposed to various stress conditions. 

Under Cd stress, Ceratophyllum demersum (Arvind and Prasad, 2003), Brassica juncea (Mobin 

and Khan, 2007), Triticum aestivum (Khan et al., 2007), and Vigna mungo (Singh et al., 2008) 

demonstrated an increase in APX activity in the leaves. It was reported that there was an 

increase in APX activity when seedlings of Oryza sativa were pre-treated with H2O2 under 

non-heat shock conditions (Hsu and Kao, 2007). An increase in APX activity was also seen in 

Anabaena doliolum during salt stress (Srivastava et al., 2005).  Water stress conditions induced 

significantly increased levels of APX activity in Picea asperata (Yang et al., 2008).  During 

mild drought stress, it was found that plants had higher chloroplastic APX activity than control 

plants, but the activity decreased under further increased drought stress (Sharma and Shanker 

Dubey, 2005).   
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3.1.5 Selenium as a stressor: Guiacaol Peroxidase (GPX)                     

 

GPUs are a large family of isozymes that use GSH to reduce H2O2, organic, and lipid 

hydroperoxides, resulting in the protection of plant cells from oxidative stress (Noctor et al.). 

In addition to this,  GPX decomposes indole-3-acetic acid (IAA) and has a role in the 

biosynthesis of lignin by consuming H2O2 found in the cytosol, vacuole, cell wall, and 

extracellular spaces (Gill and Tuteja, 2010a).  However, the activity of GPX fluctuates amongst 

plant species and the stress to which the plant has been exposed. In Picea asperata (Milone et 

al., 2003), Arabidopsis thaliana (Cho and Seo, 2005), and Ceratophyllum demersum (Arvind 

and Prasad, 2003), there was an increase in GPX when plants were exposed to increased levels 

of Cd. Under salinity stress, increased GPX activity has been found in leaves and root tissues 

in Vigna mungo radiate (Panda, 2001) and Oryza sativa (Yamane et al., 2009).  

 

A study by Balakhnina and Nadezhkina (2017b) found that the effect of Se exposure on GPX 

activity in wheat included oxidative stress.  GPX activity increased on selenite introduction to 

the soil, but this increase was not observed when selenate was added. However, Balakhnina 

and Nadezhkina (2017b) concluded that the effect of selenate on growth and overall plant 

health and, therefore the effect on GPX would vary with the concentration of Se added and the 

concentration of the stressor. In contrast, studies on selenite and selenate addition to ryegrass 

showed that the Se concentration in exposed shoots leads to increases in GPX activity (Cartes 

et al., 2005).   

3.1.6 Selenium as a stressor: Lipoxygenase (LOX)   

 

Lipoxygenase (LOX) is a ubiquitous enzyme that catalyzes the hydroperoxidation of 

unsaturated fatty acids and may also be involved in membrane lipid peroxidation during plant 

senescence (Feussner and Wastnernack, 2004, Firth et al., 1975, Spiteller, 2003). During the 

reaction, LOX converts polyunsaturated fatty acids (PUFAS) to form lipid hydroperoxides 

(LOOHS) in a reaction called lipid peroxidation (LPO). LOX incorporates molecular oxygen 

into linoleic and linoleic acid-forming lipid peroxides, which decompose to form free oxy-

radical compounds such as malondialdehyde and jasmonic acid (Tanou et al., 2009), both of 

which have been proven to be a contributing factor to plant death. LOX is thought to be a part 

of a complex and diverse enzyme system, given its existence as several isoforms within a single 

tissue concerning biochemical characteristics (Gradner, 1991). LOX may serve many functions 
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in the plant developmental processes, such as seed germination and senescence, or during 

stress-induced responses such as wounding or pathogen attack (Rosahl, 1996). 

3.1.7 Selenium as a stressor: Glutathione Reductase (GR)                   

 

GR is a flavoprotein, specifically an oxidoreductase, found in prokaryotes as well as 

eukaryotes, playing an essential role in defence systems by sustaining the reduced status of 

GSH (glutathione) (Romero-Puertas et al., 2006). While GSH is mainly found in the 

chloroplasts, trace amounts have also been identified in the mitochondria, cytosol, and 

endoplasmic reticulum (Edwards et al., 1990, Gill and Tuteja, 2010b, Millar et al., 2003). The 

primary function of GR is to reduce glutathione disulphide (GSSG) to glutathione (GSH), 

thereby maintaining cellular redox balance (Hasanuzzaman et al., 2017, Ding et al., 2016).  

 

GR is involved in processes concerning oxidative stress, and GSH plays a critical role in the 

cell system (Czarnocka and Karpiński, 2018). Together they are vital in determining the 

tolerance of a plant exposed to various stresses (Jozefczak et al., 2012). The reduction of GSH 

occurs through the catalysing action of GR, where GSH is the molecule that is heavily involved 

in the integrated system of metabolic regulation and antioxidative processes in plants (Khan et 

al., 2015). Glutathione has an important scavenging function, just like those mentioned above, 

to defend the plant against biotic stresses, specifically by consuming H2O2, including from the 

ascorbate- glutathione cycle (Couto et al., 2016). These actions of GSH provide critical duties 

in cell function such as division, differentiation, death and senescence, enzyme and sulphate 

transport regulation, xenobiotic detoxification, metabolite conjugation, proteins and 

nucleotides synthesis, and phytochelatins and underpins the expression of stress-responsive 

genes (Zeng et al., 2017). In particular, H2O2, 1O2, OH•, and O2•- are scavenged by GR 

through glutathiolation where they are bound with or reduce other biomolecules in the presence 

of ROS, resulting in the by-product GSSG (Dar et al., 2017). GR in this process catalyzes the 

NADPH-dependent reaction of the disulphide bonds in oxidized glutathione (CSSG) (K.V.M 

Rao and Raghavendra, 2006). 

 

Increase in GPX activity in cultivars of Capsicum annuum plants (Leon et al., 2002) with 

decreases in roots. No significant changes in GPX activity were seen in the leaves of Cd-

exposed Pisum sativum plants (Dixit et al., 2001). Heavy metal stress (Li et al., 2000), oxidative 

stress (Avsian-Kretchmer et al., 2004), and mechanical stimulation reported an increase in GPX 
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activity (Depège et al., 1998). It is understood broadly that in optimal conditions, there is a 

balance between GSSH and GSH; however, under stressed conditions, GSSG is stockpiled in 

higher concentrations (Couto et al., 2016). GSH activity also increases plant tolerance to 

several stresses such as salinity, drought, heat, low temperatures, and metal toxicity, as found 

by Hasanuzzaman et al. (2011a), Hasanuzzaman et al. (2012), Luo et al. (2011), Hasanuzzaman 

and Fujita (2011), Hasanuzzaman and Fujita (2012). 

 

3.1.8 Proteases                     

 

Higher plants contain many hundreds of types of proteins, for example, cysteine-, serine-, 

aspartic-, metallo-, and threonine-proteases, which are involved in the process of 

photosynthetic energy conversion, growth, and development (Andersson and Barber, 1994). 

Proteases are a group of enzymes that act to degrade proteins (Van der Hoorn, 2008b). This 

occurs by the hydrolyzation of the peptide bonds of the proteins, rendering the protein a 

polypeptide or free amino acid (Alnahdi, 2012). More specifically, the proteinases that act on 

peptides, sometimes called peptidases, act near the ends of the polypeptide chains 

(exopeptidases) or within polypeptides (endopeptidases) (Mittler et al., 2004, Palma et al., 

2002). Proteases are categorised according to their acid-base behaviour, that is, acid, neutral 

and alkaline. Acid proteases function optimally at a pH range of 2.0-5.0 and are produced 

mainly by fungi and plants, neutral proteases perform best at pH 7.0 originating mainly from 

plants, and those proteases that perform best at a pH above 8.0 are referred to as alkaline 

proteases (Alnahdi, 2012). The functional flexibility of proteins is provided by changes in the 

structural states in cells and tissues, and the protein changeover rates are determined by the 

developmental stage and physiological condition of the plant as well as stress conditions, 

including oxidative stress imposed on the plant (Uversky and Dunker, 2010).  

 

Protease activity is generally thought to increase with age, exposure to stresses, with the leaves 

of the plant generally thought to have the highest level of proteolytic enzymes, but the specific 

proteases that are present remain unclear, which is often justified through enzymatic testing for 

proteases (Morris et al., 1996). For example, a study by Lusso and Kuc (1995) introduced 

tobacco mosaic virus (TMV) into Nicotiana tabacum L., which resulted in an increase in 

phytase in the cytosol and apoplast that induced an immune response to activated in tobacco 

mosaic virus (TMV)-induced HR in addition to VirD2 cleavage preventing protein transport to 
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the nucleus (Chichkova et al., 2010). In model plant A. thaliana, there were increases in 

proteases where AtMC1 AtMC2 both increased to serve as suppressants of hypersensitive cell 

death response when infected with avirulent pathogens as such then control runaway cell death 

(Coll et al., 2010). AtMC9 was also found in elevated levels in A. thaliana where it was an 

effector of PCD activation, xylem cell death, cell content degradation proceeding vacuolar 

rupture in the nucleus, cytosol, and apoplast (Bollhöner et al., 2013, Tsiatsiani et al., 2013, 

Watanabe and Lam, 2011, Wrzaczek et al., 2015). Ilyas et al. (2015) and Tian et al. (2007) 

demonstrated increases in the plasma membrane PIP1 protease, apoplast that had a broad range 

of extracellular defence against pathogens C. fulvum, P. infestans, P. syringae in Solanum 

lycopersicum L.  

 

In addition to biotic stresses, protease activity can also be impacted through abiotic stresses 

such as drought. Some studies have demonstrated that there was a notable increase in 

intracellular proteases’ under drought conditions compared to adequately watered plants 

consisting largely of cysteine proteases in wheat (Khanna-Chopra et al., 1999, Zagdariska and 

Wisniewski, 1996). In Phaseolus vulgaris L. and Vigna unguiculata L. Walp, there was an 

increase in aspartic proteases (Cruz de Carvalho et al., 2001) and serine-type proteases (Hieng 

et al., 2004) when placed under drought conditions. Furthermore, experimental data also 

suggests that drought-sensitive species have a higher protease activity compared to plants that 

do possess these traits (Hieng et al., 2004, Roy-Macauley et al., 1992, Zagdariska and 

Wisniewski, 1996). The elevated levels of these proteases highlight them as potential markers 

of drought resistance (Simova-Stoilova et al., 2010b). In a similar study, copper stressed 

Phaseolus vulgaris L showed an increase in endoproteases (Karmous et al., 2012). This 

substantiated previous research by Djebali et al. (2008), who demonstrated an increase in 

protease activity in the roots and leaves of Solanum lycopersicum L., var Ibiza plants on 

exposure to increased levels of cadmium, particularly cysteine- and metalloendopeptidase 

activity increased in roots and leaves while serine-endopeptidase activity increased only in 

leaves.  Domash et al. (2008) also demonstrated an increase in protease activity in higher 

legume and cereal crops where lupin (Lupinus angustifolius L., cv. Pershatsvet), pea (Pisum 

sativum L., cv. Agat), and barley (Hordeum vulgare L., cv. Gonar) were exposed to increased 

levels of salinization, heavy metal ions, and phytopathogenic flora. These studies indicated that 

protease activity increases across a range of plants under stress conditions, often preparing the 

foundations from which the cascade of enzyme reactions commence the plant stress response, 
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but there is the only study of Se stress on proteases in microorganisms but not in plants (Wu et 

al., 2016). 

 

 

The purpose of the experiments in this chapter was to identify trends in the activity of 

antioxidant enzymes, superoxide dismutase, catalase, lipoxygenase, ascorbic acid peroxidase, 

glutathione reductase, glutathione, acid, and neutral proteases in Brassica rapa, Helianthus 

annuus, and Neptunia amplexicaulis; when exposed to selenite and selenate treatments.  

In doing so, they will shed light on the effects of sublethal concentrations of Se in plants and 

form the foundation of the proteomic studies in chapter 6 of this thesis. More broadly, the 

understanding of selenite and selenate effects on enzyme activity lays a theoretical 

understanding of the plants’ coping abilities at Se concentrations that are reflective of 

contaminated power plant soils.  

 

3.2   Method 

3.2.1 Sample preparation for enzymes  

 

100g of leaf and root material were collected from pooled samples of each plant type in 

replicates of 6. The plant material was then made up to 4 mL made up exactly in a final volume 

graduated cylinder to which K phosphate buffer 50 mM plus 0.5 mM EDTA (pH 7) was added. 

The removal of phenolics and interfering compounds is required for satisfactory protein extraction from 

plant tissues. There are two stages at which phenol removal can occur, 1) removing interferences before 

protein extraction and 2) removal during and after protein extraction. In both stages, the oxidation of 

phenolic compounds can be prevented with the use of water-soluble PVP or water-insoluble 

polyvinylpolypyrrolidone (PVPP) (Isaacson et al., 2006, Toth and Pavia, 2001), DTT or 2-ME, sodium 

ascorbate 22 (Cremer and Van de Walle, 1985), and thiourea 23  (Flengsrud and Kobro, 1989) while 

performing the tissue extraction. The method selected, utilised 2 -BME which was readily available and 

stable compared to DTT to perform the same function of eliminating phenols after proteins were directly 

extracted from the plant tissue in K phosphate buffer 50 mM plus 0.5 mM EDTA, (pH 7). 

  

3.2.2 Total protein                      
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The Bio-Rad protein assay is a colourimetric assay for measuring total protein concentration 

present in a sample and is based largely on the methods of Bradford dye-binding (Bradford, 

1976). It is a widely used and suitable method for determining protein concentrations using the 

colour change of Coomassie brilliant blue G-250 dye in response to various concentrations of 

proteins. The dye preferentially binds to basic, aromatic amino acid residues. The Bio-Rad 

protein assay used 5μL of the ground sample protein solution in 995μL of 1:5 diluted Bio-Rad 

reagent in clean test tubes (2 mL) and then mixed with a vortex. After 5 min, this solution was 

measured at 595 nm in glass cuvettes. The diluted due reagent was used as a blank. All cuvettes 

were rinsed with reagent grade water followed by acetone to ensure the removal of sample and 

dye residues.  

 

3.2.3 Super oxide dismutase (SOD) (1.15.1.1) 

 

SODs converts superoxide radicals into hydrogen peroxide and molecular oxygen. The 

oxidation of quercetin at pH 10 is a free radical chain reaction in which superoxide is involved 

and therefore can be terminated but superoxide dismutase. The extent to which quercetin 

oxidation is inhibited is a function of SOD concentration based on the methods of Kostyuk and 

Potapovitch, 1989. 50µL enzyme extract was added to a total reaction volume of 2 mL 30 mM 

tris-HCL buffer at ph 10, 0.5 mM EDTA, 0.5 mL of 0.8 mM TEMED and 0.4 mL 0.05 mM 

quercetin. The mixture was then vortexed. The solution was then measured at 406 nm for 20 

minutes every 5 minutes after being decanted into a glass cuvette.  

 

3.2.4 Catalase (CAT) (1.11.1.6)  

 

Catalase converts hydrogen peroxide to water and oxygen; therefore, the concentration of 

catalase can be determined by the decrease in absorbance of hydrogen peroxide at λ = 240 nM 

(Li and Schellhorn, 2007, Rørth and Jensen, 1967). 50 µL enzyme extract was added to 2.5 mL 

K phosphate and EDTA pH 7.0, with 0.05 mL 10 mM H2O2, 0.25 mL 10 mM beta-

mercaptoethanol (BME) to perform this test and the sample was then measured 

spectrophotometrically at 240 nm after 1 min every 5 seconds. 
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3.2.5 Ascorbic Acid Peroxidase (APX) (1.11.1.11) 

 

This assay used ASA as a substrate, both within the cell and in the apoplast (Zheng and Van 

Huystee, 1992, Mehlhorn et al., 1996), similar to glutathione peroxidases in animals at a pH 7 

(Foyer and Halliwell, 1976, Asada, 1992b). This principle is utilised on the assays as described 

by Nakano and Asada (1981). To perform this assay, 50 µL enzyme extract was added to 2.0 

mL K phosphate, EDTA pH 7.0, 0.25 mL 10 mM beta-mercaptoethanol (BME), 0.5 mL 0.5 

mM ascorbic acid and 0.05 mL 40mM H2O2 and measured at 290 nm after 1 min every 5 

seconds. 

 

3.2.6 Guaiacol Peroxidase (GPX) (1.11)  

 

The methods used here were modified from Curtis (1971). GPX uses guaiacol as a hydrogen 

donor, and the absorbance reflects an increase in tetra-guaiacol at 47-nm, i.e., guaiacol oxidized 

(Smiri et al., 2013). 50 µL enzyme extract was added to 2 mL K phosphate, EDTA pH 7.0, 

0.25 mL 10 mM BME, 0.4 mL 20 mM guaiacol, and 40 mM H2O2 and measured at 470 nm 

after 1 min every 5 seconds. 

3.2.7 Lipoxygenase (LOX) (1.13.11.12) 

 

The methods utilized were developed by Fau and Zakut, Sekhar and Reddy, 1982 on the 

principle that linoleic acid is the most suitable substrate for the assay since LOX uses straight-

chain fatty acids, ester alcohols as substrates (Fau and Zakut). 50 µL enzyme extract was added 

to the 2.5 mL tetraborate buffer pH 10.0- and 0.5-mL linoleic acid. Linoleic acid buffer was 

made using 100µL of linoleic acid stock, 25 mL of tetraborate buffer, 0.1% tween, which was 

ultra-sonicated until all components were in solution. The reaction was allowed to take place 5 

min, after which the absorbance was read at 550 nm every 30 seconds.  

 

3.2.8 Glutathione Reductase (GR) (1.8.1.7) 

 

The reduction of oxidized glutathione (GSSG) is reduced by glutathione reductase to 

glutathione (Kaur and Sharma, 2018b). This enzyme is important for the glutathione redox 

cycle, which maintains a balance of reduced cellular GSH, which serves as an antioxidant to 
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react with free radicals in addition to organic peroxides (Balakhnina and Nadezhkina, 2017). 

Glutathione reductase activity is determined by the increase in absorption caused by the 

reduction of dithiobis (2-nitrobenzoic acid) (DTNB) at 412 nm (colorimetric assay). 50µL 

enzyme extract solution was added to 2.5 mL K phosphate and EDTA at pH 7, 0.25 mL 10 

mM beta-mercaptoethanol (BME), 0.2 mL reduced glutathione 1 mM and 0.2 mL DTNB (1 

mM in ethanol), and the absorbance was read after 5 min at 412 nm every 30 seconds.  

 

3.2.9 Acid Protease (AP) and Neutral Protease (NP) 

 

500µL enzyme extract solution was added to 0.5 mL 50 mM citric acid buffer at pH 5.4, 0.25 

mL 4% haemoglobin solution and 0.25 10 mM BME. The solution was incubated at 40°C for 

90 min, after which the reaction was stopped with 50µL 40% TCA and centrifuged for 15 min 

at 12000g. After centrifugation, 500µL of the clear supernatant was collected, and a ninhydrin 

reagent was added; this solution was then boiled for 20min, proceeding which, the solution was 

cooled for 15 min. The same method was applied for the quantifying neutral proteases, with 

the exception being that 0.5 mL 50 mM K phosphate pH 5.4 buffer was added. At 570 nm, the 

solution was read for 5 min using a spectrophotometer every 30 seconds (Biochrom Libra S12 

UV/Vis). Ninhydrin stock solution was made with 0.0008g stannous chloride, 5 mL citrate 

buffer at pH 5, 0.2g ninhydrin, and 5 mL ethylene glycol. This solution was made as required 

daily kept on ice at 4°C for the duration of experiments to ensure stability. Blanks were 

prepared using TCA with measurements taken before the treatments being read. 

 

3.2.10. Replications and statistics 

Enzyme assay experiments were designed to capture enough replicates for statistical analysis. 

The analysis was conducted on the data using means, standard errors, one way analysis of 

variance (ANOVA). Duncan’s test was applied for analysis proceeding the rejection of the null 

hypothesis by ANOVA allowing for a comparison of all pairs of means with a significance 

lever of (P= 0.05). All data is reported as means with standard errors and n = 6.  
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3.3 Results            

 

Figures 6-17 illustrate the concentrations of enzymes, (a) superoxide dismutase and catalase 

(b) ascorbic acid peroxidase (APX) and linoleic acid (LOX), (c) guaiacol peroxidase (GPX) 

and glutathione reductase (GR) (d) acid protease (AP) and neutral protease (NP) involved in 

reactive oxygen species cycles of Brassica Vitamin Greens, Helianthus annuus, and Neptunia 

amplexicualis shoots and roots on exposure to control, selenite and selenate at sublethal 

treatments concentrations. Data shown are means ± standard error (n=6).  

 

3.3.1 Selenite and selenate SOD and CAT concentrations in Brassica rapa 

 

Shoot and root SOD concentrations were significantly higher in the selenite and selenate 

treatments compared to the control. Shoot SOD concentration in selenite and selenate was not 

significantly different compared to SOD concentration in the roots. Shoot and root SOD 

concentration was not significantly different between selenite and selenate. 

  

Shoot and root CAT concentration were significantly higher in the selenite and selenate 

treatments compared to the control. Shoot CAT concentration was significantly higher in the 

shoots than in the roots. CAT concentration in shoots was not significantly different compared 

to CAT concentration in the roots.  Shoot and root CAT concentration were not significantly 

different between selenite and selenate.  
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Figure 6. SOD and CAT activity per mg of protein. All data is reported as mean ±se. n=6 
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3.3.2 Selenite and selenate APX and LOX concentrations in Brassica rapa 

Shoot and root APX concentration was significantly higher in the selenite and selenate 

treatments compared to the control. Shoot APX concentration in selenite and selenate was not 

significantly different compared to APX concentration in the roots. Shoot and root APX 

concentration was not significantly different between selenite and selenate.  

Shoot and root LOX concentration were significantly higher in the selenite and selenate 

treatments compared to the control.  Shoot LOX concentration was not significantly higher in 

the shoots than in the roots from selenite treatment. However, LOX concentration in shoots 

was significantly lower compared to LOX concentration in the roots. Shoot and root LOX 

concentration with selenite treatment was significantly higher than selenate.  

Figure 7. APX and LOX concentrations in Brassica rapa. All data is expressed as mean ±se. n=6 
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3.3.3 Selenite and selenate GPX and GR concentration in Brassica rapa 

 

Shoot and root GR concentration were significantly higher in the selenite and selenate 

treatments compared to the control.  Shoot GR concentration in selenite and selenate was not 

significantly different compared to GR concentration in the roots. Shoot GR concentration was 

not significantly different from selenite and selenate. Root GR concentration was significantly 

higher in selenite than selenate.  

 

Shoot and root GPX concentration was significantly higher in the selenite and selenate 

treatments compared to the control. Shoot GPX concentration in selenite and selenate was not 

significantly different compared to GPX concentration in the roots. Shoot GPX concentration 

was not significantly different from selenite and selenate. Root GR concentration was 

significantly higher in selenite than selenate.  

 

  

3.3.4 Selenite and selenate AP and NP concentration in Brassica rapa 

 

Shoot and root AP concentration was significantly higher in the selenite and selenate treatments 

compared to the control. Shoot AP concentration in selenite and selenate was not significantly 

different compared to AP concentration in the roots. Shoot and root AP concentration was not 

significantly different between selenite and selenate.  
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Figure 8. GPX and GR concentrations in Brassica rapa All data is expressed as mean ±se. n=6 
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Shoot and root NP concentration was not significantly higher in the selenite and selenate 

treatments compared to the control. Shoot NP concentration was not significantly different in 

the shoots than in the roots. NP concentration in shoots was not significantly different 

compared to NP concentration in the roots. Shoot and root NP concentration was not 

significantly different between selenite and selenate. 

 

3.3.5 Selenite and selenate SOD and CAT concentration in Helianthus annuus 

 

Shoot and root SOD concentration were significantly higher in the selenite and selenate 

treatments compared to the control. Shoot SOD concentration in selenite and selenate was not 

significantly different compared to SOD concentration in the roots. Shoot and root SOD 

concentration was not significantly different between selenite and selenate.  

 

Shoot and root CAT concentration were significantly higher in the selenite and selenate 

treatments compared to the control. Shoot CAT concentration in selenite and selenate was not 

significantly different compared to CAT concentration of selenite and selenate in the roots. 

Selenite CAT concentration was significantly higher in selenate in shoots, while there were no 

significant differences between selenite and selenate.  

 

0

1

2

3

4

5

6

0
2
4
6
8

10
12
14
16
18
20

Co
nt

ro
l

Se
le

na
te

Se
l e

ni
te

Co
nt

ro
l

Se
le

na
te

Se
le

ni
te

Shoots Roots

N
P 

um
ol

 α
-a

m
in

o 
ci

ds
/h

r/
m

g 
Pr

ot
ei

n

AP
 u

m
ol

 α
-a

m
in

o 
ci

ds
/h

r/
m

g 
Pr

ot
ei

n AP NP

0

0.5

1

1.5

2

2.5

3

0

10

20

30

40

50

60

70

Co
nt

ro
l

Se
le

na
te

Se
le

ni
te

Co
nt

ro
l

Se
le

na
te

Se
le

ni
te

Shoots Roots

N
P 

um
ol

 α
-a

m
in

o 
ci

ds
/h

r/
g 

FW

AP
 u

m
ol

 α
-a

m
in

o 
ci

ds
/h

r/
g 

FW

AP NP

Figure 9. AP and NP concentrations in Brassica rapa. All data is expressed as mean ±se. n=6 
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3.3.6 Selenite and selenate APX and LOX concentration in Helianthus annuus 

 

Shoot and root APX concentration was significantly higher in the selenite and selenate 

treatments compared to the control. Selenite APX concentration was not significantly different 

between shoots and roots, while selenate was significantly higher in roots than in shoots. There 

were no significant differences in APX concentration in shoots between selenite; however, the 

APX levels in roots showed that selenite was significantly higher than selenate.  

 

Shoot and root LOX concentration were significantly higher in the selenite and selenate 

treatments compared to the control. Selenite LOX concentration was not significantly different 

between shoots and roots, while selenate was significantly higher in roots than in shoots. 

Selenite was significantly higher than selenate in shoots and roots.  
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Figure 10. SOD and CAT concentrations in Helianthus annuus. All data is expressed as mean ±se. n=6 
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3.3.7 Selenite and selenate GPX and GR concentration in Helianthus annuus 

 

Shoot and root GPX concentration was significantly higher in the selenite and selenate 

treatments compared to the control. Shoot GPX concentration in selenite and selenate was not 

significantly different compared to GPX concentration of selenite and selenate in the roots.  In 

shoots selenite, GPX concentration was significantly greater than selenate, while there was no 

significant difference between selenite and selenate.   

 

Shoot and root GR concentration were significantly higher in the selenite and selenate 

treatments compared to the control.  Shoot GR concentration in selenite and selenate was not 

significantly different compared to GR concentration of selenite and selenate in the roots.  In 

shoots, selenite GR concentration was significantly greater than selenate, while there was no 

significant difference between shoots and roots in selenate. In shoots, selenite was significantly 

higher than selenate, while there were no significant differences in roots between selenite and 

selenate.    
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Figure 11. APX and LOX concentrations in Helianthus annuus. All data is expressed as mean ±s. n=6 
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3.3.8 Selenite and selenate AP and NP concentration in Helianthus annuus 

 

Shoot and root AP concentration showed no significant differences between selenite and 

selenate treatments compared to the control. Shoot AP concentration in selenite and selenate 

was not significantly different compared to AP concentration in the roots. Shoot and root AP 

concentration was not significantly different between selenite and selenate.  

 

Shoot and root NP concentration was not significantly different in the selenite and selenate 

treatments compared to the control. Shoot NP concentration was not significantly different in 

the shoots than in the roots. NP concentration in shoots was not significantly different 

compared to NP concentration in the roots. Shoot and root NP concentration was not 

significantly different between selenite and selenate. 
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Figure 12. GPX and GR concentrations in Helianthus annuus. All data is expressed as mean ±se. n=6   
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3.3.9 Selenite and selenate SOD and CAT concentration in Neptunia amplexicualis 

 

Shoot and root SOD concentration were significantly higher in the selenite and selenate 

treatments compared to the control.  Shoot SOD concentration in selenite and selenate was not 

significantly different compared to SOD concentration in the roots. Shoot and root SOD 

concentration was not significantly different between selenite and selenate.  

 

Shoot and root CAT concentration were significantly higher in the selenite and selenate 

treatments compared to the control.  Shoot CAT concentration was significantly higher in the 

shoots than in the roots. CAT concentration in shoots was not significantly different compared 

to CAT concentration in the roots.  Shoot CAT concentration was significantly higher in 

selenite than selenate. Root CAT concentration was not significantly different between selenite 

and selenate.  
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Figure 13. AP and NP concentrations in Helianthus annuus. All data is expressed as mean ±se n=6.  
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3.3.10 Selenite and selenate APX and LOX concentration in Neptunia amplexicualis 

 

Shoot and root APX concentration was not significantly different in the selenite and selenate 

treatments compared to the control. Shoot APX concentration in selenite was not significantly 

different from the control. However, APX concentration from selenate treatment roots was 

significantly higher than the control. Shoot and root APX concentration was not significantly 

different between selenite and selenate. 

 

Shoot and root LOX concentration were significantly higher in the selenite and selenate 

treatments compared to the control. Selenite shoot LOX concentration was significantly higher 

in the shoots than the roots; selenate LOX concentration showed no differences between shoots 

and roots. Selenite in the shoots and was significantly greater in LOX concentration than 

selenate.   
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Figure 14. SOD and CAT concentrations in Neptunia amplexicualis. All data is expressed as mean ±se. n=6 
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Figure 15. APX and LOX concentrations in Neptunia amplexicualis. All data is expressed as mean ±se. n=6 

 

3.3.11 Selenite and selenate GPX and GR concentration in Neptunia amplexicualis 

 

In Figure 16, Shoot and root GPX concentration was significantly higher in the selenite and 

selenate treatments compared to the control. Selenite and selenate GPX concentration was not 

significantly different compared between shoots and roots. Shoot GPX concentration was 

significantly not different in selenite compared to selenate. Root GPX concentration was not 

significantly different between selenite and selenate.  

 

Shoot and root GPX concentration was significantly higher in the selenite and selenate 

treatments compared to the control. Selenite shoot GPX concentration in selenite was not 

greater than selenate, while selenite was significantly higher in shoots compared to GPX 

concentration in the roots. Shoot and root GPX concentration was not significantly different 

between selenite and selenate.  
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3.3.12 Selenite and selenate AP and NP concentration in Neptunia amplexicualis 

 

Shoot and root AP concentration was not significantly in the selenite compared to the control. 

Shoot AP concentration was not significantly different from the control; however, AP 

concentration with selenate treatment in roots was significantly higher compared to the control. 

Shoot AP concentration in selenite and selenate was not significantly different compared to AP 

concentration in the roots. Shoot and root AP concentration was not significantly different 

between selenite and selenate.  

 

Shoot and root NP concentration was not significantly higher in the selenite and selenate 

treatments compared to the control. Shoot NP concentration was not significantly different in 

the shoots than in the roots. NP concentration in shoots was not significantly different 

compared to NP concentration in the roots. Shoot and root NP concentration was not 

significantly different between selenite and selenate.  
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Figure 16.GPX and GR concentrations in Neptunia amplexicualis. All data is expressed as mean ±se. n=6 
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3.4 Discussion   

3.4.1 Effect of selenate and selenite on SOD concentration 

 

SOD first demonstrated in maize is a metalloenzyme superoxide dismutase which converts 

O2
−• to H2O2 (Gupta and Gupta, 2017)   It is generally upregulated during the increase in 

oxidative stress caused by abiotic factors, and therefore it has a critical role in the survival of 

plants (Brown and Shrift, 1982). SOD has been studied in other plants under salt stress in pea, 

maize, and tea (Ahmad et al., 2010, Tuna et al., 2008, Upadhyaya et al., 2008) but not with Se 

stress. SOD is the first step triggered by potential oxidative damage and is present in every cell 

of plants (Brown and Shrift, 1982). 

 

 Selenium toxicity can be attributed to two fundamental causes, malformed selenoproteins and 

the induction of oxidative stress. Se is a pro-oxidant, and as a result, can propagate oxidative 

stress in plants. Therefore the notable significant increases and decreases in some of the key 

reactive oxygen species in these experiments are expected based on current literature (Gupta 

and Gupta, 2017). These findings are similar to those found in this project with selenium salts, 

where SOD was found to be significantly higher in shoots and roots exposed to selenate and 

selenite salts compared to the controls (p<0.05), and this was seen across all plants selected for 

this study.  Sublethal concentrations are thought to induce an oxidative stress response, during 

which Se may replace sulphur in protein formation, causing improperly formed protein 

0

1

2

3

4

5

6

7

0

5

10

15

20

25

Co
nt

ro
l

Se
le

na
te

Se
le

ni
te

Co
n t

ro
l

Se
le

na
te

Se
le

ni
te

Shoots Roots

N
P 

um
ol

 α
-a

m
in

o 
ci

ds
/h

r/
m

g 
pr

ot
ei

n 

AP
 u

m
ol

 α
-a

m
in

o 
ci

ds
/h

r/
m

g 
pr

ot
ei

n 
AP NP

0

1

2

3

4

5

6

0

10

20

30

40

50

60

Co
nt

ro
l

Se
le

na
te

Se
le

ni
te

Co
nt

ro
l

Se
le

na
te

Se
l e

ni
te

Shoots Roots

N
P 

um
ol

 α
-a

m
in

o 
ci

ds
/h

r/
g 

FW

AP
 u

m
ol

 α
-a

m
in

o 
ci

ds
/h

r/
g 

FW

d) AP NP

Figure 17. AP and NP concentrations in Neptunia amplexicualis. All data is expressed as mean ±se. n=6 
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structure (Brown and Shrift, 1982). This result was also found in studies where Se-induced 

stress-triggered oxidative stress (Kaur and Sharma, 2018a). Se exposure has been documented 

to cause an increase in many levels of oxidative species in plants as listed in the studies 

conducted by the stress of Se (Akbulut and Çakır, 2010, Chen et al., 2008, Gomes-Junior et al., 

2007, Schiavon et al., 2012a).  

 

A previous study completed in Brassica napus also showed an increase in SOD concentration 

when increasing doses of arsenic were applied (Liu et al., 2015). In the control species of all 

plants for there is a balance in the reactive oxygen species; therefore, the removal and the 

formation of oxygen species are in equilibrium, however, on exposure to sublethal 

concentrations of 20 µm, 25 µm, and 500 µm of selenite and selenite across Brassica, 

Helianthus annuus and Neptunia amplexicaulis varieties the ROS defence system is triggered 

causing an imbalance. SOD which occurs in the mitochondria, chloroplasts, microsomes, 

glyoxysomes, peroxisomes, apoplast, and the cytosols, is the first line of defence to restore 

oxidative stress (Alscher et al., 2002). Plants exposed to selenium as fertilizer after water stress 

demonstrated an increase in SOD. At low levels of exposure, selenium is thought to have a 

beneficial impact on plant growth. While both species of selenium salts were higher in treated 

plants, there was no significant difference between the SOD levels of selenite and selenate 

treatments. There were no significant differences found between selenite and selenate impact 

on SOD levels in shoots and roots for all the plants studied. This finding was expected because 

it is inferred that in alkaline media, selenate uptake is greater than selenite, and the opposite is 

true in acidic media, and the media prepared was set at pH5.4 (Tian et al.). SOD levels in this 

study were all elevated given that the plants were all exposed to pre-decided sublethal 

concentrations in chapter 1. 

 

3.4.2 Effect of selenite and selenate on CAT concentration 

 

A family of heme-containing enzymes contains catalase, an enzyme that is critically important 

for the dismutation of H2O2 into H2O and O2, which is important for the metabolic and defence 

of plants in addition to signalling (Liu et al., 2015).  All aerobic eukaryotes contain CAT where 

it plays a role in the removal of H2O2. This is manufactured in peroxisomes by oxidases 

involved in beta-oxidation, particularly of fatty acids, photorespiration, purine catabolism 

which takes place during oxidative stress (Sofo et al.) Localized in peroxisomes and 
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mitochondria, CAT is categorized into three main groups; class I localized in photosynthetic 

tissues, class II catalases associated with vascular tissues and class III catalases are 

concentrated in seeds and reproductive tissues (Anjum et al.).  

 

Across all plants studied, there were significantly higher levels of catalase in both treatments 

of selenite and selenite amongst the shoots and the roots. Similar studies completed by Freeman 

et al. (2010b) demonstrated that proteins, glutathione S-transferase, two catalases, a GDP-D-

Man pyrophosphorylase, a ferredoxin, a glutathione peroxidase, a glutaredoxin, and an ATP-

dependent peroxidase were higher in the selenium hyperaccumulator S. pinnata than the 

secondary accumulator S. Albescens; all encoded by antioxidant and redox control genes in the 

leaves. Amongst the Brassicae varieties in other studies exposed to higher concentrations of 

selenate at 40uM (Ávila et al., 2013, Lyi et al., 2005, Ramos et al., 2011) showed a decrease in 

CAT concentration which are findings to the contrary found in these studies where all plants 

showed an increase in CAT concentration upon exposure to the sublethal concentrations; 

however, this may be attributed to inhibitory effects of Se at higher concentrations (Tian et al., 

2017). Brassica studies exposed to selenite showed an increase in ROS generation in the roots 

(Chen et al., 2014, Freeman et al., Mroczek-Zdyrska, and Wojcik). Similarly, to the Brassica 

rapa studied by Chen et al. (2014) demonstrated that selenite caused an increase in ROS in the 

roots similar to that seen in Figures 1, 2,3, and 4. To date, literature is unclear and inconsistent 

as to the effect of Se on CAT concentration. 

 

3.4.3 Effect of selenite and selenate on GPX concentration 

 

Figures 1, 2, 3 c, and g demonstrated that Brassica rapa vitamin greens, Helianthus annuus, 

and Neptunia amplexicaulis had a significant increase in GPX concentration in treatments with 

selenite and selenate salts compared to the control. These results are substantiated by similar 

findings in other varieties of plants where selenium induced an increase in GPX concentration 

(Balakhnina and Nadezhkina, 2017). This increase in GPX concentration, in combination with 

other ROS species cascade, help to improve plant resistance against abiotic stresses such as 

drought, UV, radiation, PCD, and temperature fluctuations; thereby improving plant adaptive 

capacity (Balakhnina and Borkowska, 2013, Balakhnina et al., 2015, Balakhnina et al., 2005, 

Hartikainen et al., 2000, Ibrahim, 2014). GPX is thought to be a crucial enzyme triggered by 

Se in numerous plants that are exposed to stresses (Ali et al., 2015, Lin et al., 2012, Qing et al., 
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2015). GPX works to convert GSH to CSSG through oxidation, as shown in figure 4. There 

were significant increases in GPX when exposed specifically to metalloids. 

 

3.4.4 Effect of selenite and selenate on GR concentration 

  

Shoot and root GR concentration were significantly higher in the selenite and selenate 

treatments compared to the control, as was demonstrated similarly in rapeseed seedlings. 

(Hasanuzzaman et al., 2011). Shoot GR concentration in selenite and selenate was not 

significantly different compared to GR concentration of selenite and selenate in the roots. In 

shoots, selenite GR concentration was significantly greater than selenate, while there was no 

significant difference between shoots and roots in selenate. These findings were similar to 

increases in GR in Triticum Aestivum L as a result of selenite and selenate exposure (Kaur and 

Sharma, 2018b).   

 

3.4.5 Effect of selenite and selenate on APX concentration 

 

Plants treated with selenite and selenate both showed and a notable increase in APX compared 

to the control in shoots and roots. This result at the selected dosages is to be expected since 

plants are still under stress. APX has the role of detoxifying H2O2 in the presence of ascorbate 

and glutathione (GSH) as part of the ascorbate-glutathione cycle, therefore elevated APX 

concentration will result in a greater stress response in the plants. Our findings are supported 

by the studies in Lemna gibba, L. minor, and Spirodela polyrhiza as described by (Banu 

Doğanlar, 2013).  

 

3.4.6 Effect of selenite and selenate on protease concentration 

 

Protease concentration plays a critical role in the degradation of proteins, with concentration 

heavily dependent on a range of factors such as leaf age,  localization, and external stresses 

(van der Hoorn, 2008a)  (Simova-Stoilova et al., 2010a). Proteases are best categorized as 

acidic or neutral protease (Balakrishnan et al., 2011). Under stressed oxidative conditions such 

as the exposure of sublethal concentrations of selenium, there were no notable increases in AP 
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concentration with selenite and selenate exposure compared to the control in both Helianthus 

annuus and Brassica.  

 

It has been shown in Grevillea leaf tissues that high protease concentration has been 

demonstrated, the result of high oxidative stress (Kennedy and De Filippis, 2004). However, 

given that all three plant species were exposed to sublethal concentrations of selenium, there 

were no significant differences in the AP and NP concentration compared to the control except 

for Neptunia, where AP concentration with selenite treatment in roots was significantly higher 

compared to the control. While no significant difference was calculated, acid protease 

concentration was still higher in both treatments of selenite and selenate for all three plants. 

This is attributed to the sublethal concentration exposure to selenium. These elevated levels of 

stress result in the formation of carbonyl groups which can also be used to measure proteolytic 

concentration (Reinheckel et al., 1998) under stress conditions but were not measured as a part 

of this study.  

 

On the other hand, there were no significant differences seen in the concentration of neutral 

proteases across all three plants. Given that protease consist of a range of protein subclasses, 

such as acid endopeptidases (Fukayama, Abe & Uchida 2010;) aspartic peptidase (APs) 

(pepsin-like proteases), and cysteine peptidases (CPs) (papain-like proteases) and/or 

carboxypeptidases (belong to serine peptidases (SPs) are mostly active at acidic pH (van der 

Hoorn, 2008a)( (Rawlings et al., 2014), the greater detection of protease concentration may be 

in the acid proteases compared to the relatively neutral proteases.  

 

3.5 Conclusion and future direction 

 

On the comparison of the oxidative stress reaction on the reactive oxygen species across 

Helianthus annuus, Brassica rapa, and Neptunia amplexicaulis, there were numerous patterns 

observed and measured that form a foundation for further analysis outside of this experiment.  

 

For all three plants, all reactive oxygen species were elevated compared to the control in line 

with previous studies that analyzed reactive oxygen species under stress conditions such as 

chilling, drought stress, metal exposure, temperature, among many others, albeit these elevated 

levels of enzymatic reactive oxygen species were not always significant. 
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The inclusion of a greater range of enzymes will enable more enzyme concentration to be 

accounted for in detail. The limitations of time and resources presented challenges in adding 

more metabolites and enzymes to this series of experiments. However, the trends observed in 

the elevated levels of the treatments of selenium to the control demonstrate that at sublethal 

concentrations, there is an oxidative stress response within each plant that allows it to cope 

with the added levels of selenium. As mentioned above, ROS are very reactive due to the 

presence of unpaired valence electrons, and a high concentration of ROS can result in 

uncontrolled oxidation in cells, during which cellular components, including (Mittler, 2002) 

DNA, protein, membrane lipids, may become damaged (Cassells and Curry, 2001). Evidence 

suggests that the functional roles of these defence ROS responses include the protection of the 

photosynthetic mechanisms, the preservation of membrane integrity, and the protection of the 

DNA and proteins (Alscher et al., 1997, Gill and Tuteja, 2010a, Kovalchuk, 2010, Apel and 

Hirt, 2003, Gill and Tuteja, 2010b). 

 

The information gathered from these experiments confirms a stress response at sublethal 

concentrations supported by previous studies discussed above. To determine the proteins being 

impacted by the uptake of Se at sublethal concentrations in Chapter 4, seed storage proteins 

will be studied.  
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Chapter 4. Selenium distribution in plants 

Abstract 

 

Selenium has emerged as a contaminant in terrestrial and aquatic environments in many regions 

around the world as a result of mining. Extensive research has concluded that selenium is an 

essential micronutrient to humans, animals, and some microorganisms, but to date, limited 

research has been conducted to determine the essentiality of selenium to higher plants 

concerning selenium translocation and accumulation on a molecular level in Australia.  

 

 

The current work thus investigated: 1) patterns of translocation of radiolabelled selenite and 

selenate by whole plant autoradiography, 2) the quantity of the 75Se accumulated in DNA, 

RNA, lipids, carbohydrates, and various classes of proteins. The plants, Brassica rapa ‘Vitamin 

Greens’, Helianthus annuus ‘Dwarf Helianthus annuus’ and Neptunia amplexicaulis were 

grown in tissue culture growth media and harvested after 21 days of exposure to a range of 

increasing concentrations of selenite and selenate salts of 5-50µM and 10-100µM, respectively, 

after which sublethal exposure concentrations were selected. 

 

The sublethal concentrations were 20µM of each selenium salt for Brassica rapa and 25µM of 

each selenium salt for Helianthus annuus. Autoradiography displayed Se75 translocation of 

selenite in relatively greater proportions in the leaves than roots and selenate in the roots than 

leaves. These patterns of translocation coupled with further fractionation studies in chapter 5 

will assist in the selenoprotein studies at a later stage to determine if selenium is incorporated 

into proteins or protein-bound in these plants. The patterns of selenium translocation, its 

accumulation, and possible phytovolatilization in plants have implications on their suitability 

as tools for phytoremediation and biofortification. 
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4.1 Introduction  

4.1.1 Selenium species 

 

Se is a naturally occurring element that is essential for optimal health and maintenance of 

human and animal tissue function; it is yet to be classified as biologically essential for plants. 

As described in chapter 1, selenium is analogous to sulphur. It forms a part for the chalcogens 

group with the most common valence states being, -2, 0, +2, +4, +6 and occurs as Se2- 

(selenite), Se0 (elemental selenium), Se2O3
2- (thioselenate), SeO3

2- (selenite), and SeO4
2- 

(selenate) respectively. The bioavailability, uptake, distribution, metabolism, and volatilisation 

within living organisms are influenced by the chemical state of Se, the type of vegetation, the 

chemical form of Se in soil, pH of the soil, moisture content, the concentration of Se, and the 

composition of the soil. The two most bioavailable forms of Se are selenite and selenate, but 

some plants can also absorb selenomethionine from the decay of selenium contained in 

decaying plant material. Most often, selenium is found in its elemental form associated with 

shale, sulphide ores, and coal mining; on exposure to air is converted to selenite and selenate, 

making it bioavailable to animals and plants, which within a narrow, low range, can be 

detrimental to ecosystem health.  

 

As described in chapter 1, the plants selected for this study were Brassica vitamin green, 

Helianthus annuus, and Neptunia amplexicaulis. The sublethal concentrations that the plants 

were subjected are the same as those in chapter 1.  

4.1.2 Selenium distribution 

 

These experiments were performed on a whole plant level to provide a qualitative and 

quantitative analysis, visually the uptake of selenium in three plants known for varying levels 

of selenium absorption, the patterns of uptake in the leaves, stems, and roots. Additionally, an 

understanding of the location of Se accumulation has the potential to include the plant used in 

this study for phytoremediation. Toxic contaminants can be absorbed by the roots and 

transported to the upper organs of the plants, which can be later harvested or volatilized into a 

less toxic form (Newman and Reynolds, 2004). It is considered cheaper and has a less likely 

hood to disrupt the fertility of the soil (Robinson et al., 2000). Stanleya pinnata and Astragalus 

bisulcatus have an abundance of research to indicate their strong ability to accumulate Se; 
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however, the slow rate of growth and low biomass production limit the phytoremediation 

potential (Germ et al., 2007a), presenting a need to consider alternative plants for potential use 

in phytoremediation.   

 

To date, there are almost no existing studies of Se in higher plants using autoradiographic 

methods, and as mentioned previously, the few existing studies study Se at concentrations that 

are considered to benefit plant growth (Mounicou et al., 2006) but not at the sublethal 

concentrations studied in this thesis. Given that some species can cope well with the increased 

concentration of Se, other species manifest signs of stunted growth, leading to early or eventual 

death (Chéry et al., 2002). There is a need to gain an understanding of Se function in individual 

plant species. Furthermore, the identification and understanding of the ability of plants to 

accumulate Se also allow the opportunity to use the plants for biofortification as different plants 

have a varying ability to tolerate and accumulate Se. It is important to focus on plants based on 

their ability to accumulate Se in their edible parts (Lynch, 2007).  

 

4.1.2 Selenium distribution methods 

 

To date, numerous analytical and instrumental methods such as microwave digestion and 

fluorescence detection have been utilized to find selenium in samples from the 

environment(Nahir and Sheffield, 2002, Pyrzyńska, 2002). Many challenges in the detection 

of Se have been identified, and in recent years some have been overcome stemming from the 

narrow range between essential Se and the toxic concentration, including developments in 

detection sensor material, electrode surface modifiers, chelators, along with improved 

detection limit, range, reproducibility, stability, selectivity, and sensitivity (Devi et al., 2017).  

Yet, there are still many complexities presented by the samples matrix and the end goal of Se 

quantification and/speciation (Paikaray, 2016). 

 

Broadly, selenium detection methods can be applied through destroying samples such as 

inductively coupled plasma mass spectroscopy (ICP-MS), a hydride generation atomic 

fluorescence spectrometer (HG-AFS), or the hydride generation atomic absorption 

spectroscopy (HGAAS) or  Instrumental Neutron Activation Analysis (INAA) which is gaining 

popularity, not considered destructive to the sample but an only be used on-air samples 

currently (Ballihaut et al., 2007). ICP -MS is most suitable when Se detection in samples is 



78 
 

routine and multi-elemental, while INNA is best used when Se is expected to be found at 

minute concentrations (10−8–10−9 g) (Uden, 2002). Comparatively, HGAAS can be utilised 

when lower detection limits are thought to be present (0.1 µg) (Buchberger, 2001, Mazej et al., 

2006, Vassileva et al., 2001). 

 

More conventional methods of Se detection are gas chromatography (GC), high-performance 

liquid chromatography (HPLC), ICP-MS, neutron activation analysis (NAA), atomic 

fluorescence spectrophotometry (AFS), AAS, electrothermal AAS, and graphite furnace AAS 

(GF-AAS), which have been used on plant samples to detect Se concentrations widely. For 

improved speciation and detection, hyphenated separation methods such as Ion 

chromatography (IC) and capillary electrophoresis (CE) have been applied with atomic 

spectrophotometry detection systems such as Electrothermal AAS and plasmic optical 

emission spectroscopy (POES) (Bailey, 2017). 

 

Increasingly when attempting to detect trace analysis of toxic elements, it is vital to find the 

total content of the element at lower concentrations while also determining the binding state. 

Determination of the binding state will influence its toxicity as seen with selenite and selenate, 

which are both more bioavailable through their water solubility compared to elemental Se, 

metabolism in environmental and biological systems (Fairweather-Tait et al., 2010)  

 

Some methods depend on sample interaction and a source of X-ray excitation, which include 

energy-dispersive X-ray spectroscopy (EDXRS), Fourier-transform infrared spectroscopy (FT-

IR), powered X-ray diffraction (PXRD), extended X-Ray absorption fine structure (EXAFS) 

and X-ray absorption spectroscopy (XAS) to determine mechanisms of selenium sorption, 

(Zhang, 2007). To date, X-ray Absorption Spectroscopy has been used on A. bisulcatus plants 

initially grown for three weeks in selenate (Pickering et al., 2000), but there are no distribution 

studies that reflect visually or quantitatively selenium distribution within the plants in this 

study. Additionally, in the existing studies, despite the improvements to methodology, the 

presence and absence of previously identified selenium species remain inconsistent, 

highlighting the need for selenium distribution studies using an alternative technique such as 

radiotracers as used in Chapters 4 and 5  in this thesis.  
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ICP- MS has been previously used to determine Se concentrations in Brassica juncea species 

(Sharma and Sohn, 2009, Szpunar, 2005) along with size exclusion chromatography studies 

(Mounicou et al., 2006), all yielding varied results in determining the distribution of Se within 

the plants, therefore, using autoradiography as a technique for determining the distribution of 

Se in plants was worth exploration.  

 

Implementing the use of short half-life radioisotopes from the whole plant to genetic, 

molecular, organismal, and ecosystem studies can be used to determine the process that binds 

the enzyme-based biochemical reactions to the physiological responses of plants to 

environmental stimuli and stresses (Osmond, 1989).  Positron emission tomography (PET) has 

been widely used in medical diagnostic imaging (Antoch et al., 2003, Phelps, 2000, Schaller, 

2004) with an increasing number of studies using this method on plants coupled with other 

imaging methods, for instance, photoswitch imaging detector was utilised for both positron- 

and γ-ray-emitting nuclide imaging (Wu and Tai, 2011). Where live imaging systems were 

needed PlanTIS and PETIS were used to determine the movement of radionuclides in tomato 

(Suwa et al., 2008),  broad bean (Matsuhashi et al., 2006), beet and bulbs (Jahnke et al., 2009), 

soybean (Kawachi et al., 2011) barley ( Tsukamoto et al. 2006 ), wheat (Matsuhashi et al., 

2006) and rice (Ishikawa et al., 2011). 11C (Minchin and Thorpe, 2003), 13N (Ohtake et al., 

2001), 15O (Kiyomiya et al., 2001), 18F (Nakanishi et al., 2001), 52Fe (Tsukamoto et al., 2009), 
52Mn (Tsukamoto et al., 2006) and 107Cd (Fujimaki et al., 2010) were used as the positron 

emitters for these imaging methods.  

 

Where live tracing of a radiotracer isn’t needed, radiotracers can also be used on a whole plant 

level to a genetic level, but to date, at the time of writing, there are no studies of selenium at 

sublethal concentrations. Additionally, even with improvement to detection of minute 

concentrations of Se, there are varying conclusions on the existence of major Se-containing 

compound in the leaves is Se-methyl selenocysteine, with smaller amounts of 

selenocystathione and γ-glutamyl-Se-methyl selenocysteine in Astragalus bisculcatus 

(Neuhierl et al., 1999, Nigam and McConnell, 1969). Even more robust studies using micro X-

ray Fluorescence Microscopy (μXRF) and scanning electron microscopy (SEM-EDS), as well 

as on chemical forms of Se in various tissues using liquid chromatography-mass spectrometry 

(LC-MS) and synchrotron X-ray absorption spectroscopy (XAS) has only shown methyl-

selenocysteine and seleno-methionine in the foliar tissues but not Se-methyl selenocysteine 

(Harvey et al., 2020).  
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4.1.3 Aims  

These experiments aimed to determine Se concentrations in plants using radiotracers. This 

study investigated the uptake, accumulation, and distribution of selenium species in Brassica 

rapa.cv vitamin green, Helianthus annuus cv. Helianthus annuus and Neptunia amplexicaulis, 

through the entire plant and plant organs, upon a 21-day exposure to selenite and selenate salts 

and autoradiography followed by a detailed analysis of plant protein fractions in chapter 5.  

 

4.2 Methods  

4.2.1 Culture Preparation. 

 

1L of 1/4 strength media solution was prepared with 1.0825g MS salts, 7.5g sucrose and stirred 

over a hot plate to ensure that all components were dissolved to set media for tissue culture. 

600 mL was then placed into a 1L stock bottle with 0.8g of agar to set media for tissue culture. 

All bottles of tissue culture were placed in an autoclave on an agar setting for 30 min at 121°C, 

104kPa, and left to set at room temperature to cool. Culture media was used the same day as 

preparation.   

 

4.2.2 Seed preparation.  

 

Seeds of the Brassica rapa cv. Vitamin greens and Helianthus annuus were sourced from 

Rangeview seeds, Derby, Tasmania. Neptunia amplexicaulis seeds were sourced from QLD by 

Dr Ashwa Nanjappa Central Queensland University, Australia. Hard seed shells were removed 

by hand without damaging the seed inside. Once the seed shell was removed, all seeds were 

surface sterilised with 70 % (v/v) ethanol for 3 min, followed by five autoclaved MQ water 

rinses. Seeds were then washed in 2% sodium hypochlorite solution for 5 min, after which they 

were rinsed five times autoclaved MQ water again. All seeds were used immediately after 

sterilisation. Neptunia amplexicaulis seeds were nicked with a nail clipper to break open the 

seed coating to ensure penetration of nutrients and initiate the first stage of the triphasic 

germination begin, i.e. rapid initial uptake (Bewley, 1997, Manz et al., 2005, Schopfer and 

Plachy, 1984). This was not necessary for the softer seed coatings. Plants were grown for 21 
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days at a temperature of 24°C, relative humidity of 85-95 %, and a day/night cycle of 12 

hours/12 hours. A data logger was used to ensuring that humidity and temperature were 

consistent throughout the experiment. 

 

4.2.3 Radiotracer stock preparation.  

 

0.1g sodium selenite Na2SeO3 and 0.10023g sodium selenate Na2SeO4 (BioReagent ≥ 98%, 

Sigma-Aldrich, Germany) were measured on a weighing scale added to a titanium capsule. 

After neutron activation to produce radioisotopes 75SeIV and 75SeVI at the OPAL reactor, 

ANSTO, Sydney, Australia. Activated salts were dissolved in Milli-Q water to produce stock 

solutions for both Se species. Selenium speciation of each stock solution was confirmed 

using ion chromatography. Inductively coupled plasma mass spectrometry (ICP) was used to 

validate the concentration of Se in each stock solution using internal standards. Radiotracers 

were then further diluted with stable sodium selenite and selenate stock solutions to form 

required sublethal concentrations determined in chapter 1, i.e. Brassica rapa, 20µM for both 

selenite and selenate salts, Helianthus annuus 25µM for both selenite and selenate and 500µM 

for both selenium salts for Neptunia amplexicaulis.  The selenium stocks were diluted into 300 

mL autoclaved agar and distributed into (n=6) 200 mL tissue culture jars. Six seeds of each 

plant variety were embedded into the surface of the agar and sealed with a lid for fractionation 

studies.  The same procedure was followed for whole plant autoradiography except one plant 

variety per treatment of selenite, and selenate was placed in tissue jars (n=3).  

 

4.2.4 Autoradiography   

 

After the completion of 21 days, all three plants of each variety were removed from the tissue 

culture for autoradiography. The roots of all plants were individually cleaned on paper towels 

and patted to remove agar media. The roots were then rinsed with MQ water on the paper towel 

and dried. This process was repeated four times for each plant. Each plant was then spread onto 

an A4 sheet with double-sided tape and covered with a plastic sleeve to prevent direct contact 

with the phosphor plate. Each plant was then exposed to a blank phosphor plate for 66.5 hours 

for optimal signal; 3 different periods were used to determine the optimal sample exposure 

time to the phosphor plate.   
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Each plant was removed from the three plants from each plant variety, extracted from the tissue 

culture, and placed on double-sided tape on an A4 paper for exposure to a phosphor plate for 

66.5 hours with standards and calibrated on Image J.

4.3 Results

The results presented below in Figures 18,19, and 20 show the patterns of Se uptake in the 

three plants, Brassica rapa, Helianthus annuus, and Neptunia amplexicaulis.

Figure 18 indicates that qualitatively selenium uptake in leaves on the Brassica rapa exposed 

to selenite is less than that of the Brassica rapa that was exposed to selenate by two times 

whereas based on the images alone, the Se content in the roots in the Brassica rapa looks 

similar (this will be discussed in greater detail in chapter 5).

Figure 19 indicates that qualitatively selenium uptake in leaves on the Helianthus annuus

exposed to selenite is less than that of the Helianthus annuus that was exposed to selenate by 

two times, whereas based on the images alone, the Se content in the roots in the Helianthus 

annuus exposed to selenite is greater than the selenium uptake in the plants exposed to selenate.

a b

Figure 18. Selenium uptake as selenite (a) Se pg/pixel and selenate (b) Se pg/pixel in Brassica 
rapa.
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Figure 19. Selenium uptake as selenite (a) Se pg/pixel and selenate (b) Se pg/pixel  in Helianthus annuus. 

Figure 20 indicates that qualitatively selenium uptake in leaves on the Neptunia amplexicaulis 

exposed to selenite is less than that of the Neptunia amplexicaulis that was exposed to selenate 

by two times,whereas based on the images alone, the Se content in the roots in the Neptunia 

amplexicaulis looks similar (this will be discussed in greater detail in chapter 5). 

 

      

 

  

 

 

 

 

 

 

 

 

 

a b 

a b 

Figure 20. Selenium uptake as selenite (a) Se pg/pixel and selenate (b) Se pg/pixel in Neptunia amplexicaulis 
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4.4  Discussion   

In previous chapters, Se was mentioned as having a beneficial impact on plants through the 

stimulation of growth, increasing tolerance to abiotic stresses, thereby increasing pathogen 

resistance (Feng et al., 2013, Pilon-Smits et al., 2009a, Quinn et al., 2007a). On the other hand, 

Se has been observed in high concentrations to be toxic to plant growth (Fu et al., 2011, 

Longchamp et al., 2015, Mao et al., 2011, Ximénez-Embún et al., 2004).  

 

4.4.1 Effect of selenite and selenate exposure on Se uptake in Brassica rapa  

 

Brassicaceae species have been long considered useful for their Se accumulation trait. 

However, this can vary significantly between species from non-accumulators to Se 

hyperaccumulator species, and therefore it is necessary to trial the Se uptake capability of each 

variety.  

Based on the autoradiographic images (figure 18b compared to 18a), uptake in Brassica rapa 

exposed to selenate was two times greater with 16ug/pixel in the leaves than when exposed the 

Brassica rapa was exposed to selenite salts in the leaves, which contained only eight ug/pixel. 

In comparison, Se uptake was greater in the roots of Brassica rapa exposed to selenite salts 

than the selenate exposed Brassica rapa. Numerous studies have indicated that at low 

concentrations, Se has a growth promotion effect and at high concentrations an inhibitory effect 

on plants as seen in radish, Chinese cabbage, rapeseed, Indian mustard, and spinach which was 

demonstrated in chapter 2. In this series of experiments, the selenium uptake in Brassica rapa 

is in agreeance with findings from other studies where selenium uptake from selenate exposure 

was greater than selenite in the leaves(Longchamp et al., 2015).  

Brassica rapa selenate roots contain the highest concentration of inorganic selenium compared 

to the leaves from exposure to selenite, while the leaves of Brassica rapa grown in selenate 

contain the greatest concentrations of inorganic selenium. A study using selenite and selenate 

uptake using hydride generation-atomic fluorescence spectrometry (HG-AFS) turnip leaves 

treated by Se (VI) accumulated significantly more Se compared turnip treated with by Se (IV) 

under the same concentrations (Xiong et al., 2015) which are in agreeance with the findings in 

this study as seen in figure 5a. The increased accumulation of selenium from the exposure of 

selenate compared to selenite is driven by the relative mobility of selenate in media compared 
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to selenite. As a result, it is thought that selenate facilitates faster selenium uptake while selenite 

is a source of long term selenium (Broadley et al., 2006b).  In particular, it was found that 

whole-plant maize accumulated greater concentrations of selenite than selenate, which was 

reflected in roots and grains while stems and leaves Se concentration from plants exposed with 

selenate were notably higher than plants conditioned with selenite (Longchamp et al., 2015). 

The results also confirm, similar to other Brassica varieties, that selenium uptake is dependent 

on the bioavailable supply of selenite and selenate in the growth medium as seen in pakchoi 

(Fu et al., 2011) and Ulva australis (Schiavon et al., 2016). It should be noted that while the 

findings of this experiment were consistent with the research conducted by Ximénez-Embún 

et al., 2004, research has also demonstrated that rice, wheat soybean, and maize can also 

accumulate Se in equal concentrations regardless of selenite or selenate exposure  (Li et al., 

2008, Zayed et al., 1998) and some experiments Se was accumulated in greater concentrations 

from selenite exposure than selenate. In particular, it was found that whole-plant maize 

accumulated greater concentrations of selenite than selenate, which was reflected in roots and 

grains while stems and leaves Se concentration from plants exposed with selenate were notably 

higher than plants conditioned with selenite (Longchamp et al., 2015). The results also confirm, 

similar to other Brassica varieties, that selenium uptake is dependent on the bioavailable supply 

of selenite and selenate in the growth medium as seen in pakchoi (Fu et al., 2011) and Ulva 

australis (Schiavon et al., 2016). 

The findings from this experiment, however, suggest that the supply of selenium in its selenate 

form is translocated in greater concentrations than when selenium is supplied in its selenite 

form. The results from exposing Brassica rapa to Se through selenite and selenate exposure 

demonstrate its ability to accumulate Se, and given that Brassica rapa is an edible crop, there 

is primary potential for this to be biofortified with Se. Further research is required to determine 

the ability of Brassica rapa to absorb other metals and metalloids, which will assist in 

determining its suitability for the phytoremediation of soil. 

 

4.4.2  Effect of selenite and selenate exposure on Se uptake in Helianthus annuus 

 

Selenium uptake in Helianthus annuus exposed to selenate was two times greater than the 

Helianthus annuus when exposed to selenite salts in the leaves based on the autoradiographic 

images in figure 19a compared to 19b. In comparison, Se uptake is greater in the roots of the 
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Helianthus annuus exposed to selenate salts than the selenite exposed Helianthus annuus. 

These findings were consistent with studies where selenium salts, when exposed to Indian 

mustard and white lupin  (Ximénez-Embún et al., 2004) and selenate uptake was greater than 

selenite. This pattern of uptake and translocation varies according to the selenium form 

supplementing the plants, the plant species and varieties, phase of plant growth, and Se 

exposure concentration (Gupta and Gupta, 2017). The higher uptake of Se from selenate 

exposure is recognized as being the result of easy transfer from the roots to the shoots than 

selenite. The observation of selenate, although not quantitative, agrees with the findings where 

selenate uptake occurs through sulphate transporters, whereas selenite was found to be 

translocated by the phosphate transport mechanism (Terry et al., 2000).  

The relatively higher Se uptake based on the autoradiography results and existing literature 

suggests that selenium addition in the form of selenate allows for the faster translocation of Se, 

and therefore it is worth investigating further the potential of Helianthus annuus for Se enriched 

Helianthus annuus for supplementation of the human diet and phytoremediation.  

  

4.4.3 Effect of selenite and selenate exposure on Se uptake in Neptunia amplexicaulis 

 

Selenium uptake in the leaves of Neptunia amplexicaulis appeared to be equal regardless of 

which Se species the plants were subjected to. Given how tightly packed the new young leaves 

are compared to the older leaves, clear patterns of Se accumulation were not visible. Older 

lamina leaves displayed lower Se accumulation compared to the relatively younger leaves 

indicating the possibility of Se cycling into younger leaves.  

Similar to other species of Se hyperaccumulators, such as A.biscultas and S.pinnata, Neptunia 

amplexicualis accumulated Se in its youngest tissues, implying a possibility that the plant used 

Se as a herbivory defence mechanism. Recent research suggests that Se in the young leaves is 

organic Se and may be translocated in organic form from the roots where the assimilation of 

Se is thought to take place (Yu et al., 2019b).  
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4.4.4 Autoradiography technique used for Se detection in plants 

 

Autoradiography was the selected method of detecting a Se distribution method because of its 

high sensitivity, which is especially useful where trace elements may occur in minute 

concentrations and the availability of Se75 with a 119-day half-life. The next step should have 

been to perform ICP-MS on each plant, i.e., leaves, stem, and roots, to substantiate the 

qualitative observations of Se concentrations in all three plants species. However, ICP-MS for 

ultra-trace element detection of radioactive Se75 from an agar matrix was not available. There 

was also a need to undertake gamma counts of Se75 on a gamma counter to measure ad 

determine Se concentration in each plant section, so while the autoradiography contributes to 

previously minimal knowledge of Se distribution within the Brassica rapa, Helianthus annuus, 

and Neptunia amplexicualis, the concentration of Se within each plant section could not be 

determined. If this series of experiments was to be repeated, each plant section should be either 

weighed individually, and ICP-MS used to confirm the concentration of Se absorbed by each 

plant.  

4.5 Conclusion and Future Direction 

 

Whilst Se concentration could not be determined in this experiment using the autoradiography 

technique for quantification; this study does demonstrate the relative distribution and uptake 

patterns of Se at the sublethal concentrations that were previously determined comparing 

secondary Se accumulators compared to a confirmed hyperaccumulator. The significance of 

the uptake pattern in Brassica rapa and Helianthus annuus, and Neptunia amplexicualis may 

assist in developing these species as phytoremediation plants and potentially for use as cattle 

fodder where soils are deficient in Se. 
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Chapter 5 Effect of selenite and selenate exposure on seed storage protein selenium uptake 

Abstract 

 

Seed storage proteins are the basis of fuel for the germination of seeds into seedlings. During 

this process, they provide a source of nitrogen, among other starting nutrients. Eventually, these 

proteins are metabolised and revived in a new form to serve another purpose within the plant.  

Selenium has been identified to affect protein formation in plants through malformed proteins 

when sulphur is replaced, and therefore it is possible to observe selenium in secondary and 

hyperaccumulators where plants are exposed to selenium at sublethal concentrations 

determination in chapter 2.  

The objective of this experimental work was to determine to identify the relationships between 

selenium and seed storage proteins since no work has been done to date on the selected plants, 

Helianthus annuus, Brassica rapa, and Neptunia amplexicaulis. The results of this chapter 

were then used to inform the experimental design in chapter 6. The seed storage proteins of 

focus were focused on globulins, albumins, glutelins, and prolamins along with residue lipids 

as part of the defatting process and the crude starch which remained after each plant was 

processed.  

This series of experiments determined that where the plants were exposed to Se75 radiotracer, 

there was an association of selenium to plant seed storage proteins; however, contrary to the 

findings seen in chapter 4, while selenium was detected in distributions, there is no binding to 

any plant protein at this stage.  Prolamins and albumins contained the greatest concentration of 

selenium regardless of the form of selenium the plants were exposed to, but all plants also 

contained selenium in an inorganic form.  

Since very little is known about seed storage proteins in plants that are not cereal crops, it was 

difficult to draw a conclusion linking seed storage proteins and their relationship with selenium 

once absorbed and distributed within the plants. 

These results indicate that selenium is distributed in association with protein concentration, but 

its metabolism is still unclear.  
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5 Introduction  

5.5.1 Seed storage proteins (SSPs) 

 

Selenium has been widely recognized as vital to humans and animals (Brown and Arthur, 

2001). Selenium has been identified as selenocysteine and selenomethionine in humans and 

animals, best described as a compound where Se replaces S in the important amino acid 

cysteine (Sors et al., 2005). Early in the chapter, the role of selenocysteine was described in the 

human body; however, to recap, cysteine is incorporated into selenoenzymes and eventually 

selenoproteins through co-translational processes guided by a UGA codon (Kryukov et al., 

2003, Osaka et al., 2003). If selenoproteins are misincorporated or translated incorrectly, it can 

lead to defective protein function in humans and animals. In plants, cysteine is vital as a 

metabolic precursor of important biomolecules, vitamins, cofactor, antioxidants, and many 

other defence-related compounds (Domínguez‐Solís et al., 2004, Wirtz and Droux, 2005). 

Since the role of Se in plants is unknown, by identifying if Se is incorporated into proteins, 

then it may be possible to take advantage of the mechanism for phytoremediation through 

genetic engineering (Altenbach et al., 1992). There are millions of protein sequences in plants, 

and therefore any attempt to observe potential Se in seed storage proteins serves as a starting 

point to more in-depth protein studies discussed in greater detail below.  

Seed storage proteins are present in seeds as the source of sulfur and nitrogen for developing 

seedlings after germination (Youle and Huang, 1978) and have been proven to be a vital 

nutrition source for humans and animals (Young and Pellett, 1994). It is accepted that one type 

of seed storage protein is prevalent in seeds (Galland et al., 2014, Rödin and Rask, 1990), and 

in the early stages of germination of several dicotyledonous species, these proteins belong to 

the 11–12 S globulins protein class (Shutov et al., 2003), an understanding of which is more 

important to inform the proteomics studies carried out in chapter 6. More broadly the fate and 

redevelopment of seed storage proteins may be useful to determine the end use of the plant for 

livestock feed nutrient supplementation. As a result of the studies conducted in this thesis, the 

results presented at the very least provide the theoretical foundation for genetically engineering 

the plants for phytoremediation of Se and addition to livestock feed which was the historical 

purpose of identifying SSPs (Shewry et al., 1995).    

Below is an overview of the broad classes of the seed storage proteins (SSP), some of which 

may play an important role in defence and metabolism or solely function as a source of nutrients 
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post-germination. For example, in wheat, the seed storage proteins are in the form of the gluten 

fraction, which it attributes to the bread-making qualities of bread (Biesiekierski, 2017); 

however in legumes have been found to contain low levels of amino acids such as lysine, 

threonine, and methionine and therefore livestock supplementation for livestock feed with the 

certain legume seeds may not be appropriate (Galili and Amir, 2013).  

Research to date has shown a distinct difference in the structures, but all seed storage proteins 

share common properties 1) they are developed in high concentration in certain plant tissues 

and at specific stages of development, 2) most contain sulphur and methionine, and 3) synthesis 

is dependent on the availability of nitrogen (Shewry et al., 1995). However, some seeds contain 

naturally occurring higher concentrations of sulphur amino acids allowing the plants that 

contain these amino acids to maintain higher levels of SSPs; it is thought that tuber varieties 

may develop the seed storage proteins in the vegetative tissues rather than the tuber (Shewry 

et al., 1995). Additionally, it is also thought that SSPs are present in mature seeds in smaller 

protein bodies, but the origin and transformation of the SSPs are not well understood. Finally, 

and perhaps most importantly, all SSPs are subject to polymorphism due to proteolytic 

processing and glycolisation, which means they can be precursors to other functional proteins 

in plant development which vary significantly between and within species (Mylne et al., 2014).  

Although the first SSP were identified in wheat as a glutelin isolate and then globulins from 

Brazil nuts (Shewry et al., 1995), Osborne (1924a) was the first to classify SSPs, this was based 

on their extraction and solubility, which has remained the most widely accepted practice of 

isolating and SSPs to this day. The classes of SSPs are the following: albumins (water-soluble), 

globulins (diluted saline water-soluble), a prolamin (alcohol and water mixture soluble), and 

glutelin (dilute acid or alkali) (Osborne, 1924b, Shewry et al., 1995, Shewry and Pandya, 1999, 

Shewry and Tatham, 1990).  

 

Albumins are widely present in Cruciferae, particularly oilseed rape and in Arabidopsis by 

Shewry et al. (1995) but more recently. Moreno and Clemente (2008) studied the PTMs of 

albumins and their translocation, the importance of which will be described in greater detail in 

Chapter 6 when discussing findings from FASTA sequences and protein matches. As 

germination occurs, the albumins undergo post-translational modification and transport for 

deposition in dedicated vacuoles (Mylne et al., 2014). In plants, albumin is vital for maintaining 

appropriate osmotic pressure but is also broken down and processed for other functions within 



91 
 

plants, which can vary widely within a single species. In Helianthus annuus, the albumin genes 

exist in 6 known forms HaG5 (Allen et al., 1987), HaB1B2 (GenBank AJ275962), pHAO 

(Thoyts et al., 1996), SFA8 (Kortt et al., 1991), PawS1, and PawS2 (Mylne et al., 2011) which 

all go on to post-translational modifications (PTMs) to encode various albumins that play a 

role in signalling, gene expression, stability of plant proteins and enzyme kinetics (Friso and 

van Wijk, 2015). To the time of this thesis being written, studies that focused on the albumin 

in plants identified leucine, legumin, phaseolin, ricin,   

 

Globulins are major seed storage proteins consisting of two major classes, vicilins and 

legumins, which are involved in the dehydration and hydration process in both fungi and plant 

cells (Kriz and Schwartz, 1986). This class of proteins can be dissolved in a buffered aqueous 

salt solution (Müntz, 1998). As mentioned in an earlier chapter, the effect of Se on plants has 

only been studied when selenite and selenate concentrations were considered beneficial but not 

at sublethal concentrations. Taking into consideration previous studies where Se was studied 

for its beneficial effects, it is thought that globulin and prolamin contain higher concentrations 

of S than the other SSP fractions and therefore more likely to accumulate Se from S metabolism 

(Chanput et al., 2009), but this observation is highly controversial to date with many studies 

providing various conclusions(Aureli et al., 2012, Chanput et al., 2009, Fang et al., 2010a, Tao, 

et al., 2008) from experiments which will be discussed in at the end of this section to take into 

consideration the known effects of Se on all SSPs.  

Prolamins were initially distinguished from other seeds storage proteins soluble in 70% ethanol 

and sometimes referred to as reserve proteins, poor essential amino acids (Larkins et al., 2017) 

but contain large concentrations of proline and glutamine. The prolamins vary between 0 000 

to almost 100 000 in their molecular mass. Given the range of size variation of prolamin, they 

possess a range of proteomic structures, so far identified in Triticeae (wheat, barley, rye) and 

the Panicoideae (maize, sorghum, millets) (Tao et al., 2008). Additionally, they possess two 

similar structural features of their structure. The first feature is the distinction of regions and 

domains which have undergone various changes and come from different origins (Shewry and 

Halford, 2002). The second feature is the amino acid sequence that contains at least one or 

more short peptide motifs or is enriched in specific amino acid residues (Anderson et al., 1989, 

Finch‐Savage and Leubner‐Metzger, 2006). These features are important as they are 

foundational for developing the high proportions of glutamine, proline, and other amino acids 
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such as histidine, glycine, methionine, phenylalanine) essential for plant function (Bartels et 

al., 1986).  

 

The glutelins are larger and much more complicated than prolamins (Shewry and Pandya, 

1999), known as the largest polymers in natural gluten in wheat (Wrigley, 1996). To date, most 

glutelins have been studied for optimization of gluten for food processing but not for the effect 

of Se; therefore, the results of Se effects on glutelin in the selected plants will be the first 

(Johansson et al., 2013, Kuktaite et al., 2011)  

 

In summary, SSPs are vital for the role they play in early germination, and the PTMs that take 

place after their use may be per cursors to other well-identified proteins, but there has been 

limited information to determine the toxic effects of Se as selenite and selenate on the selected 

plants. The reason for the additional step of using seed storage proteins is that there is a range 

of complexities in identifying the proteins associated with plants as outlined by ranging from 

structural formations and the range of PTMs that can take place during plant development 

(Rasheed et al., 2020).  

 

Starch is an insoluble carbohydrate synthesis by plants and algae as a means of energy storage 

in an osmotically inert form. It is critical for consumption in the human diet. Starch is divided 

into main categories based on their location of formation, i.e. photosynthetic organs and non – 

photosynthesis organs, as transitory starch and storage starch (Pal et al., 2013). Transitory 

starch is made in plant leaves resulting from Photosynthates formed during the day but is 

degraded during the night to assist in processes of metabolism, energy production and 

biosynthesis when photosynthesis processes are not occurring. Starch formed from non-

photosynthetic tissues such as seeds, stems, roots, and tubers are generally stored for longer 

periods and termed as storage starch. The storage starch is transported during germination, 

regrowth, and sprouting, especially when photosynthesis is unable to meet the demand for 

energy (Pfister and Zeeman, 2016). Helianthus annuus proteins have been found to contain 

mostly globulin and albumins (Raymond et al., 1991). The main use of Helianthus annuus 

proteins being for animal feed (González-Pérez, 2015).  
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Outside of the selenium that may be bound/incorporated into the seed storage proteins, 

selenium may also remain inorganic within plants depending on the geochemistry of 

surrounding soil (Broadley et al., 2006a, Combs, 2001, Frankenberger and Engberg, 1998, 

Gupta and Gupta, 2002, Lyons et al., 2003). While selenium has been studied for its plant 

benefits and not at sublethal concentrations, it is still controversial as to its fate within the plant. 

Some studies indicate that where Se is not bound to other minerals, as occurs when selenium 

is applied as foliar fertilizer, it may be accumulated as inorganic Se, which is absorbed but not 

integrated into the plant in an organic form (Premarathna et al., 2012). The metabolism of 

selenium for this study, if incorporated into protein as organic selenium, offers the additional 

opportunity for selenium to be used for biofortification of livestock feed (Broadley et al., 

2006b). 

The few studies that have studied selenium in seed storage proteins have been measured purely 

in seeds instead of seedlings. For example, studies in Lecythidaceae varieties focussed on B. 

excelsa (Jayasinghe and Caruso, 2011) contain 50 % of proteins that are predominately rich in 

sulfur-containing amino acids (Zuo and Sun, 1996) two main types of seed storage proteins 

albumin and globulin (Zuo and Sun, 1996). Rice has been studied to some extent for selenium 

accumulation(Antunes and Markakis, 1977). However, to date these studies have not been 

studied in any of the plants studied in this research. In the studies of Lecythis minor seeds, 11S 

globulin,2S albumin , 2S sulfur-rich seed storage proteins and   11S globulin-like protein were 

identified using shotgun proteomics(SM SUN et al., 1987). In one other study of rice, 

selenomethionine (SeMet) and selenocysteine (SeCys) residue were identified in 19 kDa 

globulin, granule-bound starch synthase, and the family of glutelin-type seed storage protein 

(Fang et al., 2010). It should be noted however as mentioned these studies have all been studied 

in seeds and grains but not in seedlings therefore this research was a pilot study of selenium 

accumulation and speciation of selenium in the selected plant seedlings. An understanding of 

the ability of the accumulation of selenium in the seedlings will determine if there is a chance 

of observing selenoproteins or selenium containing proteins in chapter 6. 

 

 

Aims  

Given there is no research studying the effects of Se uptake on seed storage proteins in any 

plants other than rice, this chapter aimed to quantify uptake selenium uptake patterns in 
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Brassica rapa, Helianthus annuus, and Neptunia amplexicualis leaves, stems and roots at the 

seedlings stage of growth at 21 days. The descriptive conclusions drawn in this chapter were 

then used to inform the selection of plants for the final chapter of this thesis on proteomics.    

 

5.6 Method 

 

5.6.1 Culture Preparation. 

1L of 1/4/ strength media solution was prepared with 1.08 g MS salts, 7.5g sucrose, and stirred 

over a hot plate to ensure that all components were dissolved to make the tissue culture media. 

600 mL was then placed into a 1L stock bottle with 0.8g of agar to set media for tissue culture. 

All bottles of tissue culture were placed in an autoclave on an agar setting for 30 min at 121°C, 

104kPa, and left to set at room temperature to cool. Culture media was used the same day as 

preparation.   

 

5.6.2 Seed preparation.  

 

Seeds of the Brassica rapa cv. Vitamin greens and Helianthus annuus were sourced from 

Rangeview seeds, Derby, Tasmania. Neptunia amplexicaulis seeds were sourced from QLD by 

Dr Ashwa Nanjappa Central Queensland University, Australia. Hard seed shells were removed 

by hand without damaging the seed inside. Once the seed shell was removed, all seeds were 

surface sterilised with 70 % (v/v) ethanol for 3 min, followed by five autoclaved MQ water 

rinses. Seeds were then washed in 2% sodium hypochlorite solution for 5 min, after which they 

were rinsed five times with autoclaved MQ water again. All seeds were used immediately after 

sterilisation. Neptunia amplexicaulis seeds were nicked with a nail clipper to break open the 

seed coating to ensure penetration of nutrients and initiate the first stage of the triphasic 

germination begin, i.e. rapid initial uptake (Bewley, 1997, Manz et al., 2005, Schopfer and 

Plachy, 1984). This was not necessary for the softer seed coatings. Plants were grown for 21 

days at a temperature of 24°C, relative humidity of 85-95 %, and a day/night cycle of 12 

hours/12 hours. A data logger was used to ensuring that humidity and temperature were 

consistent throughout the experiment. 
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5.2.3 Radiotracer stock preparation.  

 

0.1 g Sodium selenite Na2SeO3 and 0.10023g sodium selenate Na2SeO4 (BioReagent ≥ 98%, 

Sigma-Aldrich, Germany) were measured out on a weighing scale added to a titanium capsule. 

After neutron activation to produce radioisotopes 75SeIV and 75SeVI at the OPAL reactor, 

ANSTO, Sydney, Australia. Activated salts were dissolved in Milli-Q water to produce stock 

solutions for both Se species. Selenium speciation of each stock solution was confirmed using 

ion chromatography. Inductively coupled plasma mass spectrometry (ICP) was used to validate 

the concentration of Se in each stock solution using internal standards. Radiotracers were then 

further diluted with stable sodium selenite and selenate stock solutions to form required 

sublethal concentrations determined in chapter 1, i.e. Brassica rapa, 20 µM for both selenite 

and selenate salts, Helianthus annuus 25µM for both selenite and selenate and 500 µM for both 

selenium salts for Neptunia amplexicaulis.  The selenium stocks were diluted into 300 mL 

autoclaved agar and distributed into (n=6) 200 mL tissue culture jars. Six seeds of each plant 

variety were embedded into the surface of the agar and sealed with a lid for fractionation 

studies.   

5.2.4 Seed storage protein fractionation.  

 

The fractionation methods followed procedures by (Fang et al., 2010b) with some 

modifications to include the use of the radiotracer. After 21 days in tissue culture exposed to 

either selenite and selenate, all plants were removed from the culture, and the roots were 

cleaned with MQ water to ensure removal of agar and patted dry with paper towels.  

All plants were then weighed on an analytical balance. The leaves, stems and roots were 

separated, and 100mg of each plant part was weighed from each sample. Samples were then 

ground with a mortar and pestle with LN2, which is considered the most suitable and most 

efficient means of crude protein extraction (Walker, 1996).  

After grinding each sample, the mortar and pestle were both cleaned and checked with a hand-

held gamma counter to prevent cross-contamination of samples. In between individual sample 

preparation, the mortar and pestle were wiped twice with 80% v/v ethanol to prevent cross-

contamination between samples and transferred to a 3 mL borosilicate vial (kimbel tube).  
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Each extraction step was performed twice with 1.5 mL of solvent added twice to form a total 

of 3 mL for radio analyses of each protein fraction.  

Lipid (Fraction A)  extraction was performed by suspending the plant pellet in hexane and 

allowing this to soak for 4 hours on a shaking tray., the supernatant was then removed and 

placed in a 6 mL kimbel tube. The samples were placed in a fume hood to air dry for 24 hours 

to ensure that all hexane had evaporated from the sample for defatting.  

1.5 mL of MQ water was then added to the sample with shaking twice for 3 hours each time 

followed by 10 mins of centrifugation at 3500g to separate water-soluble inorganic Se Fraction 

B and albumin Fraction C.  

Albumin (Fraction C) was determined by subtracting the inorganic count from the total Se 

fraction after Inorganic selenium (Fraction B) was passed through a 0.45µM Whatman filter. 

The sample pellet was then mixed with 1.5 mL 5% NaCl solution to extract salt soluble proteins 

two times for 3 hours, followed by centrifugation for 10 min at 3500g, after which the 

supernatant was then collected into the eppendorf tube to form Fraction D, globulin. The pellet 

was then resuspended in 1.5 mL 0.02M NaOH for 1 hour twice; after each soak time, the sample 

was centrifuged at 3500g for 10 min to form the alkali extract. Fraction E, glutelin. The pellet 

was then subjected to the 70% v/v ethanol on a shaking tray 3 hours 2 times; the supernatant 

was then extracted to form the Fraction F, prolamin and the remaining pellet consisted of 

proteins that were not dissolved in the above solutions that are bound to crude starch and the 

residual plant cells to form Fraction G.   

All 3 mL samples were then placed in a 6 mL borosilicate glass vial for the detection of Se75 

using an automated gamma counter (Wizard2, Perkin-Elmer, Australia) on a pre-set program 

with a 5 min counting time; in-house standards were prepared that were geometrically identical 

to sample geometry.  

 

5.3 Results 

 

The results below illustrate the uptake of selenium into four protein fractions in addition to 

crude starch and associated inorganic selenium on exposure to selenite and selenate radiotracer 

as Se75. Standards were not used for these experiments; therefore, all values can only be 

described as trends rather than as absolute concentrations. L= leaves, S= stems and R=roots. 
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Figure 19 Selenium concentration in leaves, stems and roots in Brassica rapa on exposure to 

selenite and selenate n=6. 

 

Figure 20 Selenium concentration in leaves, stems and roots in Helianthus annuus on exposure 

to selenite and selenate. n=6 

 

Figure 21 Selenium concentration in leaves, stems, and roots in Neptunia amplexicaulis on 

exposure to selenite and selenate.n=6 

5.4 Discussion 

 

The current study attempted to quantify the selenium content in Brassica rapa, Helianthus 

annuus, and Neptunia amplexicualis leaves, stems and roots at the seedling stage of growth at 

21 days, since research so far has only identified the majority of genes responsible for SSPs 

synthesis and accumulation in seeds of Arabidopsis thaliana, model species that share high 
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collinearity with B. napus (Borisjuk et al., 2013b) but not in Brassica rapa, Helianthus annuus 

or Neptunia amplexicaulis. Therefore, the results produced in this chapter are only preliminary 

results to inform the next chapter. Most commonly SSPs have been studied for their 

mobilization in vetch seed (Schlereth et al., 2000), but in more recent years, the post-

germination process (Eastmond and Graham, 2001, Pritchard et al., 2002)has been studied a 

little more to understand the process of SSP’s breakdown and mobilization including starch 

degradation (Galland et al., 2017), protein (Rosental et al., 2014, Yang et al., 2007) and lipids 

(Sreenivasulu et al., 2008) including their fate after seedling establishment (Bourgne et al., 

2000, Gallardo et al., 2001, Job et al., 1997). The process between seed storage protein 

formation, germination, and post-germination has been focussed on economically critical 

species including, Oryza sativa (Sun et al., 2015), Glycine max (Bellaloui et al., 2017) , 

Sorghum bicolour, Linum usitatissimum, and model species Medicago 

truncatula (Vandecasteele et al., 2011) and Arabidopsis thaliana (Shrestha et al., 2016)  and 

only in recent years grasses (Ataíde et al., 2013, Goyoaga et al., 2011, Kim et al., 2009, Lopes 

et al., 2013, Shaik et al., 2014, Zhao et al., 2018) but there are no studies that identify the effect 

of sublethal concentrations on SSPs break down and post-germination mobilization.  

 

5.4.1 Selenite and selenate distribution in Brassica rapa 

 

As described in chapter 4, selenium uptake in Brassica rapa exposed to selenate was two times 

greater with 16ug/pixel than the Brassica rapa exposed to selenite salts in the leaves based on 

the autoradiographic images in figure 4b compared to 4a. In comparison, Se uptake was greater 

in the roots of Brassica rapa exposed to selenite salts than the selenate exposed Brassica rapa. 

These qualitative results are substantiated indirectly with the attempted quantification of Se in 

plant parts leaves, stems, and roots.  

When selenium concentrations were studied at a proteomic level when exposed to selenite and 

selenate, the results do not change from chapter 4. SSPs combined with starch result in seed 

storage sources that collect in the matured embryo of B. napus seeds. These act as a source of 

energy for growth, including seed germination, in addition to providing energy for humans and 

animals (Borisjuk et al., 2013a).  

Research so far has only identified the majority of genes responsible for SSPs synthesis and 

accumulation in seeds of Arabidopsis thaliana, model species that share high collinearity with 
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B. napus (Borisjuk et al., 2013b) but not in Brassica rapa; therefore, the results produced in 

this chapter are only preliminary results for Brassica rapa with albumin napin genes only being 

identified extremely recently.  

While the results indicate that there is selenium association in the organic form with the SSP’s 

with albumin being the highest in the leaves, stems, and roots in Brassica rapa exposed to 

selenite compared to selenate, there is little evidence to conclude that selenium had been 

incorporated into these proteins with this research alone as no further protein analysis was 

available on the SSPs. However, it appears that Brassica rapa can store selenium in an 

inorganic state in the roots, which are in agreeance with research on other Brassica varieties to 

date (Liu et al., 2017, Liu et al., 2016, Schiavon et al., 2012b, Yu et al., 2019a). 

5.4.2 Selenite and selenate distribution in Helianthus annuus  

 

The quantification of selenium in Helianthus annuus the uptake in the form of selenite was less 

than the total uptake of on exposure to selenate, which was in agreeance with selenate uptake 

patterns in Brassica rapa in a hydroponic solution(Lyons et al., 2009) and through the foliar 

application (Germ et al., 2007b). The results obtained here were also similarly reflected in 

experiments by Singh et al. (1980), which demonstrated relatively similar concentrations of Se 

in Indian mustard (Brassica juncea L.) and lettuce (Lactuca Sativa L.) (Hartikainen et al., 1997) 

and soybean, Glycine max L. (Djanaguiraman et al., 2005) at beneficial Se concentrations. On 

the contrary to the beneficial concentrations on Se at sublethal concentrations showed 

inhibitory effects on tomato, lettuce, and radish (Cruz de Carvalho et al., 2001), which 

confirmed that Se is linked to germination and therefore, aside from investigating SSP selenium 

links for informing proteomic studies, an understanding of SSPs and the effect of Se on them 

is important to plant development studies. However, the mechanisms of the Se and its 

association to SSPs in germination is not clearly understood, particularly shown in studies by 

(Mirza et al., 2010), where Se showed improvements to germination rates and antioxidant 

concentration and selenite improved bitter gourd growth (Momordica charantia L.). 

Given that studies to date on SSPs have been focused on cereal crops, there is a shortage of 

comparable studies to substantiate the findings of selenium association with the SSPs found in 

this study, and even in on the study at the time of this thesis being written only observes the 

protein in Helianthus annuus cultivars on a whole SSPs level rather than individual classes of 

proteins. Regarding the findings in the results, although Helianthus annuus accumulates lower 



100 

concentrations of Se than Brassica, there is also a lower concentration of individual proteins, 

which agrees with the findings that due to Helianthus annuus containing a greater protein 

content generally, the protein is also more likely to lysed by proteinases faster into amino acids 

faster than Brassica (Erbaş et al., 2016).  

5.4.3 Selenite and selenate distribution in Neptunia annuus 

Interestingly, Neptunia amplexicaulis absorbed more selenium in the form of selenite than 

selenate, which does align with existing research of other hyperaccumulators such as Stannleya 

pinata (El Mehdawi et al., 2015, Harvey et al., 2020, Schiavon et al., 2016, Schiavon et al., 

2012b) 

Method optimization 

Selenite and selenate concentrations in seed storage proteins could not be determined using this 

method, 1) the original methodology assumes that there is no loss of selenium during the 

first protein extraction step; 2) when leaves, stems, and roots were mixed individually 

using radiotracer, the final powdered weight should be the true weight throughout all 

experiments to account for biomass losses in the processing of the tissue. 

It should also be noted that the protein content of each seed storage protein fraction needed to 

be measured which would have allowed the results to be displayed with the concentration 

of the selenite or selenate per milligram of protein at the very least. ICP- MS is unable to 

detect selenium in plant tissue without highly specialised equipment which was not 

available at a nuclear research facility.    If this experiment was to be repeated, it could be 

done with ICP-MS on the plant materials without the Se75 radioisotope exposure which 

would have resulted in the clear quantification of not only the Se species, selenite, and 

selenate in plant organs, but also within the seed storage proteins. Then a new experiment 

could have been completed to validate the IMS findings for a qualitative identification on 

the translocation of Se within thaterials. 

5.5   Conclusion and Future direction 

5.5.1 Significance of seed storage proteins for Se accumulation 
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The seed storage proteins that were studied were albumins, globulins, glutelins, prolamins, and 

crude starch after lipids were removed from the plant materials. The concentration of each seed 

storage protein class can vary significantly between species of plants. The analysis of seed 

storage proteins is important in exploring the prospect of supplementing the human diet with 

selenium as an essential micronutrient for humans and animals. Similar studies conducted to 

analyze plants for seed storage proteins have been completed Helianthus annuus, Brassica 

rapa, and to a lesser extent, Neptunia amplexicaulis.   

 

Seed storage proteins are critical in plant development and a source of human nutrition. They 

accumulate in high concentration seedlings to assist in germination and remain a significant 

source of protein for human and animal consumption. Developing an understanding of the 

potential binding of Se to these proteins can translate into relevant information regarding 

protein longevity content, stress. Given that storage proteins undergo post-translational 

modifications understanding Se binding would show ere Se could transfer into other proteins 

through the five types of post-translational modifications, phosphorylation, glycosylation, lipid 

modification, ubiquitination, and redox-related modifications (Bond et al., 2011).  
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Chapter 6- Effects of selenium on protein regulation in plants  

Abstract 

 

Selenoproteins to date have been well researched and their role well understood in the human 

body and animals, and this level of detail is yet to be developed in plants. There is physiological 

evidence that these selenoproteins have been seen in viruses, bacteria, archaea, and mammals 

but not in plants or yeasts.  

Genes encoding GPX-like homologues from Chlamydomonas and some higher plants have 

been isolated in the past few years; however, they all contain cysteine residues in their catalytic 

site, unlike the animal selenoproteins, which contain selenocysteine. 

This chapter aimed to determine if selenite or selenate could be incorporated into plant proteins. 

If not, what effect do selenite and selenate have on protein regulation compared to the control 

based on the previously established sublethal concentrations? Suppose plants could incorporate 

selenium into the plant proteins. In that case, the plants may be used for phytoremediation of 

old contaminated mine site soils and as a secondary application, these plants could be used to 

biofortify livestock feed to compensate for selenium deficiency.  

Plant proteins concentrations were established using gels, followed by shotgun protein 

sequencing and MS analysis. These methods were used to compare protein regulation on 

exposure to selenite or selenate compared to the control, if selenoproteins could not be detected. 

The results indicated no selenoproteins were detected in this experiment; however, the results 

did identify some species of the reactive oxygen enzymes as seen in chapter 3.  

A recommendation for future research on this topic would be to further optimize plant protein 

extraction protocols for high fibre plants and follow up shotgun analysis with protein markers 

to identify specific proteins in a targeted manner to capture and hone in to capture low 

abundance high coverage proteins. Due to funding and time limitations, this could not be 

achieved for this series of experiments. 

Overall, while selenoproteins were not identified in this experiment, the results indicate a 

significant upregulation of plant enzymes identified between the selenite and selenate exposed 

plants compared to the control in all three plants. This indicates and confirms that there is 

enhanced defence mechanisms for the plant. While other proteins were downregulated, the 
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sublethal concentrations determined in previous chapters result in physiological limitations for 

the plants. The mechanisms of this function could not be determined in this experiment but 

present an opportunity for further work in this area. 
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6.1      Introduction 

 

6.1.1 Selenoproteins  

 

To date, it remains unconfirmed if selenium is incorporated into plant materials, with 

selenoproteins such as GPX garnering minimal attention over the years (Bartling et al., 1993). 

Given that some plants can accumulate Se, plants that can incorporate Se into their proteins 

offer possibilities for the use of plants for phytoremediation and biofortification of livestock 

feed.  

 

Exposure of various plants to a range of Se concentrations has demonstrated that Se at optimal 

concentration can, in fact, have an enhancing effect on plant growth and defence against abiotic 

stresses where Se acts as a pro-oxidant (Hugouvieux et al., 2009).  

 

Sublethal concentrations of Se, as discussed in Chapter 1-3, show that there is an increase in 

antioxidant concentration in Helianthus annuus, Brassica rapa and Neptunia amplexicaulis. 

To date, there is no research to suggest how Se is incorporated into these plant varieties and 

the influence this has on essential protein regulation. Some reports have shown that some plant 

extracts have shown GPX like concentration, but this can also be attributed to the abundance 

of glutathione s-transferases (Eshdat et al., 1997b). Several researchers have also identified 

genes encoding GPX like homologues from higher plants and Chlamydomonas over the course 

of the last few years; however, these encode Cys over Sec in their catalytic site (Leisinger et 

al., 1999, Li et al., 2000, Miyasaka et al., 2000) which impacts the formation of the protein 

structure and therefore its function. Studies also indicate that GPX may, in fact, contain 

selenocysteine in plants as purified proteins showing selenium-dependent classical GPX 

concentration have been observed in Chlamydomonas reinhardtii (Shigeoka et al., 1991, 

Yokota et al., 1988)   in germinating barley  (Huang et al., 1994), and in Aloe vera  (Sabeh et 

al., 1993). In all of these species, an inorganic selenium atom is linked to proteins that catalyse 

peroxidase concentration, to which selenium is associated in various chemical forms (Behne 

and Kyriakopoulos, 2001). This inference suggested that while Se remains disputed as 

essential, it may be present in a range of photosynthetic organisms.   
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Selenoproteins in mammals, virus’s bacteria, archaea, and mammals have been identified to 

possess the rare amino acid selenocysteine in their primary structure, but this has not been 

found widely in plants and yeasts. The most investigated selenoproteins of enzymes are the 

group of GPXs. In particular, Chlamydomonas and higher plants have been shown to possess 

genes encoding GPX-like homologues from which cysteine is present in their catalytic site but 

not as selenocysteine. Selenocysteine is encoded by a UGA opal codon that is most commonly 

a stop codon in all organisms that possess selenocysteine. It was reported in Chlamydomonas 

reinhardtii that the cDNA-cloned sequence of a GPX homologue also possesses a TGA codon 

in the frame to the ATG internally. Critical functions such as the expression of mRNA 

expression, protein synthesis, and enzymatic concentration are selenium-dependent. 

Proteolytic digestion performed by matrix-assisted laser desorption ionization time-of-flight 

mass spectrometry (MALDI-TOF MS) on the peptides synthesised by proteolytic digestion 

substantiated the presence of selenocysteine residue at the predicted site, which also suggested 

that this takes place in the mitochondria (Behne and Kyriakopoulos, 2001). This research, for 

the first time, provided proof that the UGA opal codon is decoded in the plant kingdom to 

incorporate selenocysteine (Fu et al., 2002). 

6.1.2 Aims 

 

The aim of this investigation was to find out which proteins, if any, in Helianthus annuus, 

Brassica rapa and Neptunia amplexicaulis may be associated with Se incorporation, the impact 

of the sublethal concentration on protein regulation in these plants and the significance of the 

proteins impacted using data gathered from the preceding chapter.  

6.2 Methods 

 

6.2.1 Sample preparation. 

 

Seeds of Helianthus annuus, Neptunia amplexicaulis and Brassica rapa were sterilized as seen 

in chapter 1 and extracted from agar media after 21 days. Roots were cleaned of agar with 

distilled water and patted dry with paper towels.  
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6.2.2 Protein extraction. 

According to the methods described by Nasim et al. 2019, the leaves of Neptunia amplexicaulis 

were weighed and placed in a cryomill capsule. Liquid nitrogen (LN2) was poured over the 

capsule and plant material until all LN2 had evaporated. The capsule was then placed on the 

cryomill for 2 minutes to form a powder; 100 mg of leaves and roots were collected for each 

sample i.e stems, leaves and roots. The powdered samples were stored at -80°C in 15 mL falcon 

tubes overnight for the next step.  100 mg FW of plant material, 25 mL of extraction buffer 

was prepared with the to the following components: 100 mM Tris 100 mM EDTA, 100 mM 

EDTA, 50 mM Borax, 50 mM ascorbic acid, 30% sucrose, 0.5% SDS, 1.5% Triton X-100 v/v, 

protease inhibitor (2 tablets), 1% PVPP and 2% B-mercaptoethanol, protease inhibitor tablets, 

polyvinylpolypyrrolidone (PVPP) were added only on the day of use. Extraction buffer was 

prepared fresh for each experiment  

 

After the addition of all components, the extraction buffer placed into a sonicator bath for 10 

min to ensure that all components were fully solubilized. 2 mL of extraction buffer was added 

to each powdered sample with two volumes of tris saturated phenol (ph7.8). The solution was 

then vortexed for 5 min. After vortexing, the sample was centrifuged for 15 min at 15000 rcf 

at 4°C. The supernatant was collected, avoiding the interface, and the remaining material was 

disposed. Borax/PVPP/Phe (BPP) extraction buffer was added in equal volumes to the 

supernatant. Samples were again vortexed for 5 min followed by centrifugation at 15000 rcf 

for 15 min at 4°C. The supernatant was collected again and placed in a 50 mL falcon tube. 50 

mL of 0.1M ammonium acetate in methanol was prepared and four volumes was addedto the 

supernatant. Samples were then vortexed for 5 min again and left overnight in a -20 freezer to 

allow the protein to precipitate. After 12 hours, the frozen samples were defrosted in the fridge 

and centrifuged again for 5 min at 15000 rcf  at 4 °C after the overnight incubation.  The 

supernatant was discarded, leaving behind a protein pellet. The protein pellet was resuspended 

and washed with 20 mL of 0.1M ammonium acetate, vortexed for 5 min, and centrifuged for 5 

min at 15000 rcf at 4°C to wash any debris, this step was repeated 3 times. After the final 

ammonium acetate wash, protein pellets were resuspended in an 80% acetone solution. 

Resuspension in acetone was followed by centrifugation at 15000 rcf at four °C for 5 min. After 

the last acetone wash, samples were transferred to 1.5 mL tubes (for easier resuspension using 

a pipette) and left for acetone evaporation in the fume hood for 20 min. Samples were left in 

the freezer at -80°C overnight  
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6.2.3 Protein Pellet Rehydration and Solubilisation. 

 

Protein samples were rehydrated and solubilised in a solution of 100µL of 100 mM ammonium 

bicarbonate (AMBIC) and 8M urea. All samples were placed in a sonicator bath to ensure that  

protein pellets were resuspended.  

 

6.2.4 Alkylation and reduction reaction. 

 

2.5µL 5 mM tris (2-carboxyethyl)phosphine (TCEP) was added to the sample, followed by 

2.5µL 20 mM AMBIC. All samples were then incubated at room temperature (RT) for 90 min. 

To stop the reaction, all samples were quenched with 2 µL of 20 mM dithiothreitol (DTT). 

6.2.5 Protein assay gel preparation.  

 

5 mL of separating gel was prepared with 1.25 mL 1.5M Tris hydrochloric acid (HCL) ph 8.8, 

1.5 mL of 30% acrylamide solution, 2.1 mL of DH20, 25µL 20% sodium dodecyl sulfate (SDS) 

solution was blended gently to prevent suds from forming and distorting protein quantification. 

Just before the addition of the separating gel solution was added to the gel plates, 5µL 

tetramethylethylenediamine (TEMED) and 25µL of 20% w/v APS were added to the separating 

gel solution.  Biorad glass 0.75 mM glass panels were assembled for running the gels. The gel 

solution was added to the brim of assembled panels. Standards were prepared in ammonium 

bicarbonate (AMBIC) with 8M to replicate the protein assay conditions. 10µg/µL BSW was 

prepared in H2O to make eight standards. All standards were prepared in AMBIC with 8M urea 

as the buffer. 10ug/ul BSW was prepared with, 0.0052g per520µL H2O.  Standards were 

prepared excluding the stock solution. Standards were used to prepare serial dilutions. Serial 

dilutions were prepared by adding 5µL ammonium bicarbonate (AMBIC) with 8M urea to the 

Bradford assay (BSA). 

 

6.2.5 Samples preparation for the protein assay 
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To ensure proteins concentrations could be captured within the standard curve, samples were 

prepared undiluted and as 1 in 5 dilutions. All loading dye was diluted to 1x dye diluted from 

4x lammeli loading dye buffer. Neat protein samples were prepared by adding a 5µL sample 

to a 0.5 mL centrifuge tube, with 5µL loading dye . 1-in 5-dilution samples were prepared by 

adding 2µL sample to 0.5 mL centrifuge tube containing 8µL AMBIC and 8M urea. 5µL of 

the total 1 in 5 dilution sample was transferred to new 0.5 mL tubes, after which 5µL loading 

dye was added. All samples were then boiled for 5 min at 95°C in a heating block then removed 

to cool at room RT. Gel containers were filled with a running buffer which was diluted 10x to 

1x. Samples were loaded into each well.. Samples were then secured with clamps . 

Electrophoresis was started at 200mV for 5 min and was run until the dye was halfway down 

the gel.  

6.2.6 Staining technique 

 

Gels were removed from plates and were soaked in a fixing solution for 30 min at RT. After 

this, the gel was rinsed twice with mqH2O. Gels were then left overnight to soak in a solution 

of 1-part methanol:4 parts coomassie stain on a shaking stand. After overnight staining, the 

coomassie stain was drained away. All residue was rinsed with H2O, then 100 mL of water was 

added to gels and left to soak for 1 hour to allow all residual stains to be removed. The gels 

was processed  on image J to determine protein concentrations based on the standards.  

 

 

  

6.2.7 Trypsin digestion 

 

Trypsin digestion was performed using the protein concentration from the assays. To calculate 

the volume of sample required for the trypsin digest, 50µg of protein was divided by the protein 

concentration. Once the volume of sample required for 50µg protein was calculated, AMBIC 

(no urea) was calculated to dilute the samples from AMBIC with eight mM urea to 1M urea. 

This reduction in urea concentration was required to prevent interferences with mass 
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spectrometry (MS) and then vortexed for 20 seconds at 15000 relative centrifugal force (rcf) at 

37°C.  

 

6.2.8 Modified 6-minute Trypsin Digest 

 

Following trypsin digestion above for protein quantification, 2 µg protein was required for MS 

loading. This was calculated by adding the calculated volume of 200 mM AMBIC and 1µL 

trypsin. The samples were  placed into a foam tube holder in a beaker filled with water, placed 

into the microwave  at power 20, for 6 minutes.. Samples were then loaded with the 

corresponding MS loading buffer volume into sample vials. .The modified trypsin digestion 

was used to decrease the time needed for digestion for MS run optimisation.  

 

6.2.9 Loading for MS preparation 

 

A total of 5µL of each sample was needed for the MS with 1µg of protein in each sample. The 

trypsin digested sample was loaded into the MS based on the calculated volume (µL) required 

for 1µg of protein. This was completed for all samples before running samples in the MS 

sample vials.  

 

6.2.10 Protein analysis 

 

An autosampler was used linked to a nanoLC system (Tempo Eksigent, USA), where 10 μl of 

the sample was loaded at 20 μL/min with MS loading solvent (2% Acetonitrile + 0.2% 

Trifluoroacetic Acid) onto a C8 trap column (CapTrap, Michrom Biosciences, USA). After 

cleaning the trap for three minutes, the peptides were washed off the trap at 300 ml/min onto a 

PicoFrit column (75 μm × 100 mM) tightly packed with Magic C18AQ resin (Michrom 

Biosciences, USA). Peptides were eluted from the column and into the source of a QSTAR 

Elite hybrid quadrupole-time-of-flight mass spectrometer (Applied Biosystems/MDS Sciex) 

using the following program: 5–50% MS solvent B (98% Acetonitrile + 0.2% formic acid) over 

8 min, 50–80%MS buffer B over 5min, 80% MS buffer B for 2min, 80–5% for 3min. MS 

solvent A consisted of 2% acetonitrile + 0.2% formic acid. The eluting peptides were ionised 
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with a 75 μm ID emitter tip that was connected to 15 μm (New Objective) at 2300V. An 

Intelligent Data Acquisition (IDA) experiment was undertaken, with a mass range of 375–1500 

Da continuously scanned for peptides of charge state 2+, 5+ with an intensity of more than 30 

counts/s. Selected peptides were fragmented, and the production fragment masses were 

measured over a mass range of 100–1500 Da. The mass of the precursor peptide was then 

excluded for 15 s. 

 

6.2.11 Protein identification 

 

Peptides fragments were identified, and protein identity was inferred using both MS and 

PEAKS Studio software (Peak Studio 7.5, Bioinformatics Solution Inc., Waterloo, ON, 

Canada). The MS and MS/MS data produced by the QSTAR were searched with a taxonomic 

restriction of Viridiplantae (green plants), legumes, soy, and arabidopsis using the software 

Mascot Daemon (version 2.4) and searched against the MSPnr100 databases (comprised of all 

known reference protein sequences including NCBI, RefSeq, UniProt, EuPathDB and 

Ensembl). The variables and settings used were the following Fixed Post-translational 

modifications Deamidation (NQ); Oxidation (M); Propionamide: Variable Modifications: 

carbamidomethyl, propionamide, oxidized methionine; Enzyme: semi-trypsin; Number of 

Allowed Missed Cleavages: 3; Peptide Mass Tolerance: 100 ppm; MS/MS Mass Tolerance: 

0.2 Da; Charge State: 2+and 3+. All protein scores were normalized to the control.  

 

 

6.2.12 Bioinformatic analysis 

Identified proteins with a 100% match to the database and excluding p > 0.05 were assigned to 

Gene Ontology (GO) using Blast2GO software (https://www.blast2go.com/), coupled with the 

UniProt GO annotation program to determine the biological role, cellular and molecular 

function. The GO database, BLAST annotations, and information reported in the literature were 

used to analyze and classify the identified proteins based on their cellular localization, 

molecular functions, and biological processes and alignment to the scope of this research. 

Based on the searches, specific up-regulated and down-regulated proteins were identified.  
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6.3 Results  

 

The following results sections illustrate the functional role of the proteins identified with 100% 

matches with GO annotations. While there is overlap with the proteins identified, all proteins 

have been identified as having a role in molecular and cellular capacities when searched against 

the Arabidopsis thaliana database. 

 

  Figure 22. GO annotations of all proteins that were identified by GO functions.  

Table 3. Helianthus annuus comparison of control and selenite treatment with 100% matches 

Putative calreticulin 3  Up-regulated Roots 

Putative berberine/berberine-like FAD-binding type 2  Up-regulated Roots 

Serine hydroxymethyltransferase  Up-regulated Roots 

Helianthus annuus control and selenate 

Table 4. Helianthus annuus comparison of control and selenate treatment with 100% matches 

Putative calreticulin 3  Downregulated Roots 

Putative berberine/berberine-like FAD-binding type 2  Downregulated Roots 

Serine hydroxymethyltransferase  Downregulated Roots 

 

Table 5. Helianthus annuus comparison of selenite and selenate treatment with 100% matches 

Serine hydroxymethyltransferase 4  Up regulated Leaves 

Calmodulin  Down regulated Roots 

Calmodulin-2  Down regulated Roots 

 

Table 6. Neptunia amplexicaulis comparison of control and selenite treatment with 100% 
matches 

Heat shock protein 90-5 chloroplast  Up-regulated Leaves 
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Heat shock protein 90-1  Up-regulated Leaves 

Serine--glyoxylate aminotransferase  Up-regulated Leaves 

Oxygen-evolving enhancer protein 1-1  chloroplastic  Up-regulated Leaves 

Small ubiquitin-related modifier 2  Up-regulated Leaves 

Chaperonin 60 subunit alpha 1  chloroplastic  Up regulated Leaves 

Catalase  Up regulated Leaves 

Catalase-2  Up regulated Leaves 

Oxygen-evolving enhancer protein 1-1  chloroplastic  Up regulated Roots 

Catalase  Downregulated Roots 

Catalase-2  Downregulated Roots 

Small ubiquitin-related modifier  Downregulated Roots 

Small ubiquitin-related modifier  Downregulated leaves 

   

 

Table 7. Neptunia amplexicaulis comparison of control and selenate treatment with 100% 
matches 

Protein  Regulation in 

treatment 

Plant 

part 

Sucrose synthase 1  Up regulated leaves 

Heat shock protein 90-1  Up regulated leaves 

Chaperone protein htpG family protein  Up regulated leaves 

ATP sulfurylase 1 chloroplastic  Up regulated leaves 

L-ascorbate peroxidase 3    Up regulated leaves 

Heat shock protein 60-2  Up regulated leaves 

Chaperonin CPN60-like 1 mitochondrial  Downregulated leaves 

Sucrose synthase 4  Up regulated leaves 

Small ubiquitin-related modifier 2  Downregulated leaves 

Catalase  Down regulated Roots 

Catalase-2  Down regulated Roots 

Oxygen-evolving enhancer protein  Up-regulated Roots 

Sucrose synthase  Downregulated Roots 

Sucrose synthase  Downregulated Roots 

Putative heat shock protein Hsp90 family  Downregulated Roots 
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Table 8. Neptunia amplexicaulis comparison of selenite and selenate treatment with 100% 
matches 

Chaperonin CPN60 mitochondrial  Up regulated Roots 

Small ubiquitin-related modifier 2  Up regulated Roots 

Putative chaperonin Cpn60/TCP-1 family  Downregulated Roots 

 

6.4 Discussion 

Literature to date suggests that selenoproteins have been found in other hyperaccumulators, but 

the results obtained in this research did not detect any selenoproteins. This could be explained 

by the need for further method development to consider low abundance and low coverage 

proteins. Instead, the most significant proteins identified with 100% matches have been 

discussed about their existence (Appendix 1 contains all other proteins identified with 30% 

match to existing proteins or are not within the scope of the objective).  

Putative calreticulin 3* was up-regulated in the roots of Helianthus annuus treated exposed to 
selenite and selenate compared to the control as seen in (Table 3 & 4) 

 
Putative calreticulin 3 is a protein that is responsible for molecular level calcium-binding and 

chaperone promoting folding in the calreticulin/calnexin cycle. Its role within this cycle is vital 

in the mono glycosylated glycoproteins, which are synthesized in the ER (Lopes et al., 2013). 

The downregulation of this protein affected by selenite suggests that the proteomic effect of 

selenium uptake at sublethal concentrations leads to a decrease in calcium ion binding (Kim et 

al., 2009), carbohydrate-binding, and protein binding (Li et al., 2009). On a whole plant level, 

the effects of these molecular binding mechanisms being impacted suggest that the defence 

response to a bacterium (Gaudet et al., 2011) leading to hypersensitivity (Saijo et al., 2009) in 

plants. The impact of these processes being disrupted, although it cannot be determined at this 

stage of growth to the degree of damage to Helianthus annuus, current research suggests that 

a disruption of putative calreticulin 3 may lead to a decrease in seedling growth inhibition 

response to the pathogen-associated molecular pattern (PAMP) and increase vulnerability to 

pythogenetic bacteria (Li et al., 2009).  

Berberine/berberine-like FAD-binding type]  2 enzyme was up-regulated in the roots of 

Helianthus annuus exposed to selenite and selenate treatments compared to the control (Table 3 

& 4) 
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Berberine/berberine-like FAD-binding type 2 is a protein that is largely unexplored but known 

to consist of 27 classes of FAD-binding proteins that catalyzes the formation of the berberine 

bridge by oxidation of the N‐methyl group of (S)‐reticuline (Winkler et al., 2006). While the 

effects of selenium uptake are unknown at this point, stress studies on Helianthus annuus and 

Lactuca sativa have shown that BBE-like enzymes (Custers et al., 2004)are thought to oxidize 

cellulose‐derived fragments as well as cellobiose and glucose.  In the model species 

Arabidopsis (Winkler et al., 2006), one of the functions of this protein built by 

At2g34790/BBE15, which also codes monolignol oxidase, is manipulated as a defence marker 

(Andrade et al., 2014), the result of which is the production of conversion of indole‐3‐

acetaldoxime (IAOx) to indole‐3‐carbonyl nitrile (ICN) (Daniel et al., 2015) which then acts 

as a metabolite in inducing pathogen defence indicating that BBE plays a role in plant 

immunity(Rajniak et al., 2015). These findings in current research do not align with the 

findings in this research since BBE has been downregulated, which may indicate that selenium 

uptake regardless of its form affects plant susceptibility to pathogens; however, without the 

availability of more literature about the function of the BBE family, this understanding cannot 

be drawn conclusively.  

Serine hydroxymethyltransferase was up-regulated in the roots of Helianthus annuus exposed 

selenite and selenate treatments compared to the control (Table 3 & 4). 

Serine hydroxymethyltransferase was up-regulated in the roots of Helianthus annuus exposed selenite 

and selenate treatments compared to the control (Table 3 & 4). During photorespiration, serine--

glyoxylate aminotransferase is responsible for converting glyoxylate and serine into glycine 

and hydroxypyruvate in the presence of asparagine and other substrates. Studies utilising barley 

and tobacco indicate that Asn aminotransferase is linked to a photorespiratory enzyme, i.e. 

serine glyoxylate aminotransferase coded by AGT1. The increased expression of Serine--

glyoxylate aminotransferase in the treatment of selenite suggests that there is a benefit of 

selenite treatment in Helianthus annuus with its ability to produce increased levels of Asn. This 

has been recorded as a major storage form of organic nitrogen that is relocated through plant 

sink tissue (Lea et al., 2007). Studies that eliminated Asn still grow normally even without the 

major nitrogen storage ability (Zhang et al., 2013). Young leaves, particularly such as those 

observed in the tissue culture of Helianthus annuus contain Asn while there are greater 

concentrations of Asn aminotransferase in the leaves mature (Ireland and Joy, 1981). These 

studies also indicated that Asn aminotransferase, when characterised, was structurally similar 

to Ser: glyoxylate aminotransferase about substrate preference and subcellular localization 
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(Ireland and Joy, 1983a, Ireland and Joy, 1983b). In varieties of tobacco and barley lacking 

Ser:glyoxylate aminotransferase, there was also an absence of  Asn aminotransferase, 

suggesting that there may be a greater ability for the plant to have extended nitrogen storing 

abilities. (Havir and McHale, 1988, Murray et al., 1987) Similarly, the selenite stress allowed 

for greater expression of the Ser: glyoxylate aminotransferase suggesting that the nitrogen 

storage ability in Helianthus annuus as a result of sublethal concentration exposure is increased 

compared to the control.  

Putative calreticulin 3 was up-regulated in the roots of Helianthus annuus treated exposed to 

selenite and selenate compared to the control as seen in (Table 3 & 4). 

Putative calreticulin 3 was up-regulated in the roots of Helianthus annuus treated exposed to 

selenite and selenate compared to the control. This is another commonly conserved and 

abundant multifunctional protein is Calreticulin (CRT) which is encoded by a small gene 

family, most often associated with abiotic and/biotic stress responses in plants. (Xiang et al., 

2015). It has been well documented as a Ca2+-binding molecular chaperone that is responsible 

for the folding of newly synthesized glycoproteins and the regulation of calcium homeostasis 

in the ER lumen (Qiu et al., 2012). There are three main domains of the CRT protein as 

follows:  N-terminal region (N-domain), the central proline-rich domain (P-domain), and the 

carboxyl-terminal region (C-domain) and an ER retention signal H/KDEL (Mesaeli et al., 

1999). Two distinct forms of CRT in higher plants are also present AtCRT1 and AtCRT2, 

which assist in regulating plant defence against pathogens. The results suggest that there is the 

upregulation in the selenate in the roots that activates a defence mechanism for the roots at the 

sublethal concentration of 25µM compared to the control. Putative berberine/berberine-like  

FAD-binding type 2 was downregulated in the control compared to the selenate Helianthus 

annuus roots-. Vanillyl alcohol-oxidase fold is tethered by Berberine bridge enzyme-like 

(BBE-like) to the FAD cofactor bound to cysteine and histidine residue (Daniel et al., 2016). 

The activity of these enzymes in the model plant, Arabidopsis thaliana, indicates that they 

function as monolignol oxidoreductases suggesting a link to the fluctuations in the extracellular 

monolignol pool. This can affect cell wall metabolism and lignin formation. There is little data 

to date to demonstrate the direct function of BBE like enzymes; however, recently, it has gained 

attention for its increased regulation in the presence of pathogenic plant defence response 

(Attila et al., 2008, Coram et al., 2010, González-Candelas et al., 2010) and during salt stress 

(Daniel et al., 2015, Zhang et al., 2014). Additionally, as demonstrated above, this family of 

proteins is upregulated in the selenate-stressed Helianthus annuus plant roots compared to the 
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control substantiating the limited previous findings. Serine hydroxymethyltransferase (SHMT) 

was down-regulated in the control selenate-treated roots compared to the selenate Helianthus 

annuus root. This protein is a pyridoxal 5′-phosphate (PLP)-the dependent enzyme that is 

responsible for the catalysis of the reversible serine glycine conversion in tetrahydrofolate 

dependent or independent methods (Bouché et al., 2005). Additionally, this protein also cleaves 

β-hydroxy amino acids that are tetrahydrofolate-independent and is critical in the main source 

of activated one-carbon units suggesting its role in cell proliferation (Girgis et al., 1997, 

Townsend et al., 2004, Wu et al., 2017). The role of SHMT in plants is more challenging than 

those present in bacterial or mammalian cells because there is a greater variety of SMHT 

encodes that are aimed at different subcellular compartments such as the cytosol, mitochondria, 

plastids, and nucleus (Ranty et al., 2006). The elevated levels of this protein in the Helianthus 

annuus roots suggest that the plant is more vulnerable to Se stress. 

Lipoxygenase was downregulated in the leaves of Helianthus annuus exposed to selenite 

compared to the control. 

Lipoxygenase is upregulated in the control compared to the selenite treated Helianthus annuus 

leaves. These correspond with elevated levels of lipoxygenase Chapter 2. Lipoxygenase 

oxidizes fatty acids as part of the lipoxygenase family (LOXs; EC 1.13.11.12), including non-

genomic iron-compatible dioxygenases. These are responsible for the catalysis of regio- and 

stereo deoxygenation of polyunsaturated fatty acid (PUFA) with a range of cis, cis-1,4-

pentadiene fragments as well as the production of fatty acid hydroperoxides (Andreou and 

Feussner, 2009, Feussner and Wasternack, 2002, Porta and Rocha-Sosa, 2002). Because of 

LOX activity, a conjugated cis-trans complex is formed.  Linoleic acid oxidation is the first 

step in the enzyme cascade producing biologically active compounds called oxylipins. These 

are active in the production of plant organism responses to abiotic and biotic stresses effects 

such as regulation of ageing and apoptosis (Göbel et al., 2001, Maccarrone et al., 2001, 

Mosblech et al., 2009, Santino et al., 2013, Savchenko et al., 2014, Schwarz et al., 2001, Taki 

et al., 2005, Vellosillo et al., 2007, Wasternack and Hause, 2013).  LOX activity differs 

according to various stressors; for example, in studies by Lakin (2004), LOX expression 

increased as a result of low-temperature stress encouraging membrane phospholipids 

degradation and release of the LOX substrate, PUFA [106]. On the other hand, the functional 

activity of LOX in corn decreased in the control but returned to a stable level when salt stress 

was reduced (Zhao et al., 2010).  Cold stress also indicated a decreased level of 9-LOX, but 

there was an increase in 13-LOX, indicating the wider interactions of two different sites of the 
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lipoxygenase cascade during the production of biologically active products resulting from 

abiotic stresses (M et al., 2015).  This variation in the pattern of LOX expression is also visible 

in the comparison of the control of Helianthus annuus leaves to the selenite treated leaves 

where there was an upregulation in the control, with a similar pattern not observed in the 

treatment. Seedlings of stressor-sensitive plant Festuca pratensis Huds. Contained the low 

rates of lipoxygenase activity in the control but contained substantially lower concentrations in 

the treatments with higher and lower temperatures. Our results suggest that the selenite treated 

leaves indicated decrease LOX activity in agreeance with other stressors on model plants. 

Carbonic anhydrase is downregulated in the control compared to the selenite treated Helianthus 

annuus leaves. Deemed a critical enzyme involved photosynthesis for its ability to convert CO2 

to HCO3 – reversibly (Bhat et al., 2017). Carbonic anhydrase is a zinc-containing 

metalloenzyme. It plays a role in carboxylation and stomatal closure in plant leaves (Neish). It 

is the second most abundant enzyme in the chloroplast and is one the most efficiently reacting 

enzymes in plants (Badger, 2003). Carbonic anhydrase plays an important role as an efficient 

zinc metalloenzyme, with many studies concentrating on the role of Carbonic anhydrase in 

inorganic carbon fixation, respiration, and carbon dioxide transport, and electrolyte secretion. 

It was also found that this enzyme assists in defending the stroma against enzymes (Ludwig). 

Studies in Arabidopsis plants are also present in Arabidopsis leaves that show an upregulation 

in carbonic anhydrase (Kawamura and Uemura). The upregulation in the selenite treated 

Helianthus annuus leaves suggests that selenite at the sublethal concentration provides an 

increase in oxidative stress protection based on the role of carbonic anhydrase as a critical 

enzyme in photosynthesis.   

Similar to the control and selenate comparison, serine hydroxymethyltransferase 4 was also 

identified in the comparison of selenite and selenate treated plants, where it upregulated in the 

selenite leaves of Helianthus annuus compared to the selenate leaves.  

Calmodulin (CaM) downregulated in the selenite compared to the selenate treated 

Helianthus annuus roots* 

Calmodulin (CaM) proteins are a major group of calcium sensors, and these play a critical role 

in cellular signalling cascades (Poli et al., 2018). Calmodulin was downregulated in the selenite 

compared to the selenate treated Helianthus annuus roots. Calmodulin-2 is downregulated in 

the selenite compared to the selenate Helianthus annuus treated roots. These function through 

the regulation of numerous target proteins. While CaM proteins are conserved throughout 
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eukaryotes some characteristics are unique to plants (Hill and Hemmingsen, 2001). It is a 

growing group of plant proteins that is thought to also regulate cell death as part of the defence 

signalling pathways (Yamamoto, 2016). Toxic concentrations of metalloids can adversely 

affect protein structure and functionality through the sulfhydryl group’s disruption, thereby 

destroying the integrity of the plasma membrane. This interference with photosynthesis and 

respiration decreases the efficiency of metabolic processes (Emamverdian et al., 2015, Ovečka 

and Takáč, 2014). For example, studies by Sunkar et al. (2000) demonstrated that the removal 

of CaM and cyclic nucleotide-binding regions abolished Pb2+-hypersensitivity in transgenic 

plants. This finding indicates that the CaM binding property of the channel proteins is a 

potentially viable method for phytoremediation of soils with the ability to minimize sensitivity 

in crop plants to toxic metalloids with further research. The elevated levels of CaM and CaM-

2 proteins in the selenate treated Helianthus annuus roots compared to selenite suggest that 

Helianthus annuus transgenic varieties with further research may be used to remediate 

contaminated soils.    

These results indicate that there is a need for further research into each of these plants to further 

identify protein regulation within the plants. While there was upregulation of critical protein 

that indicated enhanced defence mechanisms for the plant there were also proteins that crippled 

at these sublethal concentrations resulting in inhibitory effects on plant materials. 

Heat shock protein 90-5 chloroplast was up-regulated in the leaves of Neptunia 
amplexicaulis exposed to selenite compared to the control. 
Heat shock protein 90-1 was up-regulated in the leaves of Neptunia amplexicaulis 
exposed to selenite compared to the control (Table 6) 
 
The activation of heat shock proteins can be induced because of the number of stresses not 

limited by heat, such as but not limited to sub-optimal temperature, osmotic, salinity, oxidative, 

drought, high-intensity irradiations, wounding, and heavy metals stresses (Swindell et al., 

2007). These are referred to as “heat shock proteins (HsP),” stress proteins,” or “stress-induced 

proteins'' (Gupta et al., 2010, Lindquist and Craig, 1988, Morimoto et al., 1994). There is a 

range of heat shock proteins characterized by the carboxylic terminal called the heat-shock 

domain (Helm et al., 1993). Chloroplastic heat shock protein 90-5 can function in protein 

signalling and trafficking where it regulates glucocorticoid receptor activity (Pratt et al., 2004). 

The upregulation of this protein in control instead of the treatment suggests that Neptunia 

amplexicualis is better adapted to the stress of selenite exposure than the control, and the 

absence of Se in the control Neptunia induces the activation of the stress proteins. In particular, 
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HsP 90 can bind to Hsp70 in various chaperone complexes to provide resistance against 

pathogens. It has been reported in thaliana, tobacco varieties, and rice that the HsP 90 was 

essential for innate immune response and pathogenic resistance substantiating experimental 

findings (Hubert et al., 2003, Liu et al., 2004, Schulze-Lefert, 2004, Thao et al., 2007, Yamada 

et al., 2007). Chloroplastic heat shock protein 90-5 was upregulated in control and the selenite 

treated Neptunia amplexicaulis. This protein performs both biological and molecular functions, 

with roles in ATP binding, protein homodimerization activity, and unfolded protein binding. 

Its biological functions include desolation, protein folding, and import into the chloroplast 

stroma. It also reacts to chlorate, heat, salt, and drought stress (Cao et al., 2003, Feng et al., 

2014, Inoue et al., 2013, Oh et al., 2014). Heat shock protein 90-1 was also upregulated in the 

control and selenite exposed Neptunia amplexcaulis leaves, and this is responsible for the 

chaperone-mediated protein folding and the defence response to the bacterium.  

ATP sulfurylase one chloroplastic- upregulated in leaves of Neptunia amplexicualis 

selenate treatment compared to the control* 

ATP sulfurylase 1 ATPS (ATP: sulfate adenylyltransferase) is the first enzyme involved in the 

sulfate assimilation pathway, and till recently, its role in fungi and bacteria was widely 

available, it is only in more recent years that its role in phototrophic organisms (especially of 

algae) is gaining more attention. In particular, sulfate reduction (adenosine 5′-phosphosulfate 

reductase, APR) and cysteine synthesis (cysteine synthase or O-acetylserine (thiol)lyase, OAS-

TL) processes are not clearly understood concerning the role of enzymes. The upregulation of 

this ATP sulfurylase 1 in the leave of Neptunia amplexicaulis treated with the selenate indicates 

is interesting because there is sulfate assimilation taking place, which aligns with existing 

research however, given that selenoproteins were detected, it may mean that Neptunia 

amplexicualis has evolved as a means of storing the selenium in an organic form.    

Sucrose synthase 1 downregulated in selenate compared to the control* 

  

Sucrose synthase 1 is responsible for sucrose cleaving to provide UDP- glucose and fructose 

for use in numerous metabolic pathways. It is upregulated in control compared to selenate 

Neptunia amplexicaulis. It forms part of the GT-4 glycosyltransferase subfamily and so far 

studied extensively in Arabidopsis thaliana, where it is regulated differently depending on the 

form of stress imposed, i.e. temperature, drought, and oxygen deficiency (Déjardin et al., 1999). 

The lower levels of protein regulation in the treatment indicate that the stress is affecting the 
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ability of the plant to cope with the sublethal concentrations. These results also suggest that 

there may be a decreased level of starch production substantiated by studies in potatoes 

(Zrenner et al., 1995) and carrots (Tang and Sturm, 1999). Sucrose synthase 4 was also up-

regulated in control compared to the selenate-treated leaves. This upregulation in the leaves of 

the control compared to the selenate treated leaves was also observed under stress conditions 

in model plants where an increased expression of SUS demonstrated an increase in plant 

biomass and growth rate, taller plants, and early fruit induction and tobacco (Coleman et al., 

2006, Xu and Joshi, 2010).  

 

Heat shock protein 90 downregulated in selenate exposed plants compared to the control*  

Neptunia amplexicaulis leaves 

 

Heat shock protein 90 was also upregulated in the control compared to the selenate treated 

Neptunia amplexicaulis leaves. While there are many classes of heat shock protein, the type of 

heat shock protein identified determines the ability of the plant to handle stress.  (1) Hsp100, 

(2) Hsp90, (3) Hsp70, (4) Hsp60, and (5) small heat-shock proteins (sHsps) (Al-Whaibi, 2011), 

according to the molecular weight are induced in most living organisms to cope with heat 

stress. Additionally, the genetic variations in the morphogenetic pathway are buffered by 

Hsp90 (Kadota and Shirasu, 2012).  

 

Chaperone protein htpG family protein is downregulated in the control leaves of 

Neptunia amplexicaulis* 

 

Chaperone protein htpG family protein is upregulated in the control leaves compared to the 

selenate Neptunia amplexicaulis treated leaves. This is responsible for the regulation of 

meristem size and organization (Klein et al.).  An increase in this protein in the control suggests 

that there is an impairment of the meristem elongation in the selenate-treated plant leaves.  

 

Heat shock protein 60 down-regulated in the control compared to the selenate treated 

leaves * 

 

Heat shock protein 60 was also down-regulated in the control compared to the selenate-treated 

leaves. This protein is found in the mitochondria and is responsible for protein folding and the 

prevention of accumulation of aggregation of denatured proteins. It is critical in assisting 
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plastid proteins, including Rubisco (Wang et al., 2004). This protein acts by binding with other 

proteins after they are transcripted and before folding to prevent protein clusters from forming 

(Parsell and Lindquist, 1993).  The detection of this protein upregulation in the treatment 

suggests that there is greater Rubisco activity in the treatment compared to the control. 

  

Mitochondrial chaperonin CPN60-like 1  down-regulated in the control compared to the 

selenate treated leaves* 

 

Mitochondrial chaperonin CPN60-like 1 downregulated in the control compared to the selenate 

treated leaves. This protein is responsible for mitochondrial protein imports and 

macromolecular structuring. It is also thought to play critical roles in the prevention of 

misfolding while promoting the refolding and the methodical assembly of polypeptides that are 

produced under stress conditions (Carrie et al., 2015, Heazlewood et al., 2004). In Neptunia 

leaves exposed to selenate showed greater up-regulation of this protein, suggesting an adaptive 

capability for this sublethal concentration of selenium exposure. Small ubiquitin-related 

modifier 2 is down-regulated in the control compared to the selenate treated leaves. SUMO 

modifiers are similar to ubiquitin in their structure and mechanism. Catalase down-regulated 

in the control compared to the selenate treated roots. This is compliant with previous studies 

where it was demonstrated an increase in CAT proteins in high  yield mutants from lower yield 

mutants of rice varieties (Poli et al.)  Catalase-2 down-regulated in the control compared to the 

selenate treated roots. Catalase down-regulated in the control compared to the selenate treated 

roots. These results are substantiated by widely documented data that indicates an increase in 

catalase expression when exposed to a/biotic stresses and by the research in the chapters with 

the literature review and enzymes analysis as seen in chapters 1 and 2, respectively. Oxygen-

evolving enhancer protein was upregulated in the control compared to the selenate treated 

Neptunia roots. To date, limited data has been produced to indicate the reasons for fluctuating 

levels of OEEC; however, its increase is also attributed to increased stress levels, particularly 

heat stress in plants (Yamamoto, 2016). It also stabilizes the manganese cluster, which serves 

as the main site of water splitting (Murakami et al., 2002, Yi et al., 2005). Sucrose synthase 

was down-regulated in the control compared to the selenate-treated leaves. Putative heat shock 

protein Hsp90 family down-regulated in the control compared to the selenate treated leaves. 
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6.5 Conclusion and Future Direction 

 

These results indicate that there is a need for further research into each of these plants to further 

identify protein regulation within the plants. While there was upregulation of critical protein 

that indicated enhanced defence mechanisms for the plant, there were also proteins that 

crippled at these sublethal concentrations resulting in inhibitory effects on plant materials. It 

should be noted, however that this proteomics should be further optimized with proteomics 

markers to identify specific proteins in a targeted manner to capture and hone in to capture low 

abundance high coverage proteins, but due to funding and time limitations, this could not be 

achieved for this series of experiments.  
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Chapter 7 General discussion, the significance of findings and 

conclusions 

 

The detection of effective Se accumulator species is an area with vast benefits to animal and 

human health.  Given that very little research to date has addressed the physiological impacts 

of selenite and selenate on the selected plants, there is an opportunity through this research to 

contribute to addressing the gaps in knowledge on reactive oxygen species concentration 

patterns under Se stress, to attempt autoradiographic imaging for Se quantification, and 

perform comparative proteomics analysis between Se non-accumulator species and 

accumulator species. By doing so, the value of using plants as a means of Se phytoremediation 

was assessed, along with developing a greater understanding of Se metabolism mechanisms. 

The current research aimed to address these gaps in knowledge by: 

 

1. Identifying sublethal concentrations of selenite and selenate exposure in Se accumulator 

and non-accumulator plant 

2. Identifying patterns of ROS related enzyme concentration in a Se accumulator and non-

accumulator plant 

3. Quantifying Se in Se accumulator and non-accumulator plants through creating an 

autoradiographic image  

4. Identifying relationships between seed storage proteins and selenium uptake as a precursor 

to proteomic studies 

5. Identifying up and downregulating proteins on exposure to sublethal concentration of Se 

 

The overall objective of this study was to use the theoretical knowledge gained to inform plant 

selection for use for field trials on Se contaminated soils. 

 

Chapter 2 experiments aimed to determine the sublethal concentrations of sodium selenite and 

sodium selenate in Solanum tuberosum, Helianthus annuus, Brassica rapa. var vitamin greens 

and Neptunia amplexicualis by measuring a range of growth variables on exposure to 

increasing concentrations of sodium selenite and sodium selenate in tissue culture. The findings 
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of this chapter were then used as the basis for further investigations into the antioxidation cycle 

enzymes and metabolites, uptake, quantification of Se within the plants, and trends in the 

upregulation and downregulation of proteins. 

Based on considerations and analyses, and variables acceptable for plant toxicity determination 

variables (Huang et al., 2019), i.e. fresh weight and dry weight, the root and shoot length, shoot 

and root length ratios, and the number of leaves and the grade of leaf material, the sublethal 

concentration of each salt of selenite and selenate for Brassica rapa was 20µM, for Helianthus 

annuus 25µM, for Neptunia amplexicaulis 500µM, and Solanum tuberosum 15µM. At a critical 

point of the research and experimental investigations, Solanum tuberosum was eliminated for 

further studies as the plant was challenging to gain sufficient biomass for replication and 

statistics. These findings formed the basis for the experiments performed in the preceding 

chapters. To enhance the accuracy of these results, other variables could also have been 

measured, such as chlorophyll content, individual, specific, and total protein quantities; and Se 

concentration should also have been measured. The novelty of these findings prepares a 

foundation for the potential use of these plants, pending further research, in phytoremediation. 

 

The purpose of the experiments in chapter three was to identify trends in the concentration of 

antioxidant enzymes, superoxide dismutase, catalase, lipoxygenase, ascorbic acid peroxidase, 

glutathione reductase, glutathione, acid, and neutral proteases in Brassica rapa, Helianthus 

annuus, and Neptunia amplexicaulis; when exposed to selenite and selenate treatments. In 

doing so, they shed light on the role of Se when exposed to plants at sublethal concentrations 

for the foundation to proteomic studies in chapter 6 of this thesis. All findings aligned with 

existing data where plants exposed to stress factors both abiotic and biotic resulted in oxidative 

stress in the plants, and as expected, enzymes in the reactive oxygen species cascade were 

elicited.  More broadly, the understanding of selenite and selenate effects on enzyme 

concentration lays the theoretical understanding of the plants coping ability if plants are used 

at and in concentrations that are reflective of contaminated power plant soils.  

These experiments in chapter 4 aimed to determine Se concentrations in plants using 

radiotracers. This study investigated the uptake, accumulation, and distribution of selenium 

species in Brassica rapa.cv vitamin green, Helianthus annuus cv. Helianthus annuus and 

Neptunia amplexicaulis, through the entire plant, plant sections, and protein fractions upon a 

21-day exposure to selenite and selenate salts and autoradiography. To date, numerous 

analytical and instrumental methods such as microwave digestion and fluorescence detection 
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have been utilized to find selenium in samples from the environment (Nahir and Sheffield, 

2002, Pyrzyńska, 2002). Many challenges in the detection of Se have been identified, and in 

recent years some have been overcome stemming from the narrow range between essential Se 

and the toxic concentration, including developments in detection sensor material, electrode 

surface modifiers, chelators, along with improved detection limit, range, reproducibility, 

stability, selectivity, and sensitivity (Devi et al., 2017).  Yet, there are still many complexities 

presented by the samples matrix and the end goal of Se quantification and/speciation (Paikaray, 

2016). 

 

Broadly, selenium detection methods can be applied through destroying samples such as 

inductively coupled plasma mass spectroscopy (ICP-MS), a hydride generation atomic 

fluorescence spectrometer (HG-AFS), or the hydride generation atomic absorption 

spectroscopy (HGAAS) or  Instrumental Neutron Activation Analysis (INAA) which is gaining 

popularity, not considered destructive to the sample but an only be used on-air samples 

currently (Ballihaut et al., 2007). ICP -MS is most suitable when Se detection in samples is 

routine and multi-elemental, while INNA is best used when Se is expected to be found at 

minute concentrations (10−8–10−9 g) (Uden, 2002). Comparatively, HGAAS can be utilized 

when lower detection limits are thought to be present (0.1 µg) (Buchberger, 2001, Mazej et al., 

2006, Vassileva et al., 2001). 

 

More conventional methods of Se detection are gas chromatography (GC), high-performance 

liquid chromatography (HPLC), ICP-MS, neutron activation analysis (NAA), atomic 

fluorescence spectrophotometry (AFS), AAS, electrothermal AAS, and graphite furnace AAS 

(GF-AAS), which have been used on plant samples to detect Se concentrations widely. For 

improved speciation and detection, hyphenated separation methods such as Ion 

chromatography (IC) and capillary electrophoresis (CE) have been applied with atomic 

spectrophotometry detection systems such as Electrothermal AAS and plasma optical emission 

spectroscopy (POES) (Bailey, 2017). 

 

Increasingly when attempting to detect trace analysis of toxic elements, it is vital to find the 

total content of the element at lower concentrations while also determining the binding state. 

Determination of the binding state will influence its toxicity as seen with selenite and selenate, 
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which are both more bioavailable through their water solubility compared to elemental Se, 

metabolism in environmental and biological systems (Fairweather-Tait et al., 2010)  

 

To determine mechanisms of selenium sorption, some methods depend on sample interaction 

and a source of X-ray excitation, which include energy-dispersive X-ray spectroscopy 

(EDXRS), Fourier-transform infrared spectroscopy (FT-IR), powered X-ray diffraction 

(PXRD), extended X-Ray absorption fine structure (EXAFS) and X-ray absorption 

spectroscopy (XAS) (Zhang, 2007). 

 

To date, X-ray Absorption Spectroscopy has been used on A. bisulcatus plants initially grown 

for 3 weeks in selenate (Pickering et al., 2000), but there are no distribution studies that reflect 

visually or quantitatively selenium distribution within the plants in this study. Additionally, in 

the existing studies, despite the improvements to methodology, the presence and absence of 

previously identified selenium species remain inconsistent, highlighting the need for selenium 

distribution studies using an alternative technique such as radiotracers as used in Chapters 4 

and 5  in this thesis.  

  

ICP- MS has been previously used to determine Se concentrations in Brassica juncea species 

(Sharma and Sohn, 2009, Szpunar, 2005) along with size exclusion chromatography studies 

(Mounicou et al., 2006), all yielding varied results in determining the distribution of Se within 

the plants, therefore, using autoradiography as a technique for determining the distribution of 

Se in plants was worth exploration.  

 

Implementing the use of short half-life radioisotopes from the whole plant to genetic, 

molecular, organismal, and ecosystem studies can be used to determine the process that binds 

the enzyme-based biochemical reactions to the physiological responses of plants to 

environmental stimuli and stresses (Osmond, 1989).  Positron emission tomography (PET) has 

been widely used in medical diagnostic imaging (Antoch et al., 2003, Phelps, 2000, Schaller, 

2004) with an increasing number of studies using this method on plants coupled with other 

imaging methods, for instance, photoswitch imaging detector was utilized for both positron- 

and γ-ray-emitting nuclide imaging (Wu and Tai, 2011). Where live imaging systems were 

needed PlanTIS and PETIS were used to determine the movement of radionuclides in tomato 

(Suwa et al., 2008),   
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broad bean (Matsuhashi et al., 2006), beet and bulbs (Jahnke et al., 2009), soybean (Kawachi 

et al., 2011) barley ( Tsukamoto et al. 2006 ), wheat (Matsuhashi et al., 2006) and rice (Ishikawa 

et al., 2011). 11C (Minchin and Thorpe, 2003), 13N (Ohtake et al., 2001), 15O (Kiyomiya et al., 

2001), 18F (Nakanishi et al., 2001), 52Fe (Tsukamoto et al., 2009), 52Mn (Tsukamoto et al., 

2006) and 107Cd (Fujimaki et al., 2010) were used as the positron emitters for these imaging 

methods.  

 

Where live tracing of a radiotracer isn’t needed, radiotracers can also be used on a whole plant 

level to a genetic level, but to date, at the time of writing, there are no studies of selenium at 

sublethal concentrations. Additionally, even with improvement to detection of minute 

concentrations of Se, there are varying conclusions on the existence of major Se-containing 

compound in the leaves is Se-methyl selenocysteine, with smaller amounts of selenocysteine 

and γ-glutamyl-Se-methyl selenocysteine in Astragalus bisculcatus (Neuhierl et al., 1999, 

Nigam and McConnell, 1969). Even more robust studies using micro X-ray Fluorescence 

Microscopy (μXRF) and scanning electron microscopy (SEM-EDS), as well as on chemical 

forms of Se in various tissues using liquid chromatography-mass spectrometry (LC-MS) and 

synchrotron X-ray absorption spectroscopy (XAS) has only shown methyl-selenocysteine and 

seleno-methionine in the foliar tissues but not Se-methyl selenocysteine (Harvey et al., 2020).  

 

Autoradiography was the selected method of producing a Se distribution method because of its 

high sensitivity and the wide range of detection, especially where trace elements may occur in 

minute concentrations and the availability of Se75 with a 119-day half-life. To substantiate the 

qualitative observations of Se concentrations in all three plant species, the next step should be 

to perform ICP-MS on each plant, i.e. leaves, stems, and roots however, ICP-MS for ultra-trace 

element detection of radioactive Se75 from an agar matrix was not available. There was also a 

need to undertake gamma counts of Se75 on a gamma counter to measure and determine Se 

concentration in each plant section, so while the autoradiography contributes to previously 

minimal knowledge of Se distribution within the Brassica rapa, Helianthus annuus, and 

Neptunia amplexicualis, the concentration of Se within each plant section could not be 

determined. If this series of experiments was to be repeated, each plant section should be either 

weighed individually, and ICP-MS used to confirm the concentration of Se absorbed by each 

plant.  
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Given there is no research studying the effects of Se uptake on seed storage proteins in any 

plants other than rice, this chapter aimed to quantify uptake selenium uptake patterns in 

Brassica rapa and Helianthus annuus, and Neptunia amplexicualis. The descriptive 

conclusions drawn in this chapter were then used to inform the selection of plants for the final 

chapter of this thesis on proteomics.  The seed storage proteins that were studied were 

albumins, globulins, glutelins, prolamins, and crude starch after lipids were removed from the 

plant materials. The concentration of each seed storage protein class can vary significantly 

between species of plants. The analysis of seed storage proteins is important in exploring the 

prospect of supplementing the human diet with selenium as an essential micronutrient for 

humans and animals. Similar studies conducted to analyse plants for seed storage proteins have 

been completed by Brassica rapa and Helianthus annuus and, to a lesser extent, Neptunia 

amplexicaulis. 

 

Seed storage proteins are critical in plant development and a source of human nutrition. They 

accumulate in high concentration seedlings to assist in germination and remain a significant 

source of protein for human and animal consumption. Developing an understanding of the 

potential binding of Se to these proteins can translate into relevant information regarding 

protein longevity content, stress. Given that storage proteins undergo post-translational 

modifications understanding Se binding would show ere Se could transfer into other proteins 

through the five types of post-translational modifications, phosphorylation, glycosylation, lipid 

modification, ubiquitination, and redox-related modifications (Bond et al., 2011).  

 

This investigation aimed to find out which proteins, if any, in Helianthus annuus, Brassica 

rapa and Neptunia amplexicaulis may be associated with Se incorporation, the impact of the 

sublethal concentration on protein regulation, and the significance of the proteins impacted 

using data gathered from the preceding chapter. Selenoproteins in mammals,                                    

virus bacteria, archaea, and have been identified to possess the rare amino acid selenocysteine 

in their primary structure, but this has not been found in plants and yeasts. The most co mMonly 

investigated selenoproteins of enzymes are the group of GPXs. In particular, 

Chlamydomonas and higher plants have been shown to possess genes encoding GPX-like 

homologs from which cysteine is present in their catalytic site but not as selenocysteine. 

Selenocysteine is encoded by a UGA opal codon that is most commonly a stop codon in all 

organisms that possess selenocysteine. It was reported in Chlamydomonas reinhardtii that the 
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cDNA-cloned sequence of a GPX homologue also possesses a TGA codon in the frame to the 

ATG internally. Critical functions such as the expression of mRNA expression, protein 

synthesis, and enzymatic concentration are selenium dependent. Proteolytic digestion 

performed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) on the peptides synthesized by proteolytic digestion substantiated the 

presence of selenocysteine residue at the predicted site, which also suggested that this takes 

place in the mitochondria. For the first time, this research provided proof that the UGA opal 

codon is decoded in the plant kingdom to incorporate selenocysteine (Fu et al., 2002). 

 

Even though these experiments did not detect selenoproteins Putative calreticulin 3, putative 

berberine/berberine-like FAD-binding type 2, Serine hydroxymethyltransferase, Serine 

hydroxymethyltransferase 4, Calmodulin, Calmodulin-2, Heat shock protein 90-5 chloroplast  

Heat shock protein 90-1, Serine--glyoxylate aminotransferase, Oxygen-evolving enhancer 

protein 1-1  chloroplastic, Small ubiquitin-related modifier 2, Chaperonin 60 subunit alpha 1  

chloroplastic and catalase, which all to varying degrees, whether up or down-regulated, affects 

the germination and development of each plant. These results indicate a need for further 

research into each of these plants to identify protein regulation within the plants further. While 

there was upregulation of critical protein that indicated enhanced defence mechanisms for the 

plant, there were also proteins that crippled at this sublethal concentration resulting in 

inhibitory effects on plant materials. 

Limitations and challenges 

This research undoubtedly offered new and novel insight into the patterns of oxidative stress 

when secondary and primary accumulators are germinated at sublethal concentrations. While 

specific selenoproteins could not be identified or detected in this method, it is worth noting that 

this may be due to several reasons outside of method optimization which has been discussed in 

the previous chapters. These reasons include but are not limited to using an increased starting 

biomass, insufficient plant proteomic data compared to animal and human proteins, and the 

natural difficulty of selenium metabolization. These are widely acknowledged in existing 

protocols whereby even more robust methods such as synchrotron usage has failed to detect 

certain selenoproteins (Corzo Remigio et al., 2020) in plants known to accumulate selenium 

compared to previous research, which substantiates the conclusion of this thesis which is that 

selenium metabolism remains unclear along with its effect on individual proteins (Peterson and 



130 
 

Butler, 1967). In broader terms, however, Helianthus annuus and Neptunia amplexicaulis both 

are still feasible to be trialled in field studies for selenium.  

Given that the purpose of this study was to analyze the uptake mechanisms and impacts of Se 

on the selected plants, tissue culture offered a beneficial solution with several advantages. 

Tissue culture allowed for the rapid expansion of seed material irrespective of seasonal 

variations, producing disease-free plants in a cost-effective and space-efficient method., thus 

overcoming the challenges of performing this research in the soil, which has been the accepted 

means of studying contaminant uptake in plant materials previously (Ponmurugan and Kumar, 

2011). Additionally, tissue culture overcame the problems related to the lack of publicly 

available information regarding Se contamination from coal mining and its associated ash 

dumping sites for application to Australian Se contaminated sites (Lipski, 2019). It should also 

be mentioned that these results cannot be directly applied in to field trials  due to the mixed 

composition of contaminated sites, among other factors such as cost; hence it is important to 

realise the value of these findings lies in the ability to uncover the uptake mechanisms for, and 

metabolic function of Se in the plant system as a theoretical foundation from which to develop 

field trials (Doran, 2009). 

   

Autoradiography was the selected method of detecting a Se distribution method because of its 

high sensitivity, which is especially useful where trace elements may occur in minute 

concentrations and the availability of Se75 with a 119-day half-life. The next step should have 

been to perform ICP-MS on each plant, i.e., leaves, stem, and roots, to substantiate the 

qualitative observations of Se concentrations in all three plants species. However, ICP-MS for 

ultra-trace element detection of radioactive Se75 from an agar matrix was not available. There 

was also a need to undertake gamma counts of Se75 on a gamma counter to measure ad 

determine Se concentration in each plant section, so while the autoradiography contributes to 

previously minimal knowledge of Se distribution within the Brassica rapa, Helianthus annuus, 

and Neptunia amplexicualis, the concentration of Se within each plant section could not be 

determined. If this series of experiments was to be repeated, each plant section should be either 

weighed individually, and ICP-MS used to confirm the concentration of Se absorbed by each 

plant.  

Selenite and selenate concentrations in seed storage proteins could not be determined using this 

method, 1) the original methodology assumes that there is no loss of selenium during the first 

protein extraction step; 2) when leaves, stems, and roots were mixed individually using 



131 
 

radiotracer, the final powdered weight should be the true weight throughout all experiments to 

account for biomass losses in the processing of the tissue. 

It should also be noted that the protein content of each seed storage protein fraction needed to 

be measured which would have allowed the results to be displayed with the concentration of 

the selenite or selenate per milligram of protein at the very least. ICP- MS is unable to detect 

selenium in plant tissue without highly specialised equipment which was not available at a 

nuclear research facility.    If this experiment was to be repeated, it could be done with ICP-

MS on the plant materials without the Se75 radioisotope exposure which would have resulted 

in the clear quantification of not only the Se species, selenite, and selenate in plant organs, but 

also within the seed storage proteins. Then a new experiment could have been completed to 

validate the ICP-MS findings for a qualitative identification on the translocation of Se within 

the plant materials. 

 

Research significance and contribution to field 

The results of this research demonstrate the potential use of Neptunia amplexicaulis and 

Helianthus annuus phytoremediation of selenium. The results of the experiments discussed 

above show that these plants can absorb selenium from the medium to the roots of the plant 

and transport them further to the aerial organs of the plants. Research to date illustrates that 

from the leaves, the selenium can be removed through harvesting, or volatilised into the 

atmosphere in less toxic forms as dimethyl selenide (DMSe) and dimethyl diselenide (DMDSe) 

which are estimated to 600 times less toxic than elemental selenium (Newman and Reynolds, 

2004, Dumont et al., 2006). This method of soil remediation is cost effective without altering 

the fertility of the soil compared to physical methods of soil remediation (Robinson et al., 2000; 

Pilon-Smits and Freeman, 2006). 

The relatively high tolerance of selenium in Neptunia amplexicaulis to selenium places this 

plant as a potentially greater option for phytoremediation compared to). Stanleya pinnata and 

Astragalus bisulcatus are well-known Se-accumulators. Stanleya pinnata and Astragalus 

bisulcatus, although well researched for their selenium uptake properties, are slow growing 

and low in biomass production. Furthermore, given that the initial shotgun proteomics method 

did not identify any misformed selenoproteins in Neptunia amplexicaulis, it may be possible 

that Neptunia amplexicaulis can volatilise selenium however this was out of scope for this 

research.  
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Similarly, Helianthus annuus, also demonstrated significant uptake of selenium although at a 

lower concentration compared to selenium and selenoproteins were not identified. While this 

plant may also be used for phytoremediation, it may also be used for biofortification which was 

the secondary objective of this research. While phytoremediation is an efficient method of 

means of restoring soil health, one of the challenges is the disposal of the contaminated plant 

waste. If left undisposed then the plants can be toxic to humans and animals. Selenium 

biofortification involves using the selenium enriched plants for addition to agricultural soil 

through which food plants can be enriched with selenium, leading to an increase in dietary 

intake of selenium. Additionally, these findings have highlighted an opportunity to genetic 

engineering and manipulation of agronomic practices. This practice is safe and addresses the 

selenium as a nutrient deficiency through the consumption of the edible portions of the plant 

therefore Helianthus annuus may be a suitable plant for biofortification purposes (Nestel et al., 

2006; Mayer et al., 2008; Zhao and McGrath, 2009). Until now such studies have only been 

seen in tomatoes, some brassica varieties and certain rice varieties to address selenium nutrient 

deficiency. 

 The Neptunia amplexicaulis also presents an opportunity for the creation of a transgenic plant 

variety that would increase the tolerance of Se concentration, uptake and transportation to the 

shoots, acccumuation in the shoot tissues and increase in selenium volatilisation (Morgan et 

al., 2005; Lynch, 2007).  

Chapter 8 Conclusion and Future directions  

 

The current research aimed to address these gaps in knowledge by identifying sublethal 

concentrations of selenite and selenate exposure in Se accumulator and non-accumulator plant, 

identifying patterns of ROS related enzyme concentration in a Se accumulator and non-

accumulator plant, quantifying Se in Se accumulator and non-accumulator plants through 

creating an autoradiographic image, identifying relationships between seed storage proteins 

and selenium uptake as a precursor to proteomic studies and identifying up and downregulating 

proteins on exposure to sublethal concentration of Se.  

 

While not all objectives were met with positive findings, each objective presented opportunities 

for further optimization, efficiency, and depth that can be pursued post this research to reveal 
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to a greater extent the insights of Se metabolism in plants, effects of Se metabolism on plant 

physiology and potential for phytoremediation.  

 

 

  



134 
 

References 

AGENCY, I. E. 2016. World energy outlook special report 2016: energy and air pollution. 
AHMAD, P. (ed.) 2014. Oxidative Damage to Plants: Antioxidant Networks and Signaling, 

Jammu and Kashmir, India: Elsevier. 
AHMAD, P., JALEEL, C. A., SALEM, M. A., NABI, G. & SHARMA, S. 2010. Roles of 

enzymatic and nonenzymatic antioxidants in plants during abiotic stress. Critical 
Reviews in Biotechnology, 30, 161-175. 

AKBULUT, M. & ÇAKıR, S. 2010. The effects of Se phytotoxicity on the antioxidant systems 
of leaf tissues in barley (Hordeum vulgare L.) seedlings. Plant physiology and 
biochemistry, 48, 160-166. 

AL-WHAIBI, M. H. 2011. Plant heat-shock proteins: A mini-review. Journal of King Saud 
University - Science, 23, 139-150. 

ALFTHAN, G., EUROLA, M., EKHOLM, P., VENÄLÄINEN, E.-R., ROOT, T., 
KORKALAINEN, K., HARTIKAINEN, H., SALMINEN, P., HIETANIEMI, V. & 
ASPILA, P. 2015. Effects of nationwide addition of selenium to fertilizers on foods, 
and animal and human health in Finland: From deficiency to optimal selenium status 
of the population. Journal of Trace Elements in Medicine and Biology, 31, 142-147. 

ALI, E., MAODZEKA, A., HUSSAIN, N., SHAMSI, I. H. & JIANG, L. 2015. The alleviation 
of cadmium toxicity in oilseed rape (Brassica napus) by the application of salicylic acid. 
Plant growth regulation, 75, 641-655. 

ALLAN, C. B., LACOURCIERE GM FAU - STADTMAN, T. C. & STADTMAN, T. C. 1999. 
Responsiveness of selenoproteins to dietary selenium. Annual Review of Nutrition. 

ALLEN, R., COHEN, E., HAAR, R. V., ADAMS, C., MA, D., NESSLER, C. & THOMAS, 
T. 1987. Sequence and expression of a gene encoding an albumin storage protein in 
Helianthus annuus. Molecular and General Genetics MGG, 210, 211-218. 

ALNAHDI, H. S. 2012. Isolation and screening of extracellular proteases produced by new 
Isolated Bacillus sp. Journal of Applied Pharmaceutical Science, 2, 71-74. 
ALSCHER, R. G., ERTURK, N. & HEATH, L. S. 2002. Role of superoxide dismutases 

(SODs) in controlling oxidative stress in plants. Journal of Experimental Botany, 53, 
1331-1341. 

ALTENBACH, S. B., KUO, C. C., STARACI, L. C., PEARSON, K. W., WAINWRIGHT, C., 
GEORGESCU, A. & TOWNSEND, J. 1992. Accumulation of a Brazil nut albumin in 
seeds of transgenic canola results in enhanced levels of seed protein methionine. Plant 
Mol Biol, 18, 235-45. 

ANDERSON, M. S., LAKIN, H. W., BEESON, K. C., SMITH, F. F. & THACKER, E. 1961. 
Selenium in Agriculture. Washingston DC: Agricultural Research Service U.S 
Department of Agriculture. 

ANDERSON, O. D., GREENE, F. C., YIP, R. E., HALFORD, N. G., SHEWRY, P. R. & 
MALPICA-ROMERO, J. M. 1989. Nucleotide sequences of the two high-molecular-
weight glutenin genes from the D-genome of a hexaploid bread wheat, Triticum 
aestivum L. cv Cheyenne. Nucleic Acids Res, 17, 461-2. 

ANDERSSON, B. & BARBER, J. 1994. Molecular Processes of Photosynthesis. Composition, 
organisation and dynamic of thylakoid membranes in Advances in Molecular and Cell 
Biology, Greenwhich, Jai Press. 

ANDRADE, S. L., ADAMS, M. W., BONOMI, F., BOOKER, S., BOYD, E. S., 
BRODERICK, J. B., CHAKRABARTI, M., DANCIS, A., DEAN, D. & DOS 
SANTOS, P. 2014. Iron-sulfur clusters in chemistry and biology, Walter de Gruyter 
GmbH & Co KG. 



135 
 

ANDREOU, A. & FEUSSNER, I. 2009. Lipoxygenases - Structure and reaction mechanism. 
Phytochemistry, 70, 1504-1510. 

ANJUM, N. A. A.-O. H. O. O., SHARMA, P., GILL, S. S., HASANUZZAMAN, M., KHAN, 
E. A., KACHHAP, K., MOHAMED, A. A., THANGAVEL, P., DEVI, G. D., 
VASUDHEVAN, P., SOFO, A., KHAN, N. A., MISRA, A. N., LUKATKIN, A. S., 
SINGH, H. P., PEREIRA, E. & TUTEJA, N. 2014. Catalase and ascorbate peroxidase-
representative H2O2-detoxifying heme enzymes in plants. 

ANTOCH, G., VOGT, F. M., FREUDENBERG, L. S., NAZARADEH, F., GOEHDE, S. C., 
BARKHAUSEN, J., DAHMEN, G., BOCKISCH, A., DEBATIN, J. F. & RUEHM, S. 
G. 2003. Whole-body dual-modality PET/CT and whole-body MRI for tumor staging 
in oncology. Jama, 290, 3199-3206. 

APEL, K. & HIRT, H. 2004. Reactive oxygen species: metabolism, oxidative stress, and signal 
transduction. Annu Rev Plant Biol, 55, 373-99. 

ARTHUR, J. R. & BECKETT, G. J. 1994. New metabolic roles for selenium. The Proceedings 
of the Nutritional Society 53. 

ATAÍDE, G. D. M., GONÇALVES, J. F. D. C., GUIMARÃES, V. M., FLORES, A. V. & 
BICALHO, E. M. 2013. Alterations in seed reserves of Dalbergia nigra ((Vell.) Fr All. 
ex Benth.) during hydration. Journal of Seed Science, 35, 56-63. 

ATTILA, C., UEDA, A., CIRILLO, S. L. G., CIRILLO, J. D., CHEN, W. & WOOD, T. K. 
2008. Pseudomonas aeruginosa PAO1 virulence factors and poplar tree response in the 
rhizosphere. Microbial biotechnology, 1, 17-29. 

AURELI, F., OUERDANE, L., BIERLA, K., SZPUNAR, J., PRAKASH, N. T. & CUBADDA, 
F. 2012. Identification of selenosugars and other low-molecular-weight selenium 
metabolites in high-selenium cereal crops. Metallomics, 4, 968-78. 

AUSTRALIA, E. J. 2019. Unearthing Australia’s toxic coal ash legacy. Victoria: Earth Justice. 
ÁVILA, F. W., FAQUIN, V., YANG, Y., RAMOS, S. J., GUILHERME, L. R. G., 

THANNHAUSER, T. W. & LI, L. 2013. Assessment of the anticancer compounds Se-
methyl selenocysteine and glucosinolates in Se-biofortified broccoli (Brassica oleracea 
L. var. Italica) sprouts and florets. Journal of agricultural and food chemistry, 61, 6216-
6223. 

B, L. & DIKSHIT, A. K. 2012. The behaviour of Metals in Coal Fly Ash Ponds. APCBEE 
Procedia, 1, 34-39. 

BADGER, M. 2003. The roles of carbonic anhydrases in photosynthetic CO 2 concentrating 
mechanisms. Photosynthesis Research, 77, 83. 

BAILEY, R. T. 2017. Selenium contamination, fate, and reactive transport in groundwater 
about human health. Hydrogeology Journal, 25, 1191-1217. 

BAKER, A. J. M. 1981. Accumulators and excluders‐strategies in the response of plants to 
heavy metals. Journal of plant nutrition, 3, 643-654. 

BALAKHNINA, T. & BORKOWSKA, A. 2013. Effects of silicon on plant resistance to 
environmental stresses. International Agrophysics, 27, 225-232. 

BALAKHNINA, T. I., BULAK, P., MATICHENKOV, V. V., KOSOBRYUKHOV, A. A. & 
WŁODARCZYK, T. M. 2015. The influence of Si-rich mineral zeolite on the growth 
processes and adaptive potential of barley plants under cadmium stress. Plant growth 
regulation, 75, 557-565. 

BALAKHNINA, T. I., KOSOBRYUKHOV, A. A., IVANOV, A. A. & KRESLAVSKII, V. 
D. 2005. The effect of cadmium on CO 2 exchange, variable fluorescence of 
chlorophyll, and the level of antioxidant enzymes in pea leaves. Russian Journal of 
Plant Physiology, 52, 15-20. 



136 
 

BALAKHNINA, T. I. & NADEZHKINA, E. S. 2017. Effect of selenium on growth and 
antioxidant capacity of Triticum aestivum L. during development of lead-induced 
oxidative stress. Russian Journal of plant physiology, 2017 v.64 no.2, pp. 215-223. 

BALAKRISHNAN, B., CHELLAPPAN, S., BASHEER, S., ELYAS, K., BAHKALI, A. & 
MUTHUSAMY, C. 2011. Protease inhibitor from Moringa oleifera leaves Isolation, 
purification, and characterization. Process Biochemistry - PROCESS BIOCHEM, 46, 
2291-2300. 

BALLIHAUT, G., PÉCHEYRAN, C., MOUNICOU, S., PREUD’HOMME, H., GRIMAUD, 
R. & LOBINSKI, R. 2007. Multimode detection (LA-ICP-MS, MALDI-MS and 
nanoHPLC-ESI-MS2) in 1D and 2D gel electrophoresis for selenium-containing 
proteins. TrAC Trends in Analytical Chemistry, 26, 183-190. 

BANU DOĞANLAR, Z. 2013. Metal accumulation and physiological responses induced by 
copper and cadmium in Lemna gibba, L. minor and Spirodela polyrhiza. Chemical 
Speciation & Bioavailability, 25, 79-88. 

BARKER, A. V. & PILBEAM, D. J. 2016. Handbook of Plant Nutrition, CRC Press. 
BARTELS, D., ALTOSAAR, I., HARBERD, N. P., BARKER, R. F. & THOMPSON, R. D. 

1986. Molecular analysis of γ-gliadin gene families at the complex Gli-1 locus of bread 
wheat (T. aestivum L.). Theor Appl Genet, 72, 845-53. 

BARTLING, D., RADZIO, R., STEINER, U. & WEILER, E. W. 1993. A glutathione S‐
transferase with glutathione‐peroxidase activity from Arabidopsis thaliana: Molecular 
cloning and functional characterization. European Journal of Biochemistry, 216, 579-
586. 

BEATH, O. 1943. Toxic vegetation growing on the salt wash sandstone member of the 
Morrison formation. American Journal of Botany, 698-707. 

BEATH, O., GILBERT, C. & EPPSON, H. 1941. The use of indicator plants in locating 
seleniferous areas in western United States. IV. Progress report. American Journal of 
Botany, 887-900. 

BEATH, O. A., GILBERT, C. S. & EPPSON, H. F. 1940. The Use of Indicator Plants in 
Locating Seleniferous Areas in Western United States. III. Further Studies. American 
Journal of Botany, 27, 564-573. 

BEDNAR, A. J., AVERETT, D. E., SEITER, J. M., LAFFERTY, B., JONES, W. T., HAYES, 
C. A., CHAPPELL, M. A., CLARKE, J. U. & STEEVENS, J. A. 2013. Characterization 
of metals released from coal fly ash during dredging at the Kingston ash recovery 
project. Chemosphere, 92, 1563-70. 

BEHNE, D. & KYRIAKOPOULOS, A. 2001. Mammalian selenium-containing proteins. 
Annual review of nutrition, 21, 453-473. 

BEHNE, D., KYRIAKOPOULOS A FAU - KALCKLOSCH, M., KALCKLOSCH M FAU - 
WEISS-NOWAK, C., WEISS-NOWAK C FAU - PFEIFER, H., PFEIFER H FAU - 
GESSNER, H., GESSNER H FAU - HAMMEL, C. & HAMMEL, C. Two new 
selenoproteins found in the prostatic glandular epithelium and in the spermatid nuclei. 

BELLALOUI, N., SMITH, J. R., MENGISTU, A., RAY, J. D. & GILLEN, A. M. 2017. 
Evaluation of exotically-derived soybean breeding lines for seed yield, germination, 
damage, and composition under dryland production in the midsouthern USA. Frontiers 
in Plant Science, 8, 176. 

BEWLEY, J. D. 1997. Seed Germination and Dormancy. The Plant Cell, 9, 1055-1066. 
BHAT, F., GANAI, B. & BABA, U. 2017. Carbonic Anhydrase: Mechanism, Structure and 

Importance in Higher Plants. Asian Journal of Plant Science and Research. 
BHATT, A., PRIYADARSHINI, S., ACHARATH MOHANAKRISHNAN, A., ABRI, A., 

SATTLER, M. & TECHAPAPHAWIT, S. 2019. Physical, chemical, and geotechnical 



137 
 

properties of coal fly ash: A global review. Case Studies in Construction Materials, 11, 
e00263. 

BIESIEKIERSKI, J. R. 2017. What is gluten? Journal of Gastroenterology and Hepatology, 
32, 78-81. 

BIRRINGER, M., PILAWA, S. & FLOHÉ, L. 2002. Trends in selenium biochemistry. Natural 
product reports, 19, 693-718. 

BLOCK, M. L. & CALDERÓN-GARCIDUEÑAS, L. 2009. Air pollution: mechanisms of 
neuroinflammation and CNS disease. Trends Neurosci, 32, 506-16. 

BOGDANOVIĆ, J., MOJOVIĆ, M., MILOSAVIĆ, N., MITROVIĆ, A., VUČINIĆ, Ž. & 
SPASOJEVIĆ, I. 2008. Role of fructose in the adaptation of plants to cold-induced 
oxidative stress. European Biophysics Journal, 37, 1241-1246. 

BOLLHÖNER, B., ZHANG, B., STAEL, S., DENANCÉ, N., OVERMYER, K., GOFFNER, 
D., VAN BREUSEGEM, F. & TUOMINEN, H. 2013. Post mortem function of AtMC9 
in xylem vessel elements. New Phytologist, 200, 498-510. 

BOND, A. E., ROW, P. E. & DUDLEY, E. 2011. Post-translation modification of proteins; 
methodologies and applications in plant sciences. Phytochemistry, 72, 975-96. 

BOND, M. M. 1999. Characterization and control of selenium releases from mining in the 
Idaho phosphate region. 

BORISJUK, L., NEUBERGER, T., SCHWENDER, J., HEINZEL, N., SUNDERHAUS, S., 
FUCHS, J., HAY, J. O., TSCHIERSCH, H., BRAUN, H.-P., DENOLF, P., 
LAMBERT, B., JAKOB, P. M. & ROLLETSCHEK, H. 2013a. Seed Architecture 
Shapes Embryo Metabolism in Oilseed Rape. The Plant Cell, 25, 1625. 

BORISJUK, L., NEUBERGER, T., SCHWENDER, J., HEINZEL, N., SUNDERHAUS, S., 
FUCHS, J., HAY, J. O., TSCHIERSCH, H., BRAUN, H. P., DENOLF, P., LAMBERT, 
B., JAKOB, P. M. & ROLLETSCHEK, H. 2013b. Seed architecture shapes embryo 
metabolism in oilseed rape. Plant Cell, 25, 1625-40. 

BOUCHÉ, N., YELLIN, A., SNEDDEN, W. A. & FROMM, H. 2005. Plant-specific 
calmodulin-binding proteins. Annu. Rev. Plant Biol., 56, 435-466. 

BOURGNE, S., JOB, C. & JOB, D. 2000. Sugarbeet seed priming: solubilization of the basic 
subunit of 11-S globulin in individual seeds. Seed Science Research, 10, 153-161. 

BROADLEY, M. R., WHITE, P. J., BRYSON, R. J., MEACHAM, M. C., BOWEN, H. C., 
JOHNSON, S. E., HAWKESFORD, M. J., MCGRATH, S. P., ZHAO, F.-J. & 
BREWARD, N. 2006a. Biofortification of UK food crops with selenium. Proceedings 
of the Nutrition Society, 65, 169-181. 

BROADLEY, M. R., WHITE, P. J., BRYSON, R. J., MEACHAM, M. C., BOWEN, H. C., 
JOHNSON, S. E., HAWKESFORD, M. J., MCGRATH, S. P., ZHAO, F.-J., 
BREWARD, N., HARRIMAN, M. & TUCKER, M. 2006b. Biofortification of UK 
food crops with selenium. Proceedings of the Nutrition Society, 65, 169-181. 

BROWN, K. M. & ARTHUR, J. 2001. Selenium, selenoproteins and human health: a review. 
Public health nutrition, 4, 593-599. 

BROWN, T. A. & SHRIFT, A. 1982. Selenium: toxicity and tolerance in higher plants. 
Biological Reviews, 57, 59-84. 

BUCHBERGER, W. 2001. Detection techniques in ion chromatography of inorganic ions. 
TrAC Trends in Analytical Chemistry, 20, 296-303. 

BUJDOŠ, M., MUĽOVÁ, A., KUBOVA, J. & MEDVEĎ, J. 2005. Selenium fractionation and 
speciation in rocks, soils, waters and plants in polluted surface mine environment. 
Environmental geology, 47, 353-360. 

BURK, R. F. & HILL, K. E. 1993. Regulation of Selenoproteins. Annual Review of Nutrition, 
13, 65-81. 



138 
 

BYERS, H. G. 1936. Selenium occurrence in certain soils in the United States with a discussion 
of related topics, second report, US Dept. of Agriculture. 

BYERS, H. G. 1938. Selenium occurrence in certain soils in the United States with a discussion 
of related topics: third report, US Department of Agriculture. 

CAO, D., FROEHLICH, J. E., ZHANG, H. & CHENG, C.-L. 2003. The chlorate-resistant and 
photomorphogenesis-defective mutant cr88 encodes a chloroplast-targeted HSP90. The 
Plant journal : for cell and molecular biology, 33, 107-118. 

CARRIE, C., VENNE, A. S., ZAHEDI, R. P. & SOLL, J. 2015. Identification of cleavage sites 
and substrate proteins for two mitochondrial intermediate peptidases in Arabidopsis 
thaliana. Journal of experimental botany, 66, 2691-2708. 

CHANPUT, W., THEERAKULKAIT, C. & NAKAI, S. 2009. Antioxidative properties of 
partially purified barley hordein, rice bran protein fractions and their hydrolysates. 
Journal of Cereal Science, 49, 422-428. 

CHASTEEN, T. G. & BENTLEY, R. 2003. Biomethylation of selenium and tellurium: 
microorganisms and plants. Chemical reviews, 103, 1-26. 

CHEN, T. F., ZHENG, W. J., WONG, Y. S. & YANG, F. 2008. Selenium‐induced changes in 
activities of antioxidant enzymes and content of photosynthetic pigments in Spirulina 
platensis. Journal of integrative plant biology, 50, 40-48. 

CHEN, Y., MO, H.-Z., HU, L.-B., LI, Y.-Q., CHEN, J. & YANG, L.-F. 2014. The Endogenous 
Nitric Oxide Mediates Selenium-Induced Phytotoxicity by Promoting ROS Generation 
in Brassica rapa. PLOS ONE, 9, e110901. 

CHÉRY, C. C., CHASSAIGNE, H., VERBEECK, L., CORNELIS, R., VANHAECKE, F. & 
MOENS, L. 2002. Detection and quantification of selenium in proteins by means of gel 
electrophoresis and electrothermal vaporization ICP-MS. Journal of Analytical Atomic 
Spectrometry, 17, 576-580. 

CHICHKOVA, N. V., SHAW, J., GALIULLINA, R. A., DRURY, G. E., TUZHIKOV, A. I., 
KIM, S. H., KALKUM, M., HONG, T. B., GORSHKOVA, E. N. & TORRANCE, L. 
2010. Phytaspase, a relocalisable cell death promoting plant protease with caspase 
specificity. The EMBO journal, 29, 1149-1161. 

CHILIMBA, A. D. C., YOUNG, S. D., BLACK, C. R., MEACHAM, M. C., LAMMEL, J. & 
BROADLEY, M. R. 2012. Agronomic biofortification of maize with selenium (Se) in 
Malawi. Field Crops Research, 125, 118-128. 

CHU, J., YAO, X. & ZHANG, Z. 2010. Responses of wheat seedlings to exogenous selenium 
supply under cold stress. Biol Trace Elem Res, 136, 355-63. 

COLEMAN, H. D., ELLIS, D. D., GILBERT, M. & MANSFIELD, S. D. 2006. Up-regulation 
of sucrose synthase and UDP-glucose pyrophosphorylase impacts plant growth and 
metabolism. Plant biotechnology journal, 4, 87-101. 

COLL, N. S., VERCAMMEN, D., SMIDLER, A., CLOVER, C., VAN BREUSEGEM, F., 
DANGL, J. L. & EPPLE, P. 2010. Arabidopsis type I metacaspases control cell death. 
Science, 330, 1393-1397. 

COMBS, G. F. 2001. Selenium in global food systems. British journal of nutrition, 85, 517-
547. 

COOPER, W. C., BENNETT, K. G. & CROXTON, F. 1970. The history, occurrence, and 
properties of selenium. In selenium. 

CORAM, T. E., HUANG, X., ZHAN, G., SETTLES, M. L. & CHEN, X. 2010. Meta-analysis 
of transcripts associated with race-specific resistance to stripe rust in wheat 
demonstrates common induction of blue copper-binding protein, heat-stress 
transcription factor, pathogen-induced WIR1A protein, and ent-kaurene synthase 
transcripts. Functional & integrative genomics, 10, 383-392. 



139 
 

CORZO REMIGIO, A., CHANEY, R. L., BAKER, A. J. M., EDRAKI, M., ERSKINE, P. D., 
ECHEVARRIA, G. & VAN DER ENT, A. 2020. Phytoextraction of high value 
elements and contaminants from mining and mineral wastes: opportunities and 
limitations. Plant and Soil, 449, 11-37. 

COUTO, N., WOOD, J. & BARBER, J. 2016. The role of glutathione reductase and related 
enzymes on cellular redox homoeostasis network. Free Radical Biology and Medicine, 
95, 27-42. 

COUVREUR, T. L., FRANZKE, A., AL-SHEHBAZ, I. A., BAKKER, F. T., KOCH, M. A. & 
MUMMENHOFF, K. 2010. Molecular phylogenetics, temporal diversification, and 
principles of evolution in the mustard family (Brassicaceae). Molecular Biology and 
Evolution, 27, 55-71. 

CRUZ DE CARVALHO, M. H., D'ARCY-LAMETA, A., ROY-MACAULEY, H., GAREIL, 
M., EL MAAROUF, H., PHAM-THI, A.-T. & ZUILY-FODIL, Y. 2001. Aspartic 
protease in leaves of common bean (Phaseolus vulgaris L.) and cowpea (Vigna 
unguiculata L. Walp): enzymatic activity, gene expression and relation to drought 
susceptibility. FEBS letters, 492, 242-246. 

CUNNINGHAM, M., UFFELEN, L. V. & CHAMBERS, M. 2019. The Changing Global 
Market for Australian Coal [Online]. Sydney: Reserve Bank of Australia.  [Accessed 
26/10/20 2020]. 

CUSTERS, J. H., HARRISON, S. J., SELA‐BUURLAGE, M. B., VAN DEVENTER, E., 
LAGEWEG, W., HOWE, P. W., VAN DER MEIJS, P. J., PONSTEIN, A. S., SIMONS, 
B. H. & MELCHERS, L. S. 2004. Isolation and characterisation of a class of 
carbohydrate oxidases from higher plants, with a role in active defence. The Plant 
Journal, 39, 147-160. 

CUTTER, G. A. & CUTTER, L. S. 1995. Behavior of dissolved antimony, arsenic, and 
selenium in the Atlantic Ocean. Marine Chemistry, 49, 295-306. 

CZARNOCKA, W. & KARPIŃSKI, S. 2018. Friend or foe? Reactive oxygen species 
production, scavenging and signaling in plant response to environmental stresses. Free 
Radical Biology and Medicine, 122, 4-20. 

DANIEL, B., PAVKOV-KELLER, T., STEINER, B., DORDIC, A., GUTMANN, A., 
NIDETZKY, B., SENSEN, C. W., VAN DER GRAAFF, E., WALLNER, S. & 
GRUBER, K. 2015. Oxidation of monolignols by members of the berberine bridge 
enzyme family suggests a role in plant cell wall metabolism. Journal of Biological 
Chemistry, 290, 18770-18781. 

DANIEL, B., WALLNER, S., STEINER, B., OBERDORFER, G., KUMAR, P., VAN DER 
GRAAFF, E., ROITSCH, T., SENSEN, C. W., GRUBER, K. & MACHEROUX, P. 
2016. Structure of a Berberine Bridge Enzyme-Like Enzyme with an Active Site 
Specific to the Plant Family Brassicaceae. PLOS ONE, 11, e0156892. 

DE CARITAT, P., COOPER, M., PAPPAS, W., THUN, C. & WEBBER, E. 2011. National 
Geochemical Survey of Australia: The Geochemical Atlas of Australia. In: 
AUSTRALIA, G. (ed.). Geoscience Australia, Canberra. 

DÉJARDIN, A., SOKOLOV, L. N. & KLECZKOWSKI, L. A. 1999. Sugar/osmoticum levels 
modulate differential abscisic acid-independent expression of two stress-responsive 
sucrose synthase genes in Arabidopsis. The Biochemical journal, 344 Pt 2, 503-509. 

DENG, X., ZHAO, Z., ZHOU, J., CHEN, J., LV, C. & LIU, X. 2018. Compositional analysis 
of typical selenium ore from Enshi and its effect on selenium enrichment in wetland 
and dryland crops. Plant and Soil, 433, 55-64. 

DESBOROUGH, G. A., DEWITT, E., JONES, J., MEIER, A. H. & MEEKER, G. P. 1999. 
Preliminary mineralogical and chemical studies related to the potential mobility of 



140 
 

selenium and associated elements in phosphoria formation strata, southeastern Idaho. 
US Dept. of the Interior, US Geological Survey. 

DESNEUX, N., DECOURTYE, A. & DELPUECH, J.-M. 2007. The sublethal effects of 
pesticides on beneficial arthropods. Annu. Rev. Entomol., 52, 81-106. 

DEVI, P., JAIN, R., THAKUR, A., KUMAR, M., LABHSETWAR, N. K., NAYAK, M. & 
KUMAR, P. 2017. A systematic review and meta-analysis of voltammetric and optical 
techniques for inorganic selenium determination in water. TrAC Trends in Analytical 
Chemistry, 95, 69-85. 

DHILLON, K. S. & DHILLON, S. K. 2003. Distribution and management of seleniferous soils. 
Advances in Agronomy. Academic Press. 

DING, B., ITAYA, A. & QI, Y. 2003. Symplasmic protein and RNA traffic: regulatory points 
and regulatory factors. Curr Opin Plant Biol, 6, 596-602. 

DIPLOCK, A. T. 1994. Antioxidants and disease prevention. Molecular Aspects of Medicine, 
15, 293-376. 

DJANAGUIRAMAN, M., DEVI, D. D., SHANKER, A. K., SHEEBA, J. A. & 
BANGARUSAMY, U. 2005. Selenium–an antioxidative protectant in soybean during 
senescence. Plant and Soil, 272, 77-86. 

DJEBALI, W., GALLUSCI, P., POLGE, C., BOULILA, L., GALTIER, N., RAYMOND, P., 
CHAIBI, W. & BROUQUISSE, R. 2008. Modifications in endopeptidase and 20S 
proteasome expression and activities in cadmium treated tomato (Solanum 
lycopersicum L.) plants. Planta, 227, 625-639. 

DOMASH, V. I., SHARPIO, T. P., ZABREIKO, S. A. & SOSNOVSKAYA, T. F. 2008. 
Proteolytic enzymes and trypsin inhibitors of higher plants under stress conditions. 
Russian Journal of Bioorganic Chemistry, 34, 318-322. 

DOMÍNGUEZ‐SOLÍS, J. R., LÓPEZ‐MARTÍN, M. C., AGER, F. J., YNSA, M. D., 
ROMERO, L. C. & GOTOR, C. 2004. Increased cysteine availability is essential for 
cadmium tolerance and accumulation in Arabidopsis thaliana. Plant Biotechnology 
Journal, 2, 469-476. 

DORAN, P. M. 2009. Application of plant tissue cultures in phytoremediation research: 
incentives and limitations. Biotechnology and Bioengineering, 103. 

DRAGOVIĆ, S., MIHAILOVIĆ, N. & GAJIĆ, B. 2008. Heavy metals in soils: distribution, 
relationship with soil characteristics and radionuclides and multivariate assessment of 
contamination sources. Chemosphere, 72, 491-495. 

DRAIZE, J. & BEATH, O. 1935. Observation of "Blind Staggers" and "Alkali Disease". 
Journal of American Veterinary Science, 86. 

DURANTEAU, J., CHANDEL, N. S., KULISZ, A., SHAO, Z. & SCHUMACKER, P. T. 1998. 
Intracellular signaling by reactive oxygen species during hypoxia in cardiomyocytes. J 
Biol Chem, 273, 11619-24. 

EASTMOND, P. J. & GRAHAM, I. A. 2001. Re-examining the role of the glyoxylate cycle in 
oilseeds. Trends in plant science, 6, 72-78. 

EL MEHDAWI, A. F., PASCHKE, M. W. & PILON‐SMITS, E. A. 2015. S ymphyotrichum 
ericoides populations from seleniferous and nonseleniferous soil display striking 
variation in selenium accumulation. New Phytologist, 206, 231-242. 

EL MEHDAWI, A. F. & PILON‐SMITS, E. A. H. 2012. Ecological aspects of plant selenium 
hyperaccumulation. Plant Biology, 14, 1-10. 

ELKIN, E. M., AND J. L. MARGRAVE 1968. In: 2 (ed.) Kirk-Othmer Encyclopedia of 
Chemical Technology. E. P. Dukes, ed. New York:: Interscience. 

ELLIS, D. R., SORS, T. G., BRUNK, D. G., ALBRECHT, C., ORSER, C., LAHNER, B., 
WOOD, K. V., HARRIS, H. H., PICKERING, I. J. & SALT, D. E. 2004. Production 



141 
 

of Se-methylselenocysteine in transgenic plants expressing selenocysteine 
methyltransferase. BMC Plant Biology, 4, 1. 

ELSTNER, E. F. 1982. Oxygen Activation and Oxygen Toxicity. Annual Review of Plant 
Physiology, 33, 73-96. 

EMAMVERDIAN, A., DING, Y., MOKHBERDORAN, F. & XIE, Y. 2015. Heavy metal 
stress and some mechanisms of plant defence response. The Scientific World Journal, 
2015. 

EPA 2015. Hazardous and solid waste management system; disposal of coal combustion 
residuals from electric utilities: Final rule. United States Environmental Protection 
Agency, Washington, DC. 

ERBAŞ, S., TONGUÇ, M. & ŞANLI, A. 2016. Mobilization of seed reserves during 
germination and early seedling growth of two Helianthus annuus cultivars. Journal of 
Applied Botany and Food Quality, 89. 

ESHDAT, Y., HOLLAND, D., FALTIN, Z. & BEN-HAYYIM, G. 1997a. Plant glutathione 
peroxidases. Physiologia Plantarum, 100, 234-240. 

ESHDAT, Y., HOLLAND, D., FALTIN, Z. & BEN‐HAYYIM, G. 1997b. Plant glutathione 
peroxidases. Physiologia Plantarum, 100, 234-240. 

ESWAYAH, A. S., SMITH, T. J. & GARDINER, P. H. E. 2016. Microbial Transformations 
of Selenium Species of Relevance to Bioremediation. Applied and environmental 
microbiology, 82, 4848-4859. 

FAIRWEATHER-TAIT, S. J., BAO Y FAU - BROADLEY, M. R., BROADLEY MR FAU - 
COLLINGS, R., COLLINGS R FAU - FORD, D., FORD D FAU - HESKETH, J. E., 
HESKETH JE FAU - HURST, R. & HURST, R. 2011. Selenium in human health and 
disease. Antioxidants Redox Signalling, 14. 

FAIRWEATHER-TAIT, S. J., COLLINGS, R. & HURST, R. 2010. Selenium bioavailability: 
current knowledge and future research requirements. The American Journal of Clinical 
Nutrition, 91, 1484S-1491S. 

FAN, L. & ESKIN, N. A. M. 2015. 15 - The use of antioxidants in the preservation of edible 
oils. In: SHAHIDI, F. (ed.) Handbook of Antioxidants for Food Preservation. 
Woodhead Publishing. 

FANG, Y., CATRON, B., ZHANG, Y., ZHAO, L., CARUSO, J. A. & HU, Q. 2010a. 
Distribution and in vitro availability of selenium in selenium-containing storage protein 
from selenium-enriched rice utilizing optimized extraction. J Agric Food Chem, 58, 
9731-8. 

FANG, Y., CATRON, B., ZHANG, Y., ZHAO, L., CARUSO, J. A. & HU, Q. 2010b. 
Distribution and in Vitro Availability of Selenium in Selenium-Containing Storage 
Protein from Selenium-Enriched Rice Utilizing Optimized Extraction. Journal of 
Agricultural and Food Chemistry, 58, 9731-9738. 

FARZANEH, G., BÉLA, K. & SZILVIA, V. 2018. Helianthus annuus seedlings 
hyperaccumulate Selenium. Acta Biologica Hungarica Acta Biologica Hungarica, 69, 
197-209. 

FENG, J., FAN, P., JIANG, P., LV, S., CHEN, X. & LI, Y. 2014. Chloroplast-targeted Hsp90 
plays essential roles in plastid development and embryogenesis in Arabidopsis possibly 
linking with VIPP1. Physiologia plantarum, 150, 292-307. 

FENG, R., WEI, C. & TU, S. 2013. The roles of selenium in protecting plants against abiotic 
stresses. Environmental and Experimental Botany, 87, 58-68. 

FEUSSNER, I. & WASTERNACK, C. 2002. The lipoxygenase pathway. Annual review of 
plant biology, 53, 275-297. 

FEUSSNER, I. & WASTNERNACK, C. 2004. The lipoxygenase pathway. Annual Review of 
Plant Biology, 53, 275-297. 



142 
 

FINCH‐SAVAGE, W. E. & LEUBNER‐METZGER, G. 2006. Seed dormancy and the control 
of germination. New phytologist, 171, 501-523. 

FIRTH, G., BRUCE, D. & DALLING, M. 1975. Distribution of acid proteinase activity in 
wheat seedlings. Plant and Cell Physiology, 16. 

FLORS, C. & NONELL, S. 2006. Light and Singlet Oxygen in Plant Defence Against 
Pathogens:  Phototoxic Phenalenone Phytoalexins. Accounts of Chemical Research, 39, 
293-300. 

FORDYCE, F. M. 2012. Selenium Deficiency and Toxicity in the Environment, Springer, 
Dordrecht. 

FORDYCE, F. M., GUANGDI, Z., GREEN, K. & XINPING, L. 2000. Soil, grain and water 
chemistry in relation to human selenium-responsive diseases in Enshi District, China. 
Applied Geochemistry, 15, 117-132. 

FORTE, J. & MUTITI, S. 2017. Phytoremediation Potential of Helianthus annuus and 
Hydrangea paniculata in Copper and Lead-Contaminated Soil. Water, Air, & Soil 
Pollution, 228, 77. 

FOYER, C. H. & HALLIWELL, B. 1976. The presence of glutathione and glutathione 
reductase in chloroplasts: A proposed role in ascorbic acid metabolism. Planta, 133, 
21-25. 

FRANKENBERGER, W. T. & ENGBERG, R. A. 1998. Environmental chemistry of selenium, 
CRC Press. 

FREEMAN, J. L., TAMAOKI M FAU - STUSHNOFF, C., STUSHNOFF C FAU - QUINN, 
C. F., QUINN CF FAU - CAPPA, J. J., CAPPA JJ FAU - DEVONSHIRE, J., 
DEVONSHIRE J FAU - FAKRA, S. C., FAKRA SC FAU - MARCUS, M. A., 
MARCUS MA FAU - MCGRATH, S. P., MCGRATH SP FAU - VAN HOEWYK, D., 
VAN HOEWYK D FAU - PILON-SMITS, E. A. H. & PILON-SMITS, E. A. 2010a. 
Molecular mechanisms of selenium tolerance and hyperaccumulation in Stanleya 
pinnata. 

FREEMAN, J. L., TAMAOKI, M., STUSHNOFF, C., QUINN, C. F., CAPPA, J. J., 
DEVONSHIRE, J., FAKRA, S. C., MARCUS, M. A., MCGRATH, S. P., VAN 
HOEWYK, D. & PILON-SMITS, E. A. H. 2010b. Molecular mechanisms of selenium 
tolerance and hyperaccumulation in Stanleya pinnata. Plant physiology, 153, 1630-
1652. 

FRISO, G. & VAN WIJK, K. J. 2015. Posttranslational Protein Modifications in Plant 
Metabolism. Plant Physiology, 169, 1469. 

FU, D., DUAN, M., LIANG, D., WANG, S. & WU, X. 2011. Effects of selenite and selenate 
on growth and nutrient absorption of pakchoi. Plant Nutr. Fertilizer Sci, 17, 358-365. 

FU, L. H., WANG XF FAU - EYAL, Y., EYAL Y FAU - SHE, Y.-M., SHE YM FAU - 
DONALD, L. J., DONALD LJ FAU - STANDING, K. G., STANDING KG FAU - 
BEN-HAYYIM, G. & BEN-HAYYIM, G. 2002. A selenoprotein in the plant kingdom. 
Mass spectrometry confirms that an opal codon (UGA) encodes selenocysteine in 
Chlamydomonas reinhardtii gluththione peroxidase. Journal Biology and Chemistry, 
29. 

FUJIMAKI, S., SUZUI, N., ISHIOKA, N. S., KAWACHI, N., ITO, S., CHINO, M. & 
NAKAMURA, S.-I. 2010. Tracing cadmium from culture to spikelet: noninvasive 
imaging and quantitative characterization of absorption, transport, and accumulation of 
cadmium in an intact rice plant. Plant physiology, 152, 1796-1806. 

GAJIĆ, G., DJURDJEVIĆ, L., KOSTIĆ, O., JARIĆ, S., MITROVIĆ, M. & PAVLOVIĆ, P. 
2018. Ecological potential of plants for phytoremediation and ecorestoration of fly ash 
deposits and mine wastes. Frontiers in Environmental Science, 6, 124. 



143 
 

GALILI, G. & AMIR, R. 2013. Fortifying plants with the essential amino acids lysine and 
methionine to improve nutritional quality. Plant Biotechnology Journal, 11, 211-222. 

GALLAND, M., HE, D., LOUNIFI, I., ARC, E., CLÉMENT, G., BALZERGUE, S., 
HUGUET, S., CUEFF, G., GODIN, B. & COLLET, B. 2017. An integrated “multi-
omics” comparison of embryo and endosperm tissue-specific features and their impact 
on rice seed quality. Frontiers in plant science, 8, 1984. 

GALLAND, M., HUGUET, R., ARC, E., CUEFF, G., JOB, D. & RAJJOU, L. 2014. Dynamic 
proteomics emphasizes the importance of selective mRNA translation and protein 
turnover during Arabidopsis seed germination. Molecular & Cellular Proteomics, 13, 
252-268. 

GALLARDO, K., JOB, C., GROOT, S. P., PUYPE, M., DEMOL, H., VANDEKERCKHOVE, 
J. & JOB, D. 2001. Proteomic analysis of Arabidopsis seed germination and priming. 
Plant physiology, 126, 835-848. 

GAO, Y., CHAN, E. Y., LI, L. P., HE, Q. Q. & WONG, T. W. 2013. Chronic effects of ambient 
air pollution on lung function among Chinese children. Arch Dis Child, 98, 128-35. 

GAPINSKA, M., SKLODOWSKA, M. & GABARA, B. 2008. Effect of short- and long- term 
salinity  on the activities of antioxidative enzymes and lipid peroxidation in tomato 
roots. Acta Physiologiae Plantarum, 30, 11-18. 

GARAU, G., PORCEDDU, A., SANNA, M., SILVETTI, M. & CASTALDI, P. 2019. 
Municipal solid wastes as a resource for environmental recovery: Impact of water 
treatment residuals and compost on the microbial and biochemical features of As and 
trace metal-polluted soils. Ecotoxicology and Environmental Safety, 174, 445-454. 

GAROUSI, F., VERES, S. & KOVACS, B. 2016. Comparison of Selenium Toxicity in 
Helianthus annuus and Maize Seedlings Grown in Hydroponic Cultures. 

GAUDET, P., LIVSTONE, M. S., LEWIS, S. E. & THOMAS, P. D. 2011. Phylogenetic-based 
propagation of functional annotations within the Gene Ontology consortium. Brief 
Bioinform, 12, 449-62. 

GERM, M., STIBILJ, V. & KREFT, I. 2007a. Metabolic importance of selenium for plants. 
The European Journal of Plant Science and Biotechnology, 1, 91-97. 

GERM, M., STIBILJ, V., OSVALD, J. & KREFT, I. 2007b. Effect of selenium foliar 
application on chicory (Cichorium intybus L.). Journal of agricultural and food 
chemistry, 55, 795-798. 

GILL, S. S. & TUTEJA, N. 2010. Reactive oxygen species and antioxidant machinery in 
abiotic stress tolerance in crop plants. Plant Physiology and Biology, 48, 909-930. 

GIRGIS, S., SUH, J. R., JOLIVET, J. & STOVER, P. J. 1997. 5-Formyltetrahydrofolate 
regulates homocysteine remethylation in human neuroblastoma. Journal of Biological 
Chemistry, 272, 4729-4734. 

GÖBEL, C., FEUSSNER, I., SCHMIDT, A., SCHEEL, D., SANCHEZ-SERRANO, J., 
HAMBERG, M. & ROSAHL, S. 2001. Oxylipin profiling reveals the preferential 
stimulation of the 9-lipoxygenase pathway in elicitor-treated potato cells. Journal of 
Biological Chemistry, 276, 6267-6273. 

GOMES-JUNIOR, R. A., GRATÃO, P. L., GAZIOLA, S. A., MAZZAFERA, P., LEA, P. J. 
& AZEVEDO, R. A. 2007. Selenium-induced oxidative stress in coffee cell suspension 
cultures. Functional Plant Biology, 34, 449-456. 

GONZÁLEZ-CANDELAS, L., ALAMAR, S., SÁNCHEZ-TORRES, P., ZACARÍAS, L. & 
MARCOS, J. F. 2010. A transcriptomic approach highlights induction of secondary 
metabolism in citrus fruit in response to Penicillium digitatuminfection. BMC plant 
biology, 10, 194. 

GONZÁLEZ-PÉREZ, S. 2015. 12 - Helianthus annuus Proteins. In: MARTÍNEZ-FORCE, E., 
DUNFORD, N. T. & SALAS, J. J. (eds.) Helianthus annuus. AOCS Press. 



144 
 

GOYOAGA, C., BURBANO, C., CUADRADO, C., ROMERO, C., GUILLAMÓN, E., 
VARELA, A., PEDROSA, M. M. & MUZQUIZ, M. 2011. Content and distribution of 
protein, sugars and inositol phosphates during the germination and seedling growth of 
two cultivars of Vicia faba. Journal of food composition and analysis, 24, 391-397. 

GRADNER, H. W. 1991. Recent investigations into the lipoxygenase pathway of plants. 
Biochimica et Biophysica Acta, 221-239. 

GUO, T., ZHANG, G., ZHOU, M., WU, F. & CHEN, J. 2004. Effects  of aluminium and 
cadmium toxicity on growth and antioxidant enzyme activies of two barley  genotypes 
with different Al reisistance. Plant Soil, 258, 241-248. 

GUPTA, M. & GUPTA, S. 2017. An Overview of Selenium Uptake, Metabolism, and Toxicity 
in Plants. Frontiers in Plant Science, 7, 2074. 

GUPTA, S. C., SHARMA, A., MISHRA, M., MISHRA, R. K. & CHOWDHURI, D. K. 2010. 
Heat shock proteins in toxicology: how close and how far? Life sciences, 86, 377-384. 

GUPTA, U. C. 1995. Effects of Selcote® Ultra and sodium selenate (laboratory versus 
commercial grade) on selenium concentration in feed crops. Journal of plant nutrition, 
18, 1629-1636. 

GUPTA, U. C. & GUPTA, S. C. 2002. Quality of animal and human life as affected by 
selenium management of soils and crops. Communications in Soil Science and Plant 
Analysis, 33, 2537-2555. 

HARINSAUT, P., POONSOPA, D., K, R. & CHAROENSATASPERM, R. 2003. Salinity 
effects on antioxidant enzymes in mulberry cultivar. Science Asia, 29, 109-113. 

HARRIS, J., SCHNEBERG, K. A. & PILON-SMITS, E. A. H. 2014. Sulfur–selenium–
molybdenum interactions distinguish selenium hyperaccumulator Stanleya pinnata 
from non-hyperaccumulator Brassica juncea (Brassicaceae). Planta, 239, 479-491. 

HARTIKAINEN, H., EKHOLM, P., PIIRONEN, V., XUE, T., KOIVU, T. & YLI-HALLA, 
M. 1997. Quality of the ryegrass and lettuce yields as affected by selenium fertilization. 
Agricultural and Food Science, 6, 381-387. 

HARTIKAINEN, H., XUE, T. & PIIRONEN, V. 2000. Selenium as an anti-oxidant and pro-
oxidant in ryegrass. Plant and Soil, 225, 193-200. 

HARVEY, M.-A., ERSKINE, P. D., HARRIS, H. H., BROWN, G. K., PILON-SMITS, E. A. 
H., CASEY, L. W., ECHEVARRIA, G. & VAN DER ENT, A. 2020. Distribution and 
chemical form of selenium in Neptunia amplexicaulis from Central Queensland, 
Australia. Metallomics, 12, 514-527. 

HASANUZZAMAN, M., HOSSAIN, M. A. & FUJITA, M. 2011. Selenium-induced up-
regulation of the antioxidant defence and methylglyoxal detoxification system reduces 
salinity-induced damage in rapeseed seedlings. Biol Trace Elem Res, 143, 1704-21. 

HAVIR, E. A. & MCHALE, N. A. 1988. A mutant of Nicotiana sylvestris lacking serine: 
glyoxylate aminotransferase: substrate specificity of the enzyme and fate of [2-14C] 
glycolate in plants with genetically altered enzyme levels. Plant physiology, 87, 806-
808. 

HEAZLEWOOD, J. L., TONTI-FILIPPINI, J. S., GOUT, A. M., DAY, D. A., WHELAN, J. 
& MILLAR, A. H. 2004. Experimental analysis of the Arabidopsis mitochondrial 
proteome highlights signaling and regulatory components, provides assessment of 
targeting prediction programs, and indicates plant-specific mitochondrial proteins. The 
Plant cell, 16, 241-256. 

HEIDER, J. & BÖCK, A. 1993. Selenium metabolism in micro-organisms. Adv Microb 
Physiol, 35, 71-109. 

HELM, K. W., LAFAYETTE, P. R., NAGAO, R. T., KEY, J. L. & VIERLING, E. 1993. 
Localization of small heat shock proteins to the higher plant endomembrane system. 
Molecular and cellular biology, 13, 238-247. 



145 
 

HEMMINGSEN, S. M. & ELLIS, R. J. 1986. Purification and properties of 
ribulosebisphosphate carboxylase large subunit binding protein. Plant physiology, 80, 
269-276. 

HEMMINGSEN, S. M., WOOLFORD, C., VAN DER VIES, S. M., TILLY, K., DENNIS, D. 
T., GEORGOPOULOS, C. P., HENDRIX, R. W. & ELLIS, R. J. 1988. Homologous 
plant and bacterial proteins chaperone oligomeric protein assembly. Nature, 333, 330-
334. 

HIENG, B., UGRINOVIĆ, K., ŠUŠTAR-VOZLIČ, J. & KIDRIČ, M. 2004. Different classes 
of proteases are involved in the response to drought of Phaseolus vulgaris L. cultivars 
differing in sensitivity. Journal of Plant Physiology, 161, 519-530. 

HILL, J. E. & HEMMINGSEN, S. M. 2001. Arabidopsis thaliana type I and II chaperonins. 
Cell stress & chaperones, 6, 190-200. 

HLADUN, K. R., PARKER, D. R. & TRUMBLE, J. T. 2011. Selenium accumulation in the 
floral tissues of two Brassicaceae species and its impact on floral traits and plant 
performance. Environmental and Experimental Botany, 74, 90-97. 

HOLBEN, D. H. & SMITH, A. M. 1999. The diverse role of selenium within selenoproteins: 
a review. Journal of American Dietetic Association, 99. 

HSU, Y. T. & KAO, C. H. 2004. Cadmium toxicity is reduced by nitric oxide in rice leaves. 
Plant Growth Regulation, 42, 227-238. 

HUANG, K., LAURIDSEN, E. & CLAUSEN, J. 1994. Selenium-containing peroxidases of 
germinating barley. Biological trace element research, 46, 173. 

HUANG, W., RATKOWSKY, D. A., HUI, C., WANG, P., SU, J. & SHI, P. 2019. Leaf Fresh 
Weight Versus Dry Weight: Which is Better for Describing the Scaling Relationship 
between Leaf Biomass and Leaf Area for Broad-Leaved Plants? Forests, 10, 256. 

HUBERT, D. A., TORNERO, P., BELKHADIR, Y., KRISHNA, P., TAKAHASHI, A., 
SHIRASU, K. & DANGL, J. L. 2003. Cytosolic HSP90 associates with and modulates 
the Arabidopsis RPM1 disease resistance protein. The EMBO journal, 22, 5679-5689. 

HUGOUVIEUX, V., DUTILLEUL, C., JOURDAIN, A., REYNAUD, F., LOPEZ, V. & 
BOURGUIGNON, J. 2009. Arabidopsis putative selenium-binding protein1 expression 
is tightly linked to cellular sulfur demand and can reduce sensitivity to stresses requiring 
glutathione for tolerance. Plant Physiol, 151, 768-81. 

IBRAHIM, H. M. 2014. and Reduces Oxidative Stress on Drought—Stressed Wheat (T riticum 
aestivum L.) Plants. Asian Journal of Plant Sciences, 13, 120-128. 

ILYAS, M., HÖRGER, A. C., BOZKURT, T. O., VAN DEN BURG, H. A., KASCHANI, F., 
KAISER, M., BELHAJ, K., SMOKER, M., JOOSTEN, M. H. A. J. & KAMOUN, S. 
2015. Functional divergence of two secreted immune proteases of tomato. Current 
Biology, 25, 2300-2306. 

INOUE, H., LI, M. & SCHNELL, D. J. 2013. An essential role for chloroplast heat shock 
protein 90 (Hsp90C) in protein import into chloroplasts. Proceedings of the National 
Academy of Sciences of the United States of America, 110, 3173-3178. 

IRELAND, R. J. & JOY, K. W. 1981. Two routes for asparagine metabolism in Pisum sativum 
L. Planta, 151, 289-292. 

IRELAND, R. J. & JOY, K. W. 1983a. Purification and properties of an asparagine 
aminotransferase from Pisum sativum leaves. Archives of biochemistry and biophysics, 
223, 291-296. 

IRELAND, R. J. & JOY, K. W. 1983b. Subcellular localization of asparaginase and asparagine 
aminotransferase in Pisum sativum leaves. Plant physiology, 72, 1127-1129. 

ISHIKAWA, S., SUZUI, N., ITO-TANABATA, S., ISHII, S., IGURA, M., ABE, T., 
KURAMATA, M., KAWACHI, N. & FUJIMAKI, S. 2011. Real-time imaging and 



146 
 

analysis of differences in cadmium dynamics in rice cultivars (Oryza sativa) using 
positron-emitting 107 Cd tracer. BMC Plant Biology, 11, 172. 

JAHNKE, S., MENZEL, M. I., VAN DUSSCHOTEN, D., ROEB, G. W., BÜHLER, J., 
MINWUYELET, S., BLÜMLER, P., TEMPERTON, V. M., HOMBACH, T. & 
STREUN, M. 2009. Combined MRI–PET dissects dynamic changes in plant structures 
and functions. The Plant Journal, 59, 634-644. 

JOB, C., KERSULEC, A., RAVASIO, L., CHAREYRE, S., PEPIN, R. & JOB, D. 1997. The 
solubilization of the basic subunit of sugarbeet seed 11-S globulin during priming and 
early germination. Seed Science Research, 7, 225-244. 

JOHANSSON, E., MALIK, A. H., HUSSAIN, A., RASHEED, F., NEWSON, W. R., 
PLIVELIC, T., HEDENQVIST, M. S., GÄLLSTEDT, M. & KUKTAITE, R. 2013. 
Wheat gluten polymer structures: the impact of genotype, environment, and processing 
on their functionality in various applications. Cereal Chemistry, 90, 367-376. 

JOHANSSON, L., GAFVELIN, G. & ARNÉR, E. S. 2005. Selenocysteine in proteins-
properties and biotechnological use. Biochim Biophys Acta, 1726, 1-13. 

JONES, K. B., RUPPERT, L. F. & SWANSON, S. M. 2012. Leaching of elements from bottom 
ash, economizer fly ash, and fly ash from two coal-fired power plants. International 
Journal of Coal Geology, 94, 337-348. 

JOY, E. J. M., BROADLEY, M. R., YOUNG, S. D., BLACK, C. R., CHILIMBA, A. D. C., 
ANDER, E. L., BARLOW, T. S. & WATTS, M. J. 2015. Soil type influences crop 
mineral composition in Malawi. Science of the Total Environment, 505, 587-595. 

JOZEFCZAK, M., REMANS, T., VANGRONSVELD, J. & CUYPERS, A. 2012. Glutathione 
is a key player in metal-induced oxidative stress defences. International journal of 
molecular sciences, 13, 3145-3175. 

JÓŹWIAK, W. & POLITYCKA, B. 2019. Effect of Selenium on Alleviating Oxidative Stress 
Caused by a Water Deficit in Cucumber Roots. Plants (Basel, Switzerland), 8, 217. 

KADOTA, Y. & SHIRASU, K. 2012. The HSP90 complex of plants. Biochimica et Biophysica 
Acta (BBA) - Molecular Cell Research, 1823, 689-697. 

KARMOUS, I., KHADIJA, J., CHAOUI, A. & EL FERJANI, E. 2012. Proteolytic activities 
in Phaseolus vulgaris cotyledons under copper stress. Physiology and molecular 
biology of plants : an international journal of functional plant biology, 18, 337-343. 

KAUR, M. & SHARMA, S. 2018a. Influence of selenite and selenate on growth, leaf 
physiology and antioxidant defence system in wheat (Triticum aestivum L.). Journal of 
the Science of Food and Agriculture, 98, 5700-5710. 

KAUR, M. & SHARMA, S. 2018b. Influence of selenite and selenate on growth, leaf 
physiology and antioxidant defence system in wheat (Triticum aestivum L.). J Sci Food 
Agric, 98, 5700-5710. 

KAWACHI, N., SUZUI, N., ISHII, S., ITO, S., ISHIOKA, N. S., YAMAZAKI, H., HATANO-
IWASAKI, A., OGAWA, K. I. & FUJIMAKI, S. 2011. Real-time whole-plant imaging 
of 11C translocation using positron-emitting tracer imaging system. Nuclear 
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, 
Detectors and Associated Equipment, 648, S317-S320. 

KAWAMURA, Y. & UEMURA, M. Mass spectrometric approach for identifying putative 
plasma membrane proteins of Arabidopsis leaves associated with cold acclimation. 

KENNEDY, B. F. & DE FILIPPIS, L. F. 2004. Tissue degradation and enzymatic activity 
observed during protoplast isolation in two ornamental Grevillea species. In Vitro 
Cellular and Developmental Biology - Plant, 40, 119-125. 

KERKSICK, C. M. & ZUHL, M. 2015. Mechanisms of Oxidative Damage and Their Impact 
on Contracting Muscle. In: LAMPRECHT, M. (ed.) Antioxidants in Sport Nutrition. 
Boca Raton (FL): CRC Press/Taylor & Francis 



147 
 

© 2015 by Taylor & Francis Group, LLC. 
KHAMKHASH, A., SRIVASTAVA, V., GHOSH, T., AKDOGAN, G., GANGULI, R. & 

AGGARWAL, S. 2017. Mining-related selenium contamination in Alaska, and the 
state of current knowledge. Minerals, 7, 46. 

KHAN, M. I. R., FATMA, M., PER, T. S., ANJUM, N. A. & KHAN, N. A. 2015. Salicylic 
acid-induced abiotic stress tolerance and underlying mechanisms in plants. Frontiers in 
plant science, 6, 462. 

KHAN, N. A., SINGH, S. & NAZAR, R. 2007. Activities of Antioxidative Enzymes, Sulphur 
Assimilation, Photosynthetic Activity and Growth of Wheat (Triticum aestivum) 
Cultivars Differing in Yield Potential Under Cadmium Stress. Journal of Agronomy 
and Crop Science, 193, 435-444. 

KHANNA-CHOPRA, R., SRIVALLI, B. & AHLAWAT, Y. S. 1999. Drought induces many 
forms of cysteine proteases not observed during natural senescence. Biochemical and 
biophysical research communications, 255, 324-327. 

KIM, I., HEMPEL, F. D., SHA, K., PFLUGER, J. & ZAMBRYSKI, P. C. 2002. Identification 
of a developmental transition in plasmodesmatal function during embryogenesis in 
Arabidopsis thaliana. Development, 129, 1261-72. 

KIM, S. T., WANG, Y., KANG, S. Y., KIM, S. G., RAKWAL, R., KIM, Y. C. & KANG, K. 
Y. 2009. Developing rice embryo proteomics reveals essential role for embryonic 
proteins in regulation of seed germination. Journal of proteome research, 8, 3598-3605. 

KISH, L., HOTTE, N., KAPLAN, G. G., VINCENT, R., TSO, R., GÄNZLE, M., RIOUX, K. 
P., THIESEN, A., BARKEMA, H. W., WINE, E. & MADSEN, K. L. 2013. 
Environmental particulate matter induces murine intestinal inflammatory responses and 
alters the gut microbiome. PLoS One, 8, e62220. 

KIYOMIYA, S., NAKANISHI, H., UCHIDA, H., NISHIYAMA, S., TSUKADA, H., 
ISHIOKA, N., WATANABE, S., OSA, A., MIZUNIWA, C. & ITO, T. 2001. Light 
activates H2 15O flow in rice: Detailed monitoring using a positron‐emitting tracer 
imaging system (PETIS). Physiologia Plantarum, 113, 359-367. 

KLEIN, E. M., MASCHERONI L FAU - POMPA, A., POMPA A FAU - RAGNI, L., RAGNI 
L FAU - WEIMAR, T., WEIMAR T FAU - LILLEY, K. S., LILLEY KS FAU - 
DUPREE, P., DUPREE P FAU - VITALE, A. & VITALE, A. Plant endoplasmin 
supports the protein secretory pathway and has a role in proliferating tissues. 

KLOTZ, L. O. 2002. Oxidant-induced signaling: effects of peroxynitrite and singlet oxygen. 
Biol Chem, 383, 443-56. 

KNOTT, S. G. & MCCRAY, C. W. R. 1959. TWO NATURALLY OCCURRING 
OUTBREAKS OF SELENOSIS IN QUEENSLAND. Australian Veterinary Journal, 
35, 161-165. 

KOBAYASHI, K., OTEGUI, M. S., KRISHNAKUMAR, S., MINDRINOS, M. & 
ZAMBRYSKI, P. 2007. INCREASED SIZE EXCLUSION LIMIT 2 encodes a 
putative DEVH box RNA helicase involved in plasmodesmata function during 
Arabidopsis embryogenesis. Plant Cell, 19, 1885-97. 

KOK, V. C., WINN, P. R., HSIEH, Y.-J., CHIEN, J.-W., YANG, J.-M. & YEH, G.-P. 2019. 
A pilot survey of potentially hazardous trace elements in the aquatic environment near 
a coastal coal-fired power plant in Taiwan. Environmental health insights, 13, 
1178630219862236. 

KORTT, A. A., CALDWELL, J. B., LILLEY, G. G. & HIGGINS, T. J. 1991. Amino acid and 
cDNA sequences of a methionine‐rich 2S protein from Helianthus annuus seed 
(Helianthus annuus L.). European Journal of Biochemistry, 195, 329-334. 

KOSTIĆ, A. Ž., MILINČIĆ, D. D., GAŠIĆ, U. M., NEDIĆ, N., STANOJEVIĆ, S. P., TEŠIĆ, 
Ž. L. & PEŠIĆ, M. B. 2019. Polyphenolic profile and antioxidant properties of bee-



148 
 

collected pollen from Helianthus annuus (Helianthus annuus L.) plant. LWT, 112, 
108244. 

KOUSSEVITZKY, S., SUZUKI, N., HUNTINGTON, S., ARMIJO, L., SHA, W., CORTES, 
D., SHULAEV, V. & MITTLER, R. 2008. Ascorbate peroxidase 1 plays a key role in 
the response of Arabidopsis thaliana to stress combination. Journal of Biological 
Chemistry, 283, 34197-34203. 

KRIZ, A. L. & SCHWARTZ, D. 1986. Synthesis of globulins in maize embryos. Plant 
physiology, 82, 1069-1075. 

KRYUKOV, G. V., CASTELLANO, S., NOVOSELOV, S. V., LOBANOV, A. V., ZEHTAB, 
O., GUIGÓ, R. & GLADYSHEV, V. N. 2003. Characterization of mammalian 
selenoproteomes. Science, 300, 1439-1443. 

KUKTAITE, R., PLIVELIC, T. S. S., CERENIUS, Y., HEDENQVIST, M. S., GÄLLSTEDT, 
M., MARTTILA, S., IGNELL, R., POPINEAU, Y., TRANQUET, O. & SHEWRY, P. 
R. 2011. Structure and morphology of wheat gluten films: from polymeric protein 
aggregates toward superstructure arrangements. Biomacromolecules, 12, 1438-1448. 

KUMAR, M., BIJO, A., BAGHEL, R. S., REDDY, C. & JHA, B. 2012. Selenium and spermine 
alleviate cadmium induced toxicity in the red seaweed Gracilaria dura by regulating 
antioxidants and DNA methylation. Plant Physiology and Biochemistry, 51, 129-138. 

KUMAR, V., PANDITA, S., SIDHU, G. P. S., SHARMA, A., KHANNA, K., KAUR, P., 
BALI, A. S. & SETIA, R. 2020. Copper bioavailability, uptake, toxicity and tolerance 
in plants: A comprehensive review. Chemosphere, 127810. 

KURVITS, A. & KIRKBY, E. A. 1980. The uptake of nutrients by Helianthus annuus plants 
(Helianthus annum) growing in a continuous flowing culture system, supplied with 
nitrate or ammonium as nitrogen source. Zeitschrift für Pflanzenernährung und 
Bodenkunde, 143, 140-149. 

LAKIN, H. W. 1972. Selenium Accumulation in Soils and Its Absorption by Plants and 
Animals. Geological Society of America Bulletin, 83, 181-190. 

LAKIN, H. W. & DAVIDSON, D. F. 1967. The relation of the geochemistry of selenium to its 
occurrence in soils. 

LARKINS, B. A., WU, Y., SONG, R. & MESSING, J. 2017. 14 Maize Seed Storage Proteins. 
Maize Kernel Development, 175. 

LEA, P. J., SODEK, L., PARRY, M. A. J., SHEWRY, P. R. & HALFORD, N. G. 2007. 
Asparagine in plants. Annals of Applied Biology, 150, 1-26. 

LEE, S., WOODARD, H. J. & DOOLITTLE, J. J. 2011. Selenium uptake response among 
selected wheat (Triticum aestivum) varieties and relationship with soil selenium 
fractions. Soil Science and Plant Nutrition, 57, 823-832. 

LEISINGER, U., RÜFENACHT, K., ZEHNDER, A. J. B. & EGGEN, R. I. L. 1999. Structure 
of a glutathione peroxidase homologous gene involved in the oxidative stress response 
in Chlamydomonas reinhardtii. Plant science, 149, 139-149. 

LEMLY, A. D. 2004. Aquatic selenium pollution is a global environmental safety issue. 
Ecotoxicology and Environmental Safety, 59, 44-56. 

LEVANDER, O. A. 1986. 3 - Selenium A2 - MERTZ, WALTER. Trace Elements in Human 
and Animal Nutrition (Fifth Edition). San Diego: Academic Press. 

LI, H. F., MCGRATH, S. P. & ZHAO, F. J. 2008. Selenium uptake, translocation and 
speciation in wheat supplied with selenate or selenite. New Phytologist, 178, 92-102. 

LI, J., ZHAO-HUI, C., BATOUX, M., NEKRASOV, V., ROUX, M., CHINCHILLA, D., 
ZIPFEL, C. & JONES, J. D. 2009. Specific ER quality control components required for 
biogenesis of the plant innate immune receptor EFR. Proc Natl Acad Sci U S A, 106, 
15973-8. 



149 
 

LI, W.-J., FENG, H., FAN, J.-H., ZHANG, R.-Q., ZHAO, N.-M. & LIU, J.-Y. 2000. Molecular 
cloning and expression of a phospholipid hydroperoxide glutathione peroxidase 
homolog in Oryza sativa. Biochimica et Biophysica Acta (BBA)-Gene Structure and 
Expression, 1493, 225-230. 

LI, X., WU, Y., LI, B., YANG, Y. & YANG, Y. 2018. Selenium Accumulation Characteristics 
and Biofortification Potentiality in Turnip (Brassica rapa var. rapa) Supplied with 
Selenite or Selenate. Frontiers in Plant Science, 8. 

LIN, L., ZHOU, W., DAI, H., CAO, F., ZHANG, G. & WU, F. 2012. Selenium reduces 
cadmium uptake and mitigates cadmium toxicity in rice. Journal of hazardous 
materials, 235, 343-351. 

LINDQUIST, S. & CRAIG, E. A. 1988. The heat-shock proteins. Annual review of genetics, 
22, 631-677. 

LIPSKI, B. 2019. Unearthing Australia’s toxic coal ash legacy. Australia: Environmental 
Justice Australia. 

LIU, X. & KOKARE, C. 2017. Chapter 11 - Microbial Enzymes of Use in Industry. In: 
BRAHMACHARI, G. (ed.) Biotechnology of Microbial Enzymes. Academic Press. 

LIU, X., SUI, L., HUANG, Y., GENG, C. & YIN, B. 2015. Physiological and visible injury 
responses in different growth stages of winter wheat to ozone stress and the protection 
of spermidine. Atmospheric Pollution Research, 6, 596-604. 

LIU, X., YANG, Y., DENG, X., LI, M., ZHANG, W. & ZHAO, Z. 2017. Effects of sulfur and 
sulfate on selenium uptake and quality of seeds in rapeseed (Brassica napus L.) treated 
with selenite and selenate. Environmental and Experimental Botany, 135, 13-20. 

LIU, X., ZHAO, Z., HU, C., ZHAO, X. & GUO, Z. 2016. Effect of sulphate on selenium uptake 
and translocation in rape (Brassica napus L.) supplied with selenate or selenite. Plant 
and Soil, 399, 295-304. 

LIU, Y., BURCH-SMITH, T., SCHIFF, M., FENG, S. & DINESH-KUMAR, S. P. 2004. 
Molecular chaperone Hsp90 associates with resistance protein N and its signaling 
proteins SGT1 and Rar1 to modulate an innate immune response in plants. Journal of 
Biological Chemistry, 279, 2101-2108. 

LONGCHAMP, M., CASTREC-ROUELLE, M., BIRON, P. & BARIAC, T. 2015. Variations 
in the accumulation, localization and rate of metabolization of selenium in mature Zea 
mays plants supplied with selenite or selenate. Food Chemistry, 182, 128-135. 

LOPES, L. D. S., GALLÃO, M. I. & BERTINI, C. H. C. D. M. 2013. Mobilisation of reserves 
during germination of Jatropha seeds. Revista Ciência Agronômica, 44, 371-378. 

LUDWIG, M. 2016. Evolution of carbonic anhydrase in C4 plants. 
LUSSO, M. & KUC, J. 1995. Increased activities of ribonuclease and protease after challenge 

in tobacco plants with induced systemic resistance. Physiological and Molecular Plant 
Pathology, 47, 419-428. 

LYI, S. M., HELLER, L. I., RUTZKE, M., WELCH, R. M., KOCHIAN, L. V. & LI, L. 2005. 
Molecular and biochemical characterization of the selenocysteine Se-methyltransferase 
gene and Se-methylselenocysteine synthesis in broccoli. Plant Physiology, 138, 409-
420. 

LYNCH, J. P. 2007. Roots of the second green revolution. Australian Journal of Botany, 55, 
493-512. 

LYONS, G., STANGOULIS, J. & GRAHAM, R. 2003. High-selenium wheat: biofortification 
for better health. Nutrition Research Reviews, 16, 45-60. 

LYONS, G. H., GENC, Y., SOOLE, K., STANGOULIS, J., LIU, F. & GRAHAM, R. 2009. 
Selenium increases seed production in Brassica. Plant and Soil, 318, 73-80. 



150 
 

M, K., KHARITONENKO, G. I., SKATERNA, T. & KHARCHENKO, O. V. 2015. Effect of 
mechanical wounding and primary lipoxygenase products on lipoxygenase activity of 
potato tubers. Reports of the National Academy of Sciences of Ukraine, 98-104. 

MACCARRONE, M., MELINO, G. & FINAZZI-AGRÒ, A. 2001. Lipoxygenases and their 
involvement in programmed cell death. Cell death and differentiation, 8, 776-784. 

MAITI, A. K. 2012. Genetic determinants of oxidative stress-mediated sensitization of drug-
resistant cancer cells. Int J Cancer, 130, 1-9. 

MANZ, B., MÜLLER, K., KUCERA, B., VOLKE, F. & LEUBNER-METZGER, G. 2005. 
Water Uptake and Distribution in Germinating Tobacco Seeds Investigated in Vivo by 
Nuclear Magnetic Resonance Imaging. Plant Physiology, 138, 1538. 

MAO, H., WANG, Z., GRAHAM, L. & GLENN, M. 2011. Effects of selenium valence states 
and concentration on germination and root growth of six crop species. Journal of Agro-
Environment Science, 30, 1958-1965. 

MARSCHNER, P. & RENGEL, Z. 2012. Nutrient availability in soils. Marschner's mineral 
nutrition of higher plants. Elsevier. 

MATSUHASHI, S., FUJIMAKI, S., UCHIDA, H., ISHIOKA, N. S. & KUME, T. 2006. A 
new visualization technique for the study of the accumulation of photoassimilates in 
wheat grains using [11C] CO2. Applied radiation and isotopes, 64, 435-440. 

MAZEJ, D., FALNOGA, I., VEBER, M. & STIBILJ, V. 2006. Determination of selenium 
species in plant leaves by HPLC–UV–HG-AFS. Talanta, 68, 558-568. 

MCCRAY, C. & HURWOOD, I. 1963. Selenosis in north-western Queensland associated with 
a marine cretaceous formation. Queensland Journal of Agricultural Science, 20, 475-
498. 

MESAELI, N., NAKAMURA, K., ZVARITCH, E., DICKIE, P., DZIAK, E., KRAUSE, K.-
H., OPAS, M., MACLENNAN, D. H. & MICHALAK, M. 1999. Calreticulin is 
essential for cardiac development. The Journal of cell biology, 144, 857-868. 

MINCHIN, P. E. & THORPE, M. R. 2003. Using the short-lived isotope 11C in mechanistic 
studies of photosynthate transport. Functional Plant Biology, 30, 831-841. 

MIRZA, H., HOSSAIN, M. A. & FUJITA, M. 2010. Selenium in higher plants: physiological 
role, antioxidant metabolism and abiotic stress tolerance. Journal of Plant Sciences, 5, 
354-375. 

MITTLER, R. 2017. ROS are good. Trends in plant science, 22, 11-19. 
MITTLER, R., VANDERAUWERA, S., GOLLERY, M. & BREUSEGEM, F. V. 2004. 

Reactive oxygen network of plants. Trends in Plant Science, 9, 405-410. 
MIYASAKA, H., KANABOSHI, H. & IKEDA, K. 2000. Isolation of several anti-stress genes 

from the halotolerant green alga Chlamydomonas by simple functional expression 
screening with Escherichia coli. World Journal of Microbiology and Biotechnology, 16, 
23-29. 

MOBIN, M. & KHAN, N. A. 2007. Photosynthetic activity, pigment composition and 
antioxidative response of two mustard (Brassica juncea) cultivars differing in 
photosynthetic capacity subjected to cadmium stress. Journal of Plant Physiology, 164, 
601-610. 

MOLDOVAN, L., MOLDOVAN, N. I., SOHN, R. H., PARIKH, S. A. & GOLDSCHMIDT-
CLERMONT, P. J. 2000. Redox changes of cultured endothelial cells and actin 
dynamics. Circ Res, 86, 549-57. 

MORENO, F. J. & CLEMENTE, A. 2008. 2S albumin storage proteins: what makes them food 
allergens? The open biochemistry journal, 2, 16. 

MORIMOTO, R. I., TISSIERES, A. & GEORGOPOULOS, C. 1994. Heat shock proteins: 
Structure, function and regulation. Cold Spring Harbor Lab. Press, Cold Spring 
Harbor, NY. 



151 
 

MORRIS, K., THOMAS, H. & ROGERS, L. 1996. Endopepidases during the development 
and senescence of Lolium temulentum leaves. Phytochemistry, 100, 780-384. 

MOSBLECH, A., FEUSSNER, I. & HEILMANN, I. 2009. Oxylipins: structurally diverse 
metabolites from fatty acid oxidation. Plant physiology and biochemistry : PPB, 47, 
511-517. 

MOSTERT, V. 2000. Selenoprotein P: properties, functions, and regulation. Archives of 
Biochemistry and Biophysics, 376. 

MOUNICOU, S., VONDERHEIDE, A. P., SHANN, J. R. & CARUSO, J. A. 2006. Comparing 
a selenium accumulator plant (Brassica juncea) to a nonaccumulator plant (Helianthus 
annuus) to investigate selenium-containing proteins. Analytical and Bioanalytical 
Chemistry, 386, 1367-1378. 

MOXON, A. L., OLSON, O. E. & SEARIGHT, W. V. 1950. Selenium in Rocks, Soils and 
Plants. Technical Bulletin. 

MOXTON, A., OLSON, O. & SEARIGHT, W. 1939. Selenium in rocks, soils and plants. 
South Dakota Agricultural Experimental Station Technical Bulletin 2. 

MROCZEK-ZDYRSKA, M. & WOJCIK, M. 2012. The influence of selenium on root growth 
and oxidative stress induced by lead in Vicia faba L. minor plants. 

MÜNTZ, K. Globulins from Legume Seeds: Structure and Function during Storage and 
Reactivation. In: GUÉGUEN, J. & POPINEAU, Y., eds. Plant Proteins from European 
Crops, 1998// 1998 Berlin, Heidelberg. Springer Berlin Heidelberg, 3-12. 

MURAKAMI, R., IFUKU, K., TAKABAYASHI, A., SHIKANAI, T., ENDO, T. & SATO, F. 
2002. Characterization of an Arabidopsis thaliana mutant with impaired psbO, one of 
two genes encoding extrinsic 33-kDa proteins in photosystem II. FEBS letters, 523, 
138-142. 

MURRAY, A. J. S., BLACKWELL, R. D., JOY, K. W. & LEA, P. J. 1987. Photorespiratory 
N donors, aminotransferase specificity and photosynthesis in a mutant of barley 
deficient in serine: glyoxylate aminotransferase activity. Planta, 172, 106-113. 

MYLNE, J. S., COLGRAVE, M. L., DALY, N. L., CHANSON, A. H., ELLIOTT, A. G., 
MCCALLUM, E. J., JONES, A. & CRAIK, D. J. 2011. Albumins and their processing 
machinery are hijacked for cyclic peptides in Helianthus annuus. Nature Chemical 
Biology, 7, 257-259. 

MYLNE, J. S., HARA-NISHIMURA, I. & ROSENGREN, K. J. 2014. Seed storage albumins: 
biosynthesis, trafficking and structures. Functional Plant Biology, 41, 671-677. 

NAHIR, T. M. & SHEFFIELD, M.-C. 2002. Analysis of selenium in Brazil nuts by microwave 
digestion and fluorescence detection. Journal of chemical education, 79, 1345. 

NAKANISHI, T., TANOI, K., YOKOTA, H., KANG, D.-J., ISHII, R., ISHIOKA, N., 
WATANABE, S., OSA, A., SEKINE, T. & MATSUHASHI, S. 2001. 18F used as 
tracer to study water uptake and transport imaging of a cowpea plant. Journal of 
Radioanalytical and Nuclear Chemistry, 249, 503-507. 

NEISH, A. C. Studies on chloroplasts: Their chemical composition and the distribution of 
certain metabolites between the chloroplasts and the remainder of the leaf. 

NEUHIERL, B., THANBICHLER, M., LOTTSPEICH, F. & BÖCK, A. 1999. A family of S-
methylmethionine-dependent thiol/selenol methyltransferases. Role in selenium 
tolerance and evolutionary relation. J Biol Chem, 274, 5407-14. 

NEWMAN, L. A. & REYNOLDS, C. M. 2004. Phytodegradation of organic compounds. 
Current Opinion in Biotechnology, 15, 225-230. 

NICHOLAS, D. 2012. Trace Elements in Soil-Plant-Animal Systems, Elsevier Science. 
NIGAM, S. N. & MCCONNELL, W. B. 1969. Seleno amino compounds from Astragalus 

bisculcatus. Isolation and identification of gamma-L-glutamyl-Se-methyl-seleno-L-
cysteine and Se-methylseleno-L-cysteine. Biochim Biophys Acta, 192, 185-90. 



152 
 

NRIAGU, J. O. & WONG, H. K. 1983. Selenium pollution of lakes near the smelters at 
Sudbury, Ontario. Nature, 301, 55. 

O'DELL, B. L. & SUNDE, R. A. 1997. Handbook of Nutritionally Essential Mineral Elements, 
Taylor & Francis. 

OH, S. E., YEUNG, C., BABAEI-RAD, R. & ZHAO, R. 2014. Cosuppression of the 
chloroplast localized molecular chaperone HSP90.5 impairs plant development and 
chloroplast biogenesis in Arabidopsis. BMC research notes, 7, 643-643. 

OHLENDORF, H. M. 1989. Bioaccumulation and Effects of Selenium in Wildlife 1. Selenium 
in Agriculture and the Environment, 133-177. 

OHTAKE, N., SATO, T., FUJIKAKE, H., SUEYOSHI, K., OHYAMA, T., ISHIOKA, N. S., 
WATANABE, S., OSA, A., SEKINE, T. & MATSUHASHI, S. 2001. Rapid N 
transport to pods and seeds in N‐deficient soybean plants. Journal of experimental 
botany, 52, 277-283. 

ORAZZO, F., NESPOLI, L., ITO, K., TASSINARI, D., GIARDINA, D., FUNIS, M., 
CECCHI, A., TRAPANI, C., FORGESCHI, G., VIGNINI, M., NOSETTI, L., PIGNA, 
S. & ZANOBETTI, A. 2009. Air pollution, aeroallergens, and emergency room visits 
for acute respiratory diseases and gastroenteric disorders among young children in six 
Italian cities. Environ Health Perspect, 117, 1780-5. 

OREMLAND, R. S., HOLLIBAUGH, J. T., MAEST, A. S., PRESSER, T. S., MILLER, L. G. 
& CULBERTSON, C. W. 1989. Selenate reduction to elemental selenium by anaerobic 
bacteria in sediments and culture: biogeochemical significance of a novel, sulfate-
independent respiration. Appl Environ Microbiol, 55, 2333-43. 

OSAKA, T., BEIKA, A., HATTORI, A., KOHNO, Y., KATO, K. H. & MIZUTANI, T. 2003. 
The protozoa dinoflagellate Oxyrrhis marina contains selenoproteins and the relevant 
translation apparatus. Biochemical and biophysical research communications, 300, 
236-240. 

OSBORNE, T. B. 1924a. The Vegetable Proteins. Nature, 114, 822-822. 
OSBORNE, T. B. 1924b. The vegetable proteins, Longmans, Green and Company. 
OSMOND, C. B. 1989. Photosynthesis from the molecule to the biosphere: a challenge for 

integration. Plant biology (USA). 
OVEČKA, M. & TAKÁČ, T. 2014. Managing heavy metal toxicity stress in plants: biological 

and biotechnological tools. Biotechnology Advances, 32, 73-86. 
PAIKARAY, S. 2016. Origin, mobilization and distribution of selenium in a soil/water/air 

system: a global perspective with special reference to the Indian scenario. CLEAN–Soil, 
Air, Water, 44, 474-487. 

PAL, S. K., LIPUT, M., PIQUES, M., ISHIHARA, H., OBATA, T., MARTINS, M. C. M., 
SULPICE, R., VAN DONGEN, J. T., FERNIE, A. R. & YADAV, U. P. 2013. Diurnal 
changes of polysome loading track sucrose content in the rosette of wild-type 
Arabidopsis and the starchless pgm mutant. Plant physiology, 162, 1246-1265. 

PALMA, J. M., SANDALIO, L. M., CORPAS, F. J., ROMERO-PUERTAS, M. C., 
MCCARTHY, I. & RIO, L. A. D. 2002. Plant proteases, protein degradation, and 
oxidative stress: role of peroxisomes 

Plant Physiology and Biochemistry, 40, 521-530. 
PAN, Y., WU, L. J. & YU, Z. I. 2006. Effect of salt and drought stress on antioxidant enzymes 

activities and SOD isoenzymes of liquorice (Glycyrrhiza uralensis Fisch). Journal of 
Plant Growth Regulation, 49, 157-165. 

PARSELL, D. A. & LINDQUIST, S. 1993. The function of heat-shock proteins in stress 
tolerance: degradation and reactivation of damaged proteins. Annual review of genetics, 
27, 437-496. 



153 
 

PETERSON, P. J. & BUTLER, G. W. 1967. Significance of Selenocystathionine in an 
Australian Selenium-accumulating Plant, Neptunia amplexicaulis. Nature, 213, 599-
600. 

PFISTER, B. & ZEEMAN, S. C. 2016. Formation of starch in plant cells. Cellular and 
molecular life sciences : CMLS, 73, 2781-2807. 

PHELPS, M. E. 2000. Positron emission tomography provides molecular imaging of biological 
processes. Proceedings of the National Academy of Sciences, 97, 9226-9233. 

PICKERING, I. J., PRINCE, R. C., SALT, D. E. & GEORGE, G. N. 2000. Quantitative, 
chemically specific imaging of selenium transformation in plants. Proceedings of the 
National Academy of Sciences of the United States of America, 97, 10717-10722. 

PILON-SMITS, E. A., HWANG, S., MEL LYTLE, C., ZHU, Y., TAI, J. C., BRAVO, R. C., 
CHEN, Y., LEUSTEK, T. & TERRY, N. 1999. Overexpression of ATP sulfurylase in 
indian mustard leads to increased selenate uptake, reduction, and tolerance. Plant 
physiology, 119, 123-132. 

PILON-SMITS, E. A., QUINN, C. F., TAPKEN, W., MALAGOLI, M. & SCHIAVON, M. 
2009a. Physiological functions of beneficial elements. Current opinion in plant 
biology, 12, 267-274. 

PILON-SMITS, E. A. H., QUINN, C. F., TAPKEN, W., MALAGOLI, M. & SCHIAVON, M. 
2009b. Physiological functions of beneficial elements. Current Opinion in Plant 
Biology, 12, 267-274. 

POLI, Y., NALLAMOTHU, V., BALAKRISHNAN, D., RAMESH, P., DESIRAJU, S., 
MANGRAUTHIA, S. K., VOLETI, S. R. & NEELAMRAJU, S. 2018. Increased 
Catalase Activity and Maintenance of Photosystem II Distinguishes High-Yield 
Mutants From Low-Yield Mutants of Rice var. Nagina22 Under Low-Phosphorus 
Stress. 

PONMURUGAN, P. & KUMAR, S. K. 2011. Applications of Plant Tissue Culture, Daryaganj, 
INDIA, New Age International. 

PORTA, H. & ROCHA-SOSA, M. 2002. Plant Lipoxygenases. Physiological and Molecular 
Features. Plant Physiology, 130, 15. 

PRATT, W. B., GALIGNIANA, M. D., HARRELL, J. M. & DEFRANCO, D. B. 2004. Role 
of hsp90 and the hsp90-binding immunophilins in signalling protein movement. 
Cellular signalling, 16, 857-872. 

PREMARATHNA, L., MCLAUGHLIN, M. J., KIRBY, J. K., HETTIARACHCHI, G. M., 
STACEY, S. & CHITTLEBOROUGH, D. J. 2012. Selenate-enriched urea granules are 
a highly effective fertilizer for selenium biofortification of paddy rice grain. J Agric 
Food Chem, 60, 6037-44. 

PRINS, C. N., HANTZIS, L. J., QUINN, C. F. & PILON-SMITS, E. A. H. 2011. Effects of 
selenium accumulation on reproductive functions in Brassica juncea and Stanleya 
pinnata. Journal of experimental botany, 62, 5633-5640. 

PRITCHARD, S. L., CHARLTON, W. L., BAKER, A. & GRAHAM, I. A. 2002. Germination 
and storage reserve mobilization are regulated independently in Arabidopsis. The Plant 
Journal, 31, 639-647. 

PUKACKA, S., RATAJCZAK, E. & KALEMBA, E. 2011. The protective role of selenium in 
recalcitrant Acer saccharium L. seeds subjected to desiccation. Journal of Plant 
Physiology, 168, 220-225. 

PYRZYŃSKA, K. 2002. Determination of selenium species in environmental samples. 
Microchimica Acta, 140, 55-62. 

QING, X., ZHAO, X., HU, C., WANG, P., ZHANG, Y., ZHANG, X., WANG, P., SHI, H., 
JIA, F. & QU, C. 2015. Selenium alleviates chromium toxicity by preventing oxidative 



154 
 

stress in cabbage (Brassica campestris L. ssp. Pekinensis) leaves. Ecotoxicology and 
environmental safety, 114, 179-189. 

QIU, Y., XI, J., DU, L. & POOVAIAH, B. W. 2012. The function of calreticulin in plant 
immunity: new discoveries for an old protein. Plant signaling & behavior, 7, 907-910. 

QUINN, C. F., GALEAS, M. L., FREEMAN, J. L. & PILON-SMITS, E. 2007a. Selenium: 
deterrence, toxicity, and adaptation. Integrated Environmental Assessment and 
Management, 3, 460-462. 

QUINN, C. F., GALEAS, M. L., FREEMAN, J. L. & PILON‐SMITS, E. A. H. 2007b. 
Selenium: deterrence, toxicity, and adaptation. Integrated Environmental Assessment 
and Management: An International Journal, 3, 460-462. 

RAJNIAK, J., BARCO, B., CLAY, N. K. & SATTELY, E. S. 2015. A new cyanogenic 
metabolite in Arabidopsis required for inducible pathogen defence. Nature, 525, 376-
379. 

RAMOS, S. J., YUAN, Y., FAQUIN, V., GUILHERME, L. R. G. & LI, L. 2011. Evaluation 
of genotypic variation of broccoli (Brassica oleracea var. italic) in response to selenium 
treatment. Journal of agricultural and food chemistry, 59, 3657-3665. 

RANTY, B., ALDON, D. & GALAUD, J.-P. 2006. Plant calmodulins and calmodulin-related 
proteins: multifaceted relays to decode calcium signals. Plant signaling & behavior, 1, 
96-104. 

RASHEED, F., MARKGREN, J., HEDENQVIST, M. & JOHANSSON, E. 2020. Modeling to 
Understand Plant Protein Structure-Function Relationships-Implications for Seed 
Storage Proteins. Molecules (Basel, Switzerland), 25, 873. 

RAWLINGS, N. D., WALLER, M., BARRETT, A. J. & BATEMAN, A. 2014. MEROPS: the 
database of proteolytic enzymes, their substrates and inhibitors. Nucleic acids research, 
42, D503-D509. 

RAYMAN, M. P. 2012. The importance of selenium to human health. The Lancet, 356, 233-
241. 

RAYMOND, J., INQUELLO, V. & AZANZA, J. L. 1991. The seed proteins of Helianthus 
annuus: Comparative studies of cultivars. Phytochemistry, 30, 2849-2856. 

REINHECKEL, T., NOACK, H., LORENZ, S., WISWEDEL, I. & AUGUSTIN, W. 1998. 
Comparison of protein oxidation and aldehyde formation during oxidative stress in 
isolated mitochondria. Free Radic Res, 29, 297-305. 

ROBBINS, C. W. & CARTER, D. L. 1970. Selenium Concentrations in Phosphorus Fertilizer 
Materials and Associated Uptake by Plants1. Soil Science Society of America Journal, 
34, 506-509. 

ROBINSON, B. H., MILLS, T. M., PETIT, D., FUNG, L. E., GREEN, S. R. & CLOTHIER, 
B. E. 2000. Natural and induced cadmium-accumulation in poplar and willow: 
Implications for phytoremediation. Plant and Soil, 227, 301-306. 

RÖDIN, J. & RASK, L. 1990. Characterization of the 12S storage protein of Brassica napus 
(cruciferin): disulfide bonding between subunits. Physiologia Plantarum, 79, 421-426. 

RODRIGUEZ, M. J. M., RIVERO, V. C. & BALLESTA, R. J. 2005. Selenium distribution in 
topsoils and plants of a semi-arid Mediterranean environment. Environmental 
Geochemistry and Health, 27, 513-519. 

ROSAHL, S. 1996. Lipoxygenases in plants, their role in development and stress response. 
Journal of Bioscience, 51, 123-138. 

ROSENFELD, I. & BEATH, O. A. 1964. Selenium: geobotany, biochemistry, toxicity, and 
nutrition, Academic Press. 

ROSENFELD, I. & BEATH, O. A. 2013. Selenium: Geobotany, Biochemistry, Toxicity, and 
Nutrition, Elsevier Science. 



155 
 

ROSENTAL, L., NONOGAKI, H. & FAIT, A. 2014. Activation and regulation of primary 
metabolism during seed germination. Seed science research, 24, 1. 

ROY-MACAULEY, H., ZUILY-FODIL, Y., KIDRIC, M., THI, A. T. P. & DA SILVA, J. V. 
1992. Effect of drought stress on proteolytic activities in Phaseolus and Vigna leaves 
from sensitive and resistant plants [screening for tolerance to drought]. Physiologia 
Plantarum (Denmark). 

SABEH, F., WRIGHT, T. & NORTON, S. J. 1993. Purification and characterization of a 
glutathione peroxidase from the Aloe vera plant. Enzyme and protein, 47, 92-98. 

SAIJO, Y., TINTOR, N., LU, X., RAUF, P., PAJEROWSKA-MUKHTAR, K., HÄWEKER, 
H., DONG, X., ROBATZEK, S. & SCHULZE-LEFERT, P. 2009. Receptor quality 
control in the endoplasmic reticulum for plant innate immunity. Embo j, 28, 3439-49. 

SAKAC, V. & SAKAC, M. 2000. [Free oxygen radiacals and kidney diseases--part I]. Med 
Pregl, 53, 463-74. 

SANTINO, A., TAURINO, M., DE DOMENICO, S., BONSEGNA, S., POLTRONIERI, P., 
PASTOR, V. & FLORS, V. 2013. Jasmonate signaling in plant development and 
defence response to multiple (a)biotic stresses. Plant cell reports, 32, 1085-1098. 

SAUNDERS, T. 2015. Developments in thermal coal markets. Bulletin [Online]. 
SAVCHENKO, T. V., ZASTRIJNAJA, O. M. & KLIMOV, V. V. 2014. Oxylipins and plant 

abiotic stress resistance. Biochemistry. Biokhimiia, 79, 362-375. 
SCHALLER, B. 2004. Usefulness of positron emission tomography in diagnosis and treatment 

follow-up of brain tumors. Neurobiology of disease, 15, 437-448. 
SCHIAVON, M., MORO, I., PILON-SMITS, E. A., MATOZZO, V., MALAGOLI, M. & 

DALLA VECCHIA, F. 2012a. Accumulation of selenium in Ulva sp. and effects on 
morphology, ultrastructure and antioxidant enzymes and metabolites. Aquatic 
toxicology, 122, 222-231. 

SCHIAVON, M., PILON-SMITS, E. A., CITTA, A., FOLDA, A., RIGOBELLO, M. P. & 
DALLA VECCHIA, F. 2016. Comparative effects of selenate and selenite on selenium 
accumulation, morphophysiology, and glutathione synthesis in Ulva australis. 
Environmental Science and Pollution Research, 23, 15023-15032. 

SCHIAVON, M., PITTARELLO, M., PILON-SMITS, E. A. H., WIRTZ, M., HELL, R. & 
MALAGOLI, M. 2012b. Selenate and molybdate alter sulfate transport and 
assimilation in Brassica juncea L. Czern.: Implications for phytoremediation. 
Environmental and Experimental Botany, 75, 41-51. 

SCHLERETH, A., BECKER, C., HORSTMANN, C., TIEDEMANN, J. & MÜNTZ, K. 2000. 
Comparison of globulin mobilization and cysteine proteinases in embryonic axes and 
cotyledons during germination and seedling growth of vetch (Vicia sativa L.). Journal 
of Experimental Botany, 51, 1423-1433. 

SCHOPFER, P. & PLACHY, C. 1984. Control of Seed Germination by Abscisic Acid : II. 
Effect on Embryo Water Uptake in Brassica napus L. Plant Physiology, 76, 155-160. 

SCHULZE-LEFERT, P. 2004. Plant immunity: the origami of receptor activation. Current 
Biology, 14, R22-R24. 

SCHWARZ, K., WALTHER, M., ANTON, M., GERTH, C., FEUSSNER, I. & KUHN, H. 
2001. Structural basis for lipoxygenase specificity. Conversion of the human leukocyte 
5-lipoxygenase to a 15-lipoxygenating enzyme species by site-directed mutagenesis. 
The Journal of biological chemistry, 276, 773-779. 

SEPPÄNEN, M. M., KONTTURI, J., HERAS, I. L., MADRID, Y., CÁMARA, C. & 
HARTIKAINEN, H. 2010. Agronomic biofortification of Brassica with selenium—
enrichment of SeMet and its identification in Brassica seeds and meal. Plant and soil, 
337, 273-283. 



156 
 

SHAIK, S. S., CARCIOFI, M., MARTENS, H. J., HEBELSTRUP, K. H. & BLENNOW, A. 
2014. Starch bioengineering affects cereal grain germination and seedling 
establishment. Journal of experimental botany, 65, 2257-2270. 

SHARMA, P. & SHANKER DUBEY, R. 2005. Modulation of nitrate reductase activity in rice 
seedlings under aluminium toxicity and water stress: role of osmolytes as enzyme 
protectant. Journal of Plant Physiology, 162, 854-864. 

SHARMA, V. K. & SOHN, M. 2009. Aquatic arsenic: toxicity, speciation, transformations, 
and remediation. Environment international, 35, 743-759. 

SHEWRY, P. R. & HALFORD, N. G. 2002. Cereal seed storage proteins: structures, properties 
and role in grain utilization. Journal of experimental botany, 53, 947-958. 

SHEWRY, P. R., NAPIER, J. A. & TATHAM, A. S. 1995. Seed storage proteins: structures 
and biosynthesis. The plant cell, 7, 945. 

SHEWRY, P. R. & PANDYA, M. J. 1999. The 2S albumin storage proteins. Seed proteins. 
Springer. 

SHEWRY, P. R. & TATHAM, A. S. 1990. The prolamin storage proteins of cereal seeds: 
structure and evolution. Biochemical journal, 267, 1-12. 

SHIGEOKA, S., TAKEDA, T. & HANAOKA, T. 1991. Characterization and immunological 
properties of selenium-containing glutathione peroxidase induced by selenite in 
Chlamydomonas reinhardtii. Biochemical journal, 275, 623-627. 

SHRESTHA, P., CALLAHAN, D. L., SINGH, S. P., PETRIE, J. R. & ZHOU, X.-R. 2016. 
Reduced triacylglycerol mobilization during seed germination and early seedling 
growth in Arabidopsis containing nutritionally important polyunsaturated fatty acids. 
Frontiers in plant science, 7, 1402. 

SHUTOV, A., BÄUMLEIN, H., BLATTNER, F. & MÜNTZ, K. 2003. Storage and 
mobilization as antagonistic functional constraints on seed storage globulin evolution. 
Journal of Experimental Botany, 54, 1645-1654. 

SIES, H., KLOTZ, L.-O., SCHIEKE, S. M., BRIVIBA, K. & ARTEEL, G. E. 2000. Selenium 
and the Protection Against Peroxynitrite. In: ROUSSEL, A. M., ANDERSON, R. A. & 
FAVRIER, A. E. (eds.) Trace Elements in Man and Animals 10. Boston, MA: Springer 
US. 

SIMOVA-STOILOVA, L., VASEVA, I., GRIGOROVA, B., DEMIREVSKA, K. & FELLER, 
U. 2010a. Proteolytic activity and cysteine protease expression in wheat leaves under 
severe soil drought and recovery. Plant Physiol Biochem, 48, 200-6. 

SIMOVA-STOILOVA, L., VASEVA, I., GRIGOROVA, B., DEMIREVSKA, K. & FELLER, 
U. 2010b. Proteolytic activity and cysteine protease expression in wheat leaves under 
severe soil drought and recovery. Plant Physiology and Biochemistry, 48, 200-206. 

SINGH, M., SINGH, N. & BHANDARI, D. 1980. Interaction of selenium and sulfur on the 
growth and chemical composition of raya. Soil Science, 129, 238-244. 

SINGH, S., PARIHAR, P., SINGH, R., SINGH, V. P. & PRASAD, S. M. 2016. Heavy Metal 
Tolerance in Plants: Role of Transcriptomics, Proteomics, Metabolomics, and 
Economics. Frontiers in plant science, 6, 1143-1143. 

SKORZYNSKA-POLIT, E., DRAZIEWICZ, M. & KRUPA, Z. 2003. The activity of the 
antioxidative system in cadmium treated  Arabidopsis thaliana. Plant Biology, 47, 71-
78. 

SOFO, A., SCOPA, A., NUZZACI, M. & VITTI, A. Ascorbate Peroxidase and Catalase 
Activities and Their Genetic Regulation in Plants Subjected to Drought and Salinity 
Stresses. 

SORS, T. G., ELLIS, D. R. & SALT, D. E. 2005. Selenium uptake, translocation, assimilation 
and metabolic fate in plants. Photosynth Res, 86, 373-89. 



157 
 

SPALLHOLZ, J. E., BOYLAN, L. M. & LARSEN, H. S. 1990. Advances in Understanding 
Selenium's Role in the Immune System. Annals of the New York Academy of Sciences, 
587, 123-139. 

SPITELLER, G. 2003. The relationship between changes in the cell wall, lipid peroxidation, 
proliferation, senescence and cell death. Physiologia Plantarum, 119, 3-25. 

SREENIVASULU, N., USADEL, B., WINTER, A., RADCHUK, V., SCHOLZ, U., STEIN, 
N., WESCHKE, W., STRICKERT, M., CLOSE, T. J. & STITT, M. 2008. Barley grain 
maturation and germination: metabolic pathway and regulatory network commonalities 
and differences highlighted by new MapMan/PageMan profiling tools. Plant 
physiology, 146, 1738-1758. 

SUAREZ, D. L., GRIEVE, C. M. & POSS, J. A. 2003. Irrigation method affects selenium 
accumulation in forage Brassica species. Journal of plant nutrition, 26, 191-201. 

SUN, J., WU, D., XU, J., RASMUSSEN, S. K. & SHU, X. 2015. Characterisation of starch 
during germination and seedling development of a rice mutant with a high content of 
resistant starch. Journal of Cereal Science, 62, 94-101. 

SUNKAR, R., KAPLAN, B., BOUCHÉ, N., ARAZI, T., DOLEV, D., TALKE, I. N., 
MAATHUIS, F. J. M., SANDERS, D., BOUCHEZ, D. & FROMM, H. 2000. 
Expression of a truncated tobacco NtCBP4 channel in transgenic plants and disruption 
of the homologous Arabidopsis CNGC1 gene confer Pb2+ tolerance. The Plant 
Journal, 24, 533-542. 

SURA-DE JONG, M., REYNOLDS, R. J., RICHTEROVA, K., MUSILOVA, L., STAICU, L. 
C., CHOCHOLATA, I., CAPPA, J. J., TAGHAVI, S., VAN DER LELIE, D. & 
FRANTIK, T. 2015. Selenium hyperaccumulators harbor a diverse endophytic bacterial 
community characterized by high selenium resistance and plant growth promoting 
properties. Frontiers in plant science, 6, 113. 

SUTHAR, M. & AGGARWAL, P. 2016. Environmental Impact and Physicochemical 
Assessment of Pond Ash for its Potential Application as a Fill Material. International 
Journal of Geosynthetics and Ground Engineering, 2, 20. 

SUWA, R., FUJIMAKI, S., SUZUI, N., KAWACHI, N., ISHII, S., SAKAMOTO, K., 
NGUYEN, N. T., SANEOKA, H., MOHAPATRA, P. K. & MOGHAIEB, R. E. 2008. 
Use of positron-emitting tracer imaging system for measuring the effect of salinity on 
temporal and spatial distribution of 11C tracer and coupling between source and sink 
organs. Plant Science, 175, 210-216. 

SWINDELL, W. R., HUEBNER, M. & WEBER, A. P. 2007. Transcriptional profiling of 
Arabidopsis heat shock proteins and transcription factors reveals extensive overlap 
between heat and non-heat stress response pathways. BMC genomics, 8, 125. 

SZPUNAR, J. 2005. Advances in analytical methodology for bioinorganic speciation analysis: 
metallomics, metalloproteomics and heteroatom-tagged proteomics and metabolomics. 
Analyst, 130, 442-465. 

TAKI, N., SASAKI-SEKIMOTO, Y., OBAYASHI, T., KIKUTA, A., KOBAYASHI, K., 
AINAI, T., YAGI, K., SAKURAI, N., SUZUKI, H., MASUDA, T., TAKAMIYA, K.-
I., SHIBATA, D., KOBAYASHI, Y. & OHTA, H. 2005. 12-oxo-phytodienoic acid 
triggers expression of a distinct set of genes and plays a role in wound-induced gene 
expression in Arabidopsis. Plant physiology, 139, 1268-1283. 

TAN, J. A., ZHU, W. & LI, R. 1989. Chemical endemic diseases and their impact on population 
in China, Environment Science 11. 

TANG, G. Q. & STURM, A. 1999. Antisense repression of sucrose synthase in carrot (Daucus 
carota L.) affects growth rather than sucrose partitioning. Plant molecular biology, 41, 
465-479. 



158 
 

TANOU, G., MOLASSIOTIS, A. & DIAMANTIDIS, G. 2009. Induction of reactive oxygen 
species and necrotic death-like destruction in strawberry leaves by salinity. 
Environmental and experimental botany, 65, 270-281. 

TAO, Z., YU-XI, G., BAI, L., YU-FENG, L., CHUN-YING, C. & GANG, W. 2008. Study of 
selenium speciation in selenized rice using high-performance liquid chromatography-
inductively coupled plasma mass spectrometer. Chinese Journal of Analytical 
Chemistry, 36, 206-210. 

TERRY, N., ZAYED AM FAU - DE SOUZA, M. P., DE SOUZA MP FAU - TARUN, A. S. 
& TARUN, A. S. 2000. Selenium in higher plants. Annual Review of Plant Physiology. 

THAO, N. P., CHEN, L., NAKASHIMA, A., HARA, S.-I., UMEMURA, K., TAKAHASHI, 
A., SHIRASU, K., KAWASAKI, T. & SHIMAMOTO, K. 2007. RAR1 and HSP90 
form a complex with Rac/Rop GTPase and function in innate-immune responses in rice. 
The Plant Cell, 19, 4035-4045. 

THOMASSEN, Y., LEWIS, S. A. & VEILLON, C. 1994. Chapter 22 Selenium. In: HERBER, 
R. F. M. & STOEPPLER, M. (eds.) Techniques and Instrumentation in Analytical 
Chemistry. Elsevier. 

THOYTS, P. J., NAPIER, J. A., MILLICHIP, M., STOBART, A. K., GRIFFITHS, W. T., 
TATHAM, A. S. & SHEWRY, P. R. 1996. Characterization of a Helianthus annuus 
seed albumin which associates with oil bodies. Plant Science, 118, 119-125. 

TIAN, M., HUI, M., THANNHAUSER, T. W., PAN, S. & LI, L. Selenium-Induced Toxicity 
Is Counteracted by Sulfur in Broccoli (Brassica oleracea L. var. italica). 

TIAN, M., HUI, M., THANNHAUSER, T. W., PAN, S. & LI, L. 2017. Selenium-Induced 
Toxicity Is Counteracted by Sulfur in Broccoli (Brassica oleracea L. var. italica). 
Frontiers in plant science, 8, 1425-1425. 

TIAN, M., WIN, J., SONG, J., VAN DER HOORN, R., VAN DER KNAAP, E. & KAMOUN, 
S. 2007. A Phytophthora infestans cystatin-like protein targets a novel tomato papain-
like apoplastic protease. Plant physiology, 143, 364-377. 

TOWNSEND, J. H., DAVIS, S. R., MACKEY, A. D. & GREGORY III, J. F. 2004. Folate 
deprivation reduces homocysteine remethylation in a human intestinal epithelial cell 
culture model: role of serine in one-carbon donation. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 286, G588-G595. 

TSIATSIANI, L., TIMMERMAN, E., DE BOCK, P.-J., VERCAMMEN, D., STAEL, S., VAN 
DE COTTE, B., STAES, A., GOETHALS, M., BEUNENS, T. & VAN DAMME, P. 
2013. The Arabidopsis metacaspase9 degradome. The Plant Cell, 25, 2831-2847. 

TSUKAMOTO, T., NAKANISHI, H., KIYOMIYA, S., WATANABE, S., MATSUHASHI, 
S., NISHIZAWA, N. K. & MORI, S. 2006. 52Mn translocation in barley monitored 
using a positron-emitting tracer imaging system. Soil science and plant nutrition, 52, 
717-725. 

TSUKAMOTO, T., NAKANISHI, H., UCHIDA, H., WATANABE, S., MATSUHASHI, S., 
MORI, S. & NISHIZAWA, N. K. 2009. 52Fe translocation in barley as monitored by 
a positron-emitting tracer imaging system (PETIS): evidence for the direct translocation 
of Fe from roots to young leaves via phloem. Plant and Cell Physiology, 50, 48-57. 

TUNA, A. L., KAYA, C., DIKILITAS, M. & HIGGS, D. 2008. The combined effects of 
gibberellic acid and salinity on some antioxidant enzyme activities, plant growth 
variables and nutritional status in maize plants. Environmental and Experimental 
Botany, 62, 1-9. 

UDEN, P. C. 2002. Modern trends in the speciation of selenium by hyphenated techniques. 
Analytical and bioanalytical chemistry, 373, 422-431. 



159 
 

UPADHYAYA, H., PANDA, S. K. & DUTTA, B. K. 2008. Variation of physiological and 
antioxidative responses in tea cultivars subjected to elevated water stress followed by 
rehydration recovery. Acta physiologiae plantarum, 30, 457-468. 

URSINI, F. & BINDOLI, A. 1987. The role of selenium peroxidases in the protection against 
oxidative damage of membranes. Chemistry and Physics of Lipids, 44. 

URSINI F FAU - MAIORINO, M., MAIORINO M FAU - GREGOLIN, C. & GREGOLIN, 
C. 1985. The selenoenzyme phospholipid hydroperoxide glutathione peroxidase. 
Biochimica et Biophysica Acta, 29. 

URSINI, F., HEIM, S., KIESS, M., MAIORINO, M., ROVERI, A., WISSING, J. & FLOHÉ, 
L. 1999. Dual Function of the Selenoprotein PHGPx During Sperm Maturation. 
Science, 285, 1393. 

UVERSKY, V. N. & DUNKER, A. K. 2010. Understanding protein non-folding. Biochimica 
et Biophysica Acta (BBA)-Proteins and Proteomics, 1804, 1231-1264. 

VALLE, G., MCDOWELL, L. R., PRICHARD, D. L., CHENOWETH, P. J., WRIGHT, D. L., 
MARTIN, F. G., KUNKLE, W. E. & WILKINSON, N. S. 2002. Selenium 
concentration of fescue and bahiagrasses after applying a selenium fertilizer. 
Communications in soil science and plant analysis, 33, 1461-1472. 

VAN DER HOORN, R. A. 2008a. Plant proteases: from phenotypes to molecular mechanisms. 
Annu Rev Plant Biol, 59, 191-223. 

VAN DER HOORN, R. A. L. 2008b. Plant proteases: from phenotypes to molecular 
mechanisms. Annu. Rev. Plant Biol., 59, 191-223. 

VANDECASTEELE, C., TEULAT‐MERAH, B., MORÈRE‐LE PAVEN, M. C., LEPRINCE, 
O., LY VU, B., VIAU, L., LEDROIT, L., PELLETIER, S., PAYET, N. & SATOUR, 
P. 2011. Quantitative trait loci analysis reveals a correlation between the ratio of 
sucrose/raffinose family oligosaccharides and seed vigour in Medicago truncatula. 
Plant, Cell & Environment, 34, 1473-1487. 

VASSILEVA, E., BECKER, A. & BROEKAERT, J. 2001. Determination of arsenic and 
selenium species in groundwater and soil extracts by ion chromatography coupled to 
inductively coupled plasma mass spectrometry. Analytica chimica acta, 441, 135-146. 

VELLOSILLO, T., MARTÍNEZ, M., LÓPEZ, M. A., VICENTE, J., CASCÓN, T., DOLAN, 
L., HAMBERG, M. & CASTRESANA, C. 2007. Oxylipins produced by the 9-
lipoxygenase pathway in Arabidopsis regulate lateral root development and defence 
responses through a specific signaling cascade. The Plant cell, 19, 831-846. 

WALKER, J. M. 1996. The protein protocols handbook, Springer Science & Business Media. 
WANG, C. Q. & LI, R. C. 2008. Enhancement of superoxide dismutase activity in the leaves 

of white clover (Trifolium repens L) in response to polyethylene glyco-induced water 
stress Acta Physiologiae Plantarum, 30, 841-847. 

WANG, W., VINOCUR, B., SHOSEYOV, O. & ALTMAN, A. 2004. Role of plant heat-shock 
proteins and molecular chaperones in the abiotic stress response. Trends in plant 
science, 9, 244-252. 

WASTERNACK, C. & HAUSE, B. 2013. Jasmonates: biosynthesis, perception, signal 
transduction and action in plant stress response, growth and development. An update to 
the 2007 review in Annals of Botany. Annals of botany, 111, 1021-1058. 

WATANABE, N. & LAM, E. 2011. Arabidopsis metacaspase 2d is a positive mediator of cell 
death induced during biotic and abiotic stresses. The Plant Journal, 66, 969-982. 

WHANGER, P. 2002. Selenocompounds in plants and animals and their biological 
significance. Journal of the American College of Nutrition, 21, 223-232. 

WHITE, P., BOWEN, H., PARMGURU, P., FRITZ, M., SPACKEN, W., SPIBY, R., 
MEACHEN, M., MEAD, A., HARRIMAN, M., TRUEMAN, L., SMITH, B., 



160 
 

THOMAS, B. & BROADLY, M. 2004a. Interactions between selenium and sulphur 
nutrition in arabidopsis thaliana. Journal of Experimental Biology, 55, 1927-1937. 

WHITE, P. J., BOWEN HC FAU - PARMAGURU, P., PARMAGURU P FAU - FRITZ, M., 
FRITZ M FAU - SPRACKLEN, W. P., SPRACKLEN WP FAU - SPIBY, R. E., SPIBY 
RE FAU - MEACHAM, M. C., MEACHAM MC FAU - MEAD, A., MEAD A FAU - 
HARRIMAN, M., HARRIMAN M FAU - TRUEMAN, L. J., TRUEMAN LJ FAU - 
SMITH, B. M., SMITH BM FAU - THOMAS, B., THOMAS B FAU - BROADLEY, 
M. R. & BROADLEY, M. R. 2004b. Interactions between selenium and sulphur 
nutrition in Arabidopsis thaliana. Journal of Experimental Botany. 

WHITE, P. J., BOWEN, H. C., MARSHALL, B. & BROADLEY, M. R. 2007. Extraordinarily 
high leaf selenium to sulfur ratios define ‘Se-accumulator’plants. Annals of Botany, 
100, 111-118. 

WHITE, P. J. & BROADLEY, M. R. 2009. Biofortification of crops with seven mineral 
elements often lacking in human diets–iron, zinc, copper, calcium, magnesium, 
selenium and iodine. New Phytologist, 182, 49-84. 

WHITE, P. J. & BROWN, P. H. 2010. Plant nutrition for sustainable development and global 
health. Annals of botany, 105, 1073-1080. 

WHITESIDE, M. & HERNDON, J. M. 2019. Geoengineering, coal fly ash and the new heart-
iron connection: Universal exposure to iron oxide nanoparticulates. Journal of 
Advances in Medicine and Medical Research, 1-20. 

WILLIAMS, P. N., LOMBI, E., SUN, G.-X., SCHECKEL, K., ZHU, Y.-G., FENG, X., ZHU, 
J., CAREY, A.-M., ADOMAKO, E. & LAWGALI, Y. 2009. Selenium characterization 
in the global rice supply chain. Environmental Science & Technology, 43, 6024-6030. 

WINKLER, A., HARTNER, F., KUTCHAN, T. M., GLIEDER, A. & MACHEROUX, P. 
2006. Biochemical evidence that berberine bridge enzyme belongs to a novel family of 
flavoproteins containing a bi-covalently attached FAD cofactor. Journal of Biological 
Chemistry, 281, 21276-21285. 

WIRTZ, M. & DROUX, M. 2005. Synthesis of the sulfur amino acids: cysteine and 
methionine. Photosynthesis Research, 86, 345-362. 

WRIGLEY, C. W. 1996. Giant proteins with flour power. Nature, 381, 738-739. 
WRZACZEK, M., VAINONEN, J. P., STAEL, S., TSIATSIANI, L., GAUTHIER, A., 

KAUFHOLDT, D., BOLLHÖNER, B., LAMMINMÄKI, A., STAES, A. & 
GEVAERT, K. 2015. GRIM REAPER peptide binds to receptor kinase PRK5 to trigger 
cell death in Arabidopsis. The EMBO journal, 34, 55-66. 

WU, H. & TAI, Y.-C. 2011. A novel phoswich imaging detector for simultaneous beta and 
coincidence-gamma imaging of plant leaves. Physics in Medicine & Biology, 56, 5583. 

WU, L. 2004. Review of 15 years of research on ecotoxicology and remediation of land 
contaminated by agricultural drainage sediment rich in selenium. Ecotoxicology and 
environmental safety, 57, 257-269. 

WU, M., WANGGOU, S., LI, X., LIU, Q. & XIE, Y. 2017. Overexpression of mitochondrial 
serine hydroxyl-methyltransferase 2 is associated with poor prognosis and promotes 
cell proliferation and invasion in gliomas. OncoTargets and therapy, 10, 3781. 

WU, S., POLK D FAU - WONG, S., WONG S FAU - REVICZKY, A., REVICZKY A FAU 
- VU, R., VU R FAU - FISHER, D. A. & FISHER, D. A. Thyroxine sulfate is a major 
thyroid hormone metabolite and a potential intermediate in the monodeiodination 
pathways in fetal sheep. 

WU, S., ZHOU, N., LI, D., HE, S., CHEN, Y., BAI, Y., ZHOU, M., HE, J. & WANG, C. 2016. 
Effects of Selenium on the Growth and Fermentation Properties of Se-Enriched 
Bacillus Subtilis J-2. Journal of Food Biochemistry, 40, 31-38. 



161 
 

XIANG, Y., LU, Y. H., SONG, M., WANG, Y., XU, W., WU, L., WANG, H. & MA, Z. 2015. 
Overexpression of a Triticum aestivum Calreticulin gene (TaCRT1) improves salinity 
tolerance in tobacco. PloS one, 10. 

XIMÉNEZ-EMBÚN, P., ALONSO, I., MADRID-ALBARRÁN, Y. & CÁMARA, C. 2004. 
Establishment of selenium uptake and species distribution in lupine, Indian mustard, 
and Helianthus annuus plants. Journal of Agricultural and Food Chemistry, 52, 832-
838. 

XU, F. & JOSHI, C. P. 2010. Overexpression of aspen sucrose synthase gene promotes growth 
and development of transgenic Arabidopsis plants. Advances in Bioscience and 
Biotechnology, 1, 426. 

YAMADA, K., FUKAO, Y., HAYASHI, M., FUKAZAWA, M., SUZUKI, I. & 
NISHIMURA, M. 2007. Cytosolic HSP90 regulates the heat shock response that is 
responsible for heat acclimation in Arabidopsis thaliana. Journal of Biological 
Chemistry, 282, 37794-37804. 

YAMAMOTO, Y. 2016. Quality Control of Photosystem II: The Mechanisms for Avoidance 
and Tolerance of Light and Heat Stresses are Closely Linked to Membrane Fluidity of 
the Thylakoids. Frontiers in plant science, 7, 1136-1136. 

YANG, G. Q., WANG, S. Z., ZHOU, R. H. & SUN, S. Z. 1983. Endemic selenium intoxication 
of humans in China. The American journal of clinical nutrition, 37, 872-881. 

YANG, P., LI, X., WANG, X., CHEN, H., CHEN, F. & SHEN, S. 2007. Proteomic analysis 
of rice (Oryza sativa) seeds during germination. Proteomics, 7, 3358-3368. 

YANG, Y., HAN, C., LIU, Q., LIN, B. & WANG, J. 2008. Effect of drought and low light on 
growth and enzymatic antioxidant system of Picea asperata seedlings. Acta 
Physiologiae Plantarum, 30, 433-440. 

YI, X., MCCHARGUE, M., LABORDE, S., FRANKEL, L. K. & BRICKER, T. M. 2005. The 
manganese-stabilizing protein is required for photosystem II assembly/stability and 
photoautotrophy in higher plants. The Journal of biological chemistry, 280, 16170-
16174. 

YOKOTA, A., SHIGEOKA, S., ONISHI, T. & KITAOKA, S. 1988. Selenium as Inducer of 
Glutathione Peroxidase in low-CO&lt;sub&gt;2&lt;/sub&gt;-Grown 
&lt;em&gt;Chlamydomonas reinhardtii&lt;/em&gt. Plant Physiology, 86, 649. 

YOULE, R. J. & HUANG, A. H. 1978. Albumin storage proteins in the protein bodies of castor 
bean. Plant Physiology, 61, 13-16. 

YOUNG, V. R. & PELLETT, P. L. 1994. Plant proteins in relation to human protein and amino 
acid nutrition. The American journal of clinical nutrition, 59, 1203S-1212S. 

YU, Y., FU, P., HUANG, Q., ZHANG, J. & LI, H. 2019a. Accumulation, subcellular 
distribution, and oxidative stress of cadmium in Brassica chinensis supplied with 
selenite and selenate at different growth stages. Chemosphere, 216, 331-340. 

YU, Y., LIU, Z., LUO, L.-Y., FU, P.-N., WANG, Q. & LI, H.-F. 2019b. Selenium Uptake and 
Biotransformation in Brassica rapa Supplied with Selenite and Selenate: A Hydroponic 
Work with HPLC Speciation and RNA-Sequencing. Journal of Agricultural and Food 
Chemistry, 67, 12408-12418. 

YUAN, L., ZHU, Y., LIN, Z.-Q., BANUELOS, G., LI, W. & YIN, X. 2013. A novel 
selenocystine-accumulating plant in selenium-mine drainage area in Enshi, China. PloS 
one, 8, e65615. 

ZAGDARISKA, B. & WISNIEWSKI, K. 1996. Endoproteinase activities in wheat leaves upon 
water deficit. ACTA BIOCHIMICA POLONICA-ENGLISH EDITION-, 43, 515-519. 

ZAYED, A., LYTLE, C. M. & TERRY, N. 1998. Accumulation and volatilization of different 
chemical species of selenium by plants. Planta, 206, 284-292. 

ZHANG, C. 2007. Fundamentals of environmental sampling and analysis, John Wiley & Sons. 



162 
 

ZHANG, J., FENG, J., LU, J., YANG, Y., ZHANG, X., WAN, D. & LIU, J. 2014. 
Transcriptome differences between two sister desert poplar species under salt stress. 
BMC genomics, 15, 337. 

ZHANG, Q., LEE, J., PANDURANGAN, S., CLARKE, M., PAJAK, A. & MARSOLAIS, F. 
2013. Characterization of Arabidopsis serine:glyoxylate aminotransferase, AGT1, as 
an asparagine aminotransferase. Phytochemistry, 85, 30-35. 

ZHAO, M., ZHANG, H., YAN, H., QIU, L. & BASKIN, C. C. 2018. Mobilization and Role 
of Starch, Protein, and Fat Reserves during Seed Germination of Six Wild Grassland 
Species. Frontiers in Plant Science, 9, 234. 

ZHAO, Y.-Y., QIAN, C.-L., CHEN, J.-C., PENG, Y. & MAO, L.-C. 2010. Responses of 
phospholipase D and lipoxygenase to mechanical wounding in postharvest cucumber 
fruits. Journal of Zhejiang University. Science. B, 11, 443-450. 

ZRENNER, R., SALANOUBAT, M., WILLMITZER, L. & SONNEWALD, U. 1995. 
Evidence of the crucial role of sucrose synthase for sink strength using transgenic potato 
plants (Solanum tuberosum L.). The Plant journal : for cell and molecular biology, 7, 
97-107. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



163 
 

Appendix 1. Protein densitometry gels for Neptunia amplexicualis shoots and roots and 

Helianthus annuus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix 2 Protein mg/g FW 
Protein 
concentrations 

Brassica rapa Helianthus 
annuus 

Neptunia amplexicaulis 

contr shoot 5.8 5.1 0.6 
senate shoot 3.4 3.6 0.4 
senite shoot 3.9 4.1 0.5 
contr root 5.1 4.0 0.5 
senate root 3.8 3.1 0.4 
senite root 3.4 3.0 0.5 
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Appendix 3 

Appendix one contains all proteins searched from Helianthus annuus and Neptunia 

amplexicaulis samples 

Accession Description   
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
F4IVZ7|F4IVZ7_ARATH Rubisco activase OS=Arabidopsis thaliana OX=3702 

GN=RCA PE=1 SV=1 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=RCA PE=1 SV=2 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 
SV=1 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 
SV=1 

sp|P25857|G3PB_ARATH Glyceraldehyde-3-phosphate dehydrogenase GAPB  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=GAPB PE=1 SV=2 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

sp|Q9ZNZ7|GLTB1_ARATH Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|Q9S7H1|PSAD1_ARATH Photosystem I reaction center subunit II-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=psaD1 PE=1 
SV=1 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|Q9SIF2|HS905_ARATH Heat shock protein 90-5  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=HSP90-5 PE=1 SV=1 (ur c senite 
nept leav) 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|P27323|HS901_ARATH Heat shock protein 90-1 OS=Arabidopsis thaliana 
OX=3702 GN=HSP90-1 PE=1 SV=3 (ur c senite nept leav) 

sp|Q9SI75|EFGC_ARATH Elongation factor G  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=CPEFG PE=1 SV=1 

sp|Q43127|GLNA2_ARATH Glutamine synthetase  chloroplastic/mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=GLN2 PE=1 
SV=1 

A0A1P8ANC0|A0A1P8ANC
0_ARATH 

Hydroxypyruvate reductase OS=Arabidopsis thaliana 
OX=3702 GN=HPR PE=3 SV=1 
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sp|Q9C9W5|HPR1_ARATH Glycerate dehydrogenase HPR  peroxisomal 
OS=Arabidopsis thaliana OX=3702 GN=HPR PE=1 SV=1 

sp|Q9SA52|CP41B_ARATH Chloroplast stem-loop binding protein of 41 kDa b  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=CSP41B PE=1 SV=1 

A0A1P8ATL2|A0A1P8ATL2
_ARATH 

Chloroplast RNA binding protein OS=Arabidopsis 
thaliana OX=3702 GN=CRB PE=4 SV=1 

sp|Q93VR3|GME_ARATH GDP-mannose 3 5-epimerase OS=Arabidopsis thaliana 
OX=3702 GN=At5g28840 PE=1 SV=1 

sp|Q56YA5|SGAT_ARATH Serine--glyoxylate aminotransferase OS=Arabidopsis 
thaliana OX=3702 GN=AGT1 PE=1 SV=2  (ur c senite 
nept leav) 

sp|P34788|RS18_ARATH 40S ribosomal protein S18 OS=Arabidopsis thaliana 
OX=3702 GN=RPS18A PE=1 SV=1 

sp|Q93W22|RL103_ARATH 60S ribosomal protein L10-3 OS=Arabidopsis thaliana 
OX=3702 GN=RPL10C PE=2 SV=1 

sp|Q9LZH9|RL7A2_ARATH 60S ribosomal protein L7a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL7AB PE=2 SV=1 

sp|P56771|CYF_ARATH Cytochrome f OS=Arabidopsis thaliana OX=3702 
GN=petA PE=3 SV=1 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 
SV=3 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

A8MS83|A8MS83_ARATH Ribosomal protein L23AB OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=3 SV=1 

sp|Q9M3C3|R23A2_ARATH 60S ribosomal protein L23a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=2 SV=1 

sp|Q8LD46|R23A1_ARATH 60S ribosomal protein L23a-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AA PE=2 SV=2 

sp|P42794|RL112_ARATH 60S ribosomal protein L11-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL11B PE=2 SV=2 

sp|P42795|RL111_ARATH 60S ribosomal protein L11-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL11A PE=2 SV=2 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2  (ur c senite nept leav) 

sp|Q9FLP6|SUMO2_ARATH Small ubiquitin-related modifier 2 OS=Arabidopsis 
thaliana OX=3702 GN=SUMO2 PE=1 SV=1 (dr c senite 
nept leav) 

sp|P21238|CPNA1_ARATH Chaperonin 60 subunit alpha 1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=CPN60A1 PE=1 
SV=2  (ur c senite nept sun) 

sp|O65396|GCST_ARATH Aminomethyltransferase  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=GDCST PE=2 SV=1 

A0A2H1ZEA9|A0A2H1ZEA
9_ARATH 

Aminomethyltransferase OS=Arabidopsis thaliana 
OX=3702 GN=At1g11860 PE=3 SV=1 
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sp|Q8W593|LGUC_ARATH Probable lactoylglutathione lyase  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=At1g67280 PE=1 
SV=1 

sp|Q07473|CB4A_ARATH Chlorophyll a-b binding protein CP29.1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=LHCB4.1 PE=1 
SV=1 

A0A1P8B564|A0A1P8B564_
ARATH 

Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1  (ur c senite nept leav) 

sp|P25819|CATA2_ARATH Catalase-2 OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=1 SV=3  (ur c senite nept leav) 

F4JM86|F4JM86_ARATH Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1  (ur c senite nept leav) 

sp|P41916|RAN1_ARATH GTP-binding nuclear protein Ran-1 OS=Arabidopsis 
thaliana OX=3702 GN=RAN1 PE=1 SV=1 

sp|P41917|RAN2_ARATH GTP-binding nuclear protein Ran-2 OS=Arabidopsis 
thaliana OX=3702 GN=RAN2 PE=1 SV=3 

sp|Q8H156|RAN3_ARATH GTP-binding nuclear protein Ran-3 OS=Arabidopsis 
thaliana OX=3702 GN=RAN3 PE=1 SV=2 

Q2V3Q0|Q2V3Q0_ARATH Proteasome subunit alpha type OS=Arabidopsis thaliana 
OX=3702 GN=PAD1 PE=3 SV=1 

sp|P30186|PSA7A_ARATH Proteasome subunit alpha type-7-A OS=Arabidopsis 
thaliana OX=3702 GN=PAD1 PE=1 SV=1 

sp|P62090|PSAC_ARATH Photosystem I iron-sulfur center OS=Arabidopsis thaliana 
OX=3702 GN=psaC PE=3 SV=2 

 

 

Accession Description – Aradopsis thaliana 
sp|P29511|TBA6_ARATH Tubulin alpha-6 chain OS=Arabidopsis thaliana OX=3702 

GN=TUBA6 PE=1 SV=1 
sp|Q0WV25|TBA4_ARAT
H 

Tubulin alpha-4 chain OS=Arabidopsis thaliana OX=3702 
GN=TUBA4 PE=2 SV=2 

sp|B9DGT7|TBA2_ARAT
H 

Tubulin alpha-2 chain OS=Arabidopsis thaliana OX=3702 
GN=TUBA2 PE=2 SV=2 

A0A1P8B4W3|A0A1P8B4
W3_ARATH 

1 2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 
OS=Arabidopsis thaliana OX=3702 GN=ARD1 PE=3 SV=1 

sp|Q8GXE2|MTND2_ARA
TH 

1 2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 2 
OS=Arabidopsis thaliana OX=3702 GN=ARD2 PE=2 SV=1 

sp|P49040|SUS1_ARATH Sucrose synthase 1 OS=Arabidopsis thaliana OX=3702 
GN=SUS1 PE=1 SV=3  (ur c senate nept leav) 

sp|P27323|HS901_ARATH Heat shock protein 90-1 OS=Arabidopsis thaliana OX=3702 
GN=HSP90-1 PE=1 SV=3  (ur c senate nept leav) 

sp|Q9STX5|ENPL_ARAT
H 

Endoplasmin homolog OS=Arabidopsis thaliana OX=3702 
GN=HSP90-7 PE=1 SV=1 

F4JQ55|F4JQ55_ARATH Chaperone protein htpG family protein OS=Arabidopsis 
thaliana OX=3702 GN=SHD PE=1 SV=1  (ur c senate nept 
leav) 
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sp|Q8VYF1|RL152_ARAT
H 

60S ribosomal protein L15-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL15B PE=2 SV=1 

sp|O23515|RL151_ARATH 60S ribosomal protein L15-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL15A PE=2 SV=1 

sp|Q56WH1|TBA3_ARAT
H 

Tubulin alpha-3 chain OS=Arabidopsis thaliana OX=3702 
GN=TUBA3 PE=1 SV=2 

sp|B9DHQ0|TBA5_ARAT
H 

Tubulin alpha-5 chain OS=Arabidopsis thaliana OX=3702 
GN=TUBA5 PE=1 SV=2 

sp|Q9LIK9|APS1_ARATH ATP sulfurylase 1  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=APS1 PE=1 SV=1  (dr c senate nept leav) 

sp|Q9LHA8|MD37C_ARA
TH 

Probable mediator of RNA polymerase II transcription 
subunit 37c OS=Arabidopsis thaliana OX=3702 
GN=MED37C PE=1 SV=1 

sp|Q9LZH9|RL7A2_ARAT
H 

60S ribosomal protein L7a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL7AB PE=2 SV=1 

sp|P93285|COX2_ARATH Cytochrome c oxidase subunit 2 OS=Arabidopsis thaliana 
OX=3702 GN=COX2 PE=1 SV=2 

sp|Q42564|APX3_ARATH L-ascorbate peroxidase 3 OS=Arabidopsis thaliana OX=3702 
GN=APX3 PE=1 SV=1  (dr c senate nept leav) 

sp|Q9LIK0|PKP1_ARATH Plastidial pyruvate kinase 1  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=PKP1 PE=1 SV=1 

sp|P49693|RL193_ARATH 60S ribosomal protein L19-3 OS=Arabidopsis thaliana 
OX=3702 GN=RPL19C PE=2 SV=3 

sp|Q04836|CP31A_ARAT
H 

31 kDa ribonucleoprotein  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=CP31A PE=1 SV=1 

F4IVR2|F4IVR2_ARATH Heat shock protein 60-2 OS=Arabidopsis thaliana OX=3702 
GN=HSP60-2 PE=1 SV=1  (dr c senate nept leav) 

sp|Q8L7B5|CH60B_ARAT
H 

Chaperonin CPN60-like 1  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=At2g33210 PE=1 SV=1  (dr c senate 
nept leav) 

sp|Q8RUF8|NILP3_ARAT
H 

Omega-amidase  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=NLP3 PE=1 SV=1 

sp|Q9LXL5|SUS4_ARATH Sucrose synthase 4 OS=Arabidopsis thaliana OX=3702 
GN=SUS4 PE=1 SV=1  (ur c senate nept leav) 

sp|Q8L7K9|MAO2_ARAT
H 

NAD-dependent malic enzyme 2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=NAD-ME2 PE=1 
SV=1 

sp|Q39085|DIM_ARATH Delta(24)-sterol reductase OS=Arabidopsis thaliana 
OX=3702 GN=DIM PE=1 SV=2 

F4IS32|F4IS32_ARATH Acyl-[acyl-carrier-protein] desaturase OS=Arabidopsis 
thaliana OX=3702 GN=SSI2 PE=1 SV=1 

sp|O22832|STAD7_ARAT
H 

Stearoyl-[acyl-carrier-protein] 9-desaturase 7  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=FAB2 PE=1 SV=1 

sp|Q9LH76|RHM3_ARAT
H 

Trifunctional UDP-glucose 4 6-dehydratase/UDP-4-keto-6-
deoxy-D-glucose 3 5-epimerase/UDP-4-keto-L-rhamnose-
reductase RHM3 OS=Arabidopsis thaliana OX=3702 
GN=RHM3 PE=2 SV=1 

A0A1I9LN83|A0A1I9LN8
3_ARATH 

Rhamnose biosynthesis 3 OS=Arabidopsis thaliana OX=3702 
GN=RHM3 PE=4 SV=1 
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sp|Q9M1B9|SCRK4_ARA
TH 

Probable fructokinase-4 OS=Arabidopsis thaliana OX=3702 
GN=At3g59480 PE=2 SV=1 

sp|O82191|MAOP1_ARAT
H 

NADP-dependent malic enzyme 1 OS=Arabidopsis thaliana 
OX=3702 GN=NADP-ME1 PE=1 SV=1 

sp|Q9FLP6|SUMO2_ARA
TH 

Small ubiquitin-related modifier 2 OS=Arabidopsis thaliana 
OX=3702 GN=SUMO2 PE=1 SV=1  (dr c senate nept leav) 

sp|Q42560|ACO1_ARATH Aconitate hydratase 1 OS=Arabidopsis thaliana OX=3702 
GN=ACO1 PE=1 SV=2 

 

Accession Description 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein OS=Arabidopsis 

thaliana OX=3702 GN=psbB PE=1 SV=1 
F4IVZ7|F4IVZ7_ARATH Rubisco activase OS=Arabidopsis thaliana OX=3702 

GN=RCA PE=1 SV=1 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 

 

Accession Description 
sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 

OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 
sp|Q8H103|G6PIP_ARATH Glucose-6-phosphate isomerase 1  chloroplastic 

OS=Arabidopsis thaliana OX=3702 GN=PGI1 PE=1 SV=1 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 
sp|O23254|GLYC4_ARAT
H 

Serine hydroxymethyltransferase 4 OS=Arabidopsis thaliana 
OX=3702 GN=SHM4 PE=1 SV=1 (ur senite senate sun leav) 

sp|Q05758|ILV5_ARATH Ketol-acid reductoisomerase  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=At3g58610 PE=1 SV=2 

sp|P55228|GLGS_ARATH Glucose-1-phosphate adenylyltransferase small subunit  
chloroplastic OS=Arabidopsis thaliana OX=3702 GN=APS1 
PE=2 SV=2 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 

OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein OS=Arabidopsis 

thaliana OX=3702 GN=psbC PE=1 SV=3 
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sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein OS=Arabidopsis 
thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|O23627|SYGM1_ARA
TH 

Glycine--tRNA ligase  mitochondrial 1 OS=Arabidopsis 
thaliana OX=3702 GN=At1g29880 PE=1 SV=1 

sp|P23321|PSBO1_ARAT
H 

Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 SV=2 
(ur c senite nept root) 

sp|Q9SA56|PSAD2_ARAT
H 

Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 SV=1 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|Q9LFN6|RH56_ARAT
H 

DEAD-box ATP-dependent RNA helicase 56 
OS=Arabidopsis thaliana OX=3702 GN=RH56 PE=1 SV=2 

sp|Q56XG6|RH15_ARAT
H 

DEAD-box ATP-dependent RNA helicase 15 
OS=Arabidopsis thaliana OX=3702 GN=RH15 PE=1 SV=3 

sp|P17745|EFTU_ARATH Elongation factor Tu  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=TUFA PE=1 SV=1 

A0A1P8B564|A0A1P8B56
4_ARATH 

Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1 (dr c senite nept root) 

sp|P25819|CATA2_ARAT
H 

Catalase-2 OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=1 SV=3 (dr c senite nept root) 

F4JM86|F4JM86_ARATH Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1 (dr c senite nept root) 

sp|P51430|RS62_ARATH 40S ribosomal protein S6-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS6B PE=1 SV=3 

F4K5C7|F4K5C7_ARATH 40S ribosomal protein S4 OS=Arabidopsis thaliana OX=3702 
GN=At5g07090 PE=3 SV=1 

sp|Q93VH9|RS41_ARAT
H 

40S ribosomal protein S4-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPS4A PE=2 SV=1 

sp|Q8VYK6|RS43_ARAT
H 

40S ribosomal protein S4-3 OS=Arabidopsis thaliana 
OX=3702 GN=RPS4D PE=2 SV=2 

sp|P49204|RS42_ARATH 40S ribosomal protein S4-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS4B PE=2 SV=4 

sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  
chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
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A0A1P8B564|A0A1P8B56
4_ARATH 

Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1 (dr c senate nept root) 

sp|P25819|CATA2_ARAT
H 

Catalase-2 OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=1 SV=3 (dr c senate nept root) 

F4JM86|F4JM86_ARATH Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1 (dr c senate nept root) 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein OS=Arabidopsis 
thaliana OX=3702 GN=psbC PE=1 SV=3 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein OS=Arabidopsis 
thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|Q9LPW0|G3PA2_ARA
TH 

Glyceraldehyde-3-phosphate dehydrogenase GAPA2  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=GAPA2 PE=2 SV=1 

A0A1P8APR6|A0A1P8AP
R6_ARATH 

Glyceraldehyde-3-phosphate dehydrogenase OS=Arabidopsis 
thaliana OX=3702 GN=GAPA-2 PE=3 SV=1 

sp|Q9ZNZ7|GLTB1_ARA
TH 

Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|Q9LFN6|RH56_ARAT
H 

DEAD-box ATP-dependent RNA helicase 56 
OS=Arabidopsis thaliana OX=3702 GN=RH56 PE=1 SV=2 

sp|Q56XG6|RH15_ARAT
H 

DEAD-box ATP-dependent RNA helicase 15 
OS=Arabidopsis thaliana OX=3702 GN=RH15 PE=1 SV=3 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|Q9SA56|PSAD2_ARAT
H 

Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 SV=1 

sp|Q9S7H1|PSAD1_ARAT
H 

Photosystem I reaction center subunit II-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=psaD1 PE=1 SV=1 

sp|P23321|PSBO1_ARAT
H 

Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 SV=2 
(ur c senate nept root) 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|Q9M3C3|R23A2_ARA
TH 

60S ribosomal protein L23a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=2 SV=1 

A8MS83|A8MS83_ARAT
H 

Ribosomal protein L23AB OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=3 SV=1 

sp|Q8LD46|R23A1_ARAT
H 

60S ribosomal protein L23a-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AA PE=2 SV=2 
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sp|Q8H103|G6PIP_ARAT
H 

Glucose-6-phosphate isomerase 1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PGI1 PE=1 SV=1 

sp|Q9SIB9|ACO3M_ARA
TH 

Aconitate hydratase 3  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=ACO3 PE=1 SV=2 

sp|Q9ZUT9|RS51_ARAT
H 

40S ribosomal protein S5-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPS5A PE=1 SV=1 

sp|P51427|RS52_ARATH 40S ribosomal protein S5-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS5B PE=1 SV=2 

sp|P31414|AVP1_ARATH Pyrophosphate-energized vacuolar membrane proton pump 1 
OS=Arabidopsis thaliana OX=3702 GN=AVP1 PE=1 SV=1 

sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  
chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

Accession Description 
sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 

GN=At1g07660 PE=1 SV=2 
sp|Q9ZUT9|RS51_ARATH 40S ribosomal protein S5-1 OS=Arabidopsis thaliana 

OX=3702 GN=RPS5A PE=1 SV=1 
sp|P51427|RS52_ARATH 40S ribosomal protein S5-2 OS=Arabidopsis thaliana 

OX=3702 GN=RPS5B PE=1 SV=2 
sp|Q9FNN5|NDUV1_ARAT
H 

NADH dehydrogenase [ubiquinone] flavoprotein 1  
mitochondrial OS=Arabidopsis thaliana OX=3702 
GN=At5g08530 PE=1 SV=1 

sp|Q9SIB9|ACO3M_ARAT
H 

Aconitate hydratase 3  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=ACO3 PE=1 SV=2 

sp|P29197|CH60A_ARATH Chaperonin CPN60  mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=CPN60 PE=1 SV=2 (ur senite senate nept root) 

sp|Q9SA56|PSAD2_ARATH Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 SV=1 

sp|Q9SSB5|PRS7A_ARATH 26S proteasome regulatory subunit 7 homolog A 
OS=Arabidopsis thaliana OX=3702 GN=RPT1A PE=1 SV=1 

 

Accession Description 
sp|P25858|G3PC1_ARATH Glyceraldehyde-3-phosphate dehydrogenase GAPC1  

cytosolic OS=Arabidopsis thaliana OX=3702 GN=GAPC1 
PE=1 SV=2 

sp|Q0WL56|EF1A3_ARAT
H 

Elongation factor 1-alpha 3 OS=Arabidopsis thaliana 
OX=3702 GN=A3 PE=1 SV=2 

sp|P0DH99|EF1A1_ARAT
H 

Elongation factor 1-alpha 1 OS=Arabidopsis thaliana 
OX=3702 GN=A1 PE=1 SV=1 

sp|Q8GTY0|EF1A4_ARAT
H 

Elongation factor 1-alpha 4 OS=Arabidopsis thaliana 
OX=3702 GN=A4 PE=1 SV=2 

sp|Q8W4H7|EF1A2_ARAT
H 

Elongation factor 1-alpha 2 OS=Arabidopsis thaliana 
OX=3702 GN=A2 PE=1 SV=2 

 

Accession Description 
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sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 
OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|P25858|G3PC1_ARATH Glyceraldehyde-3-phosphate dehydrogenase GAPC1  
cytosolic OS=Arabidopsis thaliana OX=3702 GN=GAPC1 
PE=1 SV=2 

sp|Q0WL56|EF1A3_ARAT
H 

Elongation factor 1-alpha 3 OS=Arabidopsis thaliana 
OX=3702 GN=A3 PE=1 SV=2 

sp|P0DH99|EF1A1_ARATH Elongation factor 1-alpha 1 OS=Arabidopsis thaliana 
OX=3702 GN=A1 PE=1 SV=1 

sp|Q8GTY0|EF1A4_ARAT
H 

Elongation factor 1-alpha 4 OS=Arabidopsis thaliana 
OX=3702 GN=A4 PE=1 SV=2 

sp|Q8W4H7|EF1A2_ARAT
H 

Elongation factor 1-alpha 2 OS=Arabidopsis thaliana 
OX=3702 GN=A2 PE=1 SV=2 

sp|P83483|ATPBM_ARAT
H 

ATP synthase subunit beta-1  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08670 PE=1 
SV=1 

sp|Q9C5A9|ATPBO_ARAT
H 

ATP synthase subunit beta-3  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08680 PE=1 
SV=1 

sp|P83484|ATPBN_ARATH ATP synthase subunit beta-2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08690 PE=1 
SV=1 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 
sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpA PE=1 SV=1 
sp|Q9SRZ6|ICDHC_ARAT
H 

Cytosolic isocitrate dehydrogenase [NADP] 
OS=Arabidopsis thaliana OX=3702 GN=CICDH PE=1 
SV=1 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2 (dr  senite senate sun root)  

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
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sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 

sp|Q9C5A9|ATPBO_ARAT
H 

ATP synthase subunit beta-3  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08680 PE=1 
SV=1 

sp|P83483|ATPBM_ARAT
H 

ATP synthase subunit beta-1  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08670 PE=1 
SV=1 

sp|P83484|ATPBN_ARATH ATP synthase subunit beta-2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08690 PE=1 
SV=1 

sp|O23254|GLYC4_ARAT
H 

Serine hydroxymethyltransferase 4 OS=Arabidopsis thaliana 
OX=3702 GN=SHM4 PE=1 SV=1 (dr senite senate sun root) 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|Q9SZD4|PRS4A_ARAT
H 

26S proteasome regulatory subunit 4 homolog A 
OS=Arabidopsis thaliana OX=3702 GN=RPT2A PE=1 
SV=1 

Q9M1P5|Q9M1P5_ARATH ADP-ribosylation factor A1E OS=Arabidopsis thaliana 
OX=3702 GN=T17J13.250 PE=2 SV=1 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|Q9C5A9|ATPBO_ARAT
H 

ATP synthase subunit beta-3  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08680 PE=1 
SV=1 

sp|P83483|ATPBM_ARATH ATP synthase subunit beta-1  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08670 PE=1 
SV=1 

sp|P83484|ATPBN_ARATH ATP synthase subunit beta-2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08690 PE=1 
SV=1 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

sp|Q9SZD4|PRS4A_ARAT
H 

26S proteasome regulatory subunit 4 homolog A 
OS=Arabidopsis thaliana OX=3702 GN=RPT2A PE=1 
SV=1 

sp|P41917|RAN2_ARATH GTP-binding nuclear protein Ran-2 OS=Arabidopsis 
thaliana OX=3702 GN=RAN2 PE=1 SV=3 

sp|P41916|RAN1_ARATH GTP-binding nuclear protein Ran-1 OS=Arabidopsis 
thaliana OX=3702 GN=RAN1 PE=1 SV=1 

sp|Q8H156|RAN3_ARATH GTP-binding nuclear protein Ran-3 OS=Arabidopsis 
thaliana OX=3702 GN=RAN3 PE=1 SV=2 
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sp|O23254|GLYC4_ARATH Serine hydroxymethyltransferase 4 OS=Arabidopsis 
thaliana OX=3702 GN=SHM4 PE=1 SV=1 (dr senite nept 
sun  root) 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|Q0WL56|EF1A3_ARAT
H 

Elongation factor 1-alpha 3 OS=Arabidopsis thaliana 
OX=3702 GN=A3 PE=1 SV=2 

sp|P0DH99|EF1A1_ARATH Elongation factor 1-alpha 1 OS=Arabidopsis thaliana 
OX=3702 GN=A1 PE=1 SV=1 

sp|Q8GTY0|EF1A4_ARAT
H 

Elongation factor 1-alpha 4 OS=Arabidopsis thaliana 
OX=3702 GN=A4 PE=1 SV=2 

sp|Q8W4H7|EF1A2_ARAT
H 

Elongation factor 1-alpha 2 OS=Arabidopsis thaliana 
OX=3702 GN=A2 PE=1 SV=2 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

 

Accession Description 
sp|Q9SEI4|PRS6B_ARATH 26S proteasome regulatory subunit 6B homolog 

OS=Arabidopsis thaliana OX=3702 GN=RPT3 PE=1 SV=1 
sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 

GN=At1g07660 PE=1 SV=2 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2  (dr senate nept sun  root) 

sp|P29197|CH60A_ARATH Chaperonin CPN60  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=CPN60 PE=1 SV=2  (ur senate nept 
sun  root) 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

 

Accession Description 
A0A1P8B564|A0A1P8B564
ARATH 

Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1  (ur senite nept  leav root) 

sp|P25819|CATA2_ARATH Catalase-2 OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=1 SV=3  (ur senite nept  leav root) 

F4JM86|F4JM86_ARATH Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1  (ur senite nept  leav root) 

sp|Q93VR3|GME_ARATH GDP-mannose 3 5-epimerase OS=Arabidopsis thaliana 
OX=3702 GN=At5g28840 PE=1 SV=1 
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sp|P25696|ENO2_ARATH Bifunctional enolase 2/transcriptional activator 
OS=Arabidopsis thaliana OX=3702 GN=ENO2 PE=1 SV=1 

sp|Q9SSB5|PRS7A_ARAT
H 

26S proteasome regulatory subunit 7 homolog A 
OS=Arabidopsis thaliana OX=3702 GN=RPT1A PE=1 
SV=1 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1 chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2 (dr senite nept leav root) 

sp|Q9S7C0|HSP7O_ARAT
H 

Heat shock 70 kDa protein 14 OS=Arabidopsis thaliana 
OX=3702 GN=HSP70-14 PE=1 SV=1  (dr senite nept  leav 
root) 

sp|Q9SA56|PSAD2_ARAT
H 

Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 
SV=1 

sp|P59224|RS132_ARATH 40S ribosomal protein S13-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS13B PE=2 SV=1 

sp|P59223|RS131_ARATH 40S ribosomal protein S13-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPS13A PE=2 SV=1 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 
OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 

sp|Q9SRZ6|ICDHC_ARAT
H 

Cytosolic isocitrate dehydrogenase [NADP] 
OS=Arabidopsis thaliana OX=3702 GN=CICDH PE=1 
SV=1 

sp|P51430|RS62_ARATH 40S ribosomal protein S6-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS6B PE=1 SV=3 

sp|Q9SF16|TCPH_ARATH T-complex protein 1 subunit eta OS=Arabidopsis thaliana 
OX=3702 GN=CCT7 PE=1 SV=1 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
F4IVZ7|F4IVZ7_ARATH Rubisco activase OS=Arabidopsis thaliana OX=3702 

GN=RCA PE=1 SV=1 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
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sp|Q9SIF2|HS905_ARATH Heat shock protein 90-5  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=HSP90-5 PE=1 SV=1  (ur senate 
nept leave root) 

sp|Q39102|FTSH1_ARATH ATP-dependent zinc metalloprotease FTSH 1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=FTSH1 PE=1 
SV=2 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|Q9ZNZ7|GLTB1_ARAT
H 

Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|P17745|EFTU_ARATH Elongation factor Tu  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=TUFA PE=1 SV=1 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

A0A2H1ZE23|A0A2H1ZE2
3_ARATH 

Aldehyde dehydrogenase 11A3 OS=Arabidopsis thaliana 
OX=3702 GN=ALDH11A3 PE=1 SV=1 

sp|Q1WIQ6|GAPN_ARAT
H 

NADP-dependent glyceraldehyde-3-phosphate 
dehydrogenase OS=Arabidopsis thaliana OX=3702 
GN=ALDH11A3 PE=1 SV=2 

F4INS6|F4INS6_ARATH Aldehyde dehydrogenase 11A3 OS=Arabidopsis thaliana 
OX=3702 GN=ALDH11A3 PE=1 SV=1 

sp|P62090|PSAC_ARATH Photosystem I iron-sulfur center OS=Arabidopsis thaliana 
OX=3702 GN=psaC PE=3 SV=2 

A0A1P8ANC0|A0A1P8AN
C0_ARATH 

Hydroxypyruvate reductase OS=Arabidopsis thaliana 
OX=3702 GN=HPR PE=3 SV=1 

sp|Q9C9W5|HPR1_ARATH Glycerate dehydrogenase HPR  peroxisomal 
OS=Arabidopsis thaliana OX=3702 GN=HPR PE=1 SV=1 

sp|O65396|GCST_ARATH Aminomethyltransferase  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=GDCST PE=2 SV=1 

A0A2H1ZEA9|A0A2H1ZE
A9_ARATH 

Aminomethyltransferase OS=Arabidopsis thaliana 
OX=3702 GN=At1g11860 PE=3 SV=1 

sp|P31414|AVP1_ARATH Pyrophosphate-energized vacuolar membrane proton pump 
1 OS=Arabidopsis thaliana OX=3702 GN=AVP1 PE=1 
SV=1 

sp|Q8LD46|R23A1_ARAT
H 

60S ribosomal protein L23a-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AA PE=2 SV=2 

A8MS83|A8MS83_ARATH Ribosomal protein L23AB OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=3 SV=1 

sp|Q9M3C3|R23A2_ARAT
H 

60S ribosomal protein L23a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=2 SV=1 

sp|P21238|CPNA1_ARATH Chaperonin 60 subunit alpha 1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=CPN60A1 PE=1 
SV=2  (dr senate nept  leav root) 
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sp|Q9LV33|BGL44_ARAT
H 

Beta-glucosidase 44 OS=Arabidopsis thaliana OX=3702 
GN=BGLU44 PE=2 SV=1 

sp|Q9FLP6|SUMO2_ARAT
H 

Small ubiquitin-related modifier 2 OS=Arabidopsis thaliana 
OX=3702 GN=SUMO2 PE=1 SV=1  (ur senate nept  leav 
root) 

sp|Q9ZUT9|RS51_ARATH 40S ribosomal protein S5-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPS5A PE=1 SV=1 

sp|P51427|RS52_ARATH 40S ribosomal protein S5-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS5B PE=1 SV=2 

sp|Q9SIB9|ACO3M_ARAT
H 

Aconitate hydratase 3  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=ACO3 PE=1 SV=2 

sp|Q9LFN6|RH56_ARATH DEAD-box ATP-dependent RNA helicase 56 
OS=Arabidopsis thaliana OX=3702 GN=RH56 PE=1 SV=2 

sp|Q56XG6|RH15_ARATH DEAD-box ATP-dependent RNA helicase 15 
OS=Arabidopsis thaliana OX=3702 GN=RH15 PE=1 SV=3 

 

Accession Description 
sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpA PE=1 SV=1 
sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 

OX=3702 GN=psbA PE=1 SV=2 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 

OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein OS=Arabidopsis 

thaliana OX=3702 GN=psbB PE=1 SV=1 
 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 
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sp|Q9S7H1|PSAD1_ARAT
H 

Photosystem I reaction center subunit II-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=psaD1 PE=1 SV=1 

sp|Q9SA56|PSAD2_ARAT
H 

Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 
SV=1 

sp|P25857|G3PB_ARATH Glyceraldehyde-3-phosphate dehydrogenase GAPB  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=GAPB PE=1 SV=2 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|Q9ZNZ7|GLTB1_ARAT
H 

Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|P25697|KPPR_ARATH Phosphoribulokinase  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=At1g32060 PE=2 SV=1 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2  (ur senate sun  leav root) 

sp|P56771|CYF_ARATH Cytochrome f OS=Arabidopsis thaliana OX=3702 GN=petA 
PE=3 SV=1 

sp|P31414|AVP1_ARATH Pyrophosphate-energized vacuolar membrane proton pump 1 
OS=Arabidopsis thaliana OX=3702 GN=AVP1 PE=1 SV=1 

 

Accession Description 
sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 

OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 
sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 

OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 

GN=At1g07660 PE=1 SV=2 
sp|Q9LD57|PGKH1_ARAT
H 

Phosphoglycerate kinase 1  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=PGK1 PE=1 SV=1 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 

sp|Q5XF33|CHLI2_ARATH Magnesium-chelatase subunit ChlI-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=CHLI2 PE=1 
SV=1 

sp|P16127|CHLI1_ARATH Magnesium-chelatase subunit ChlI-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=CHLI1 PE=1 
SV=1 
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sp|Q56YA5|SGAT_ARATH Serine--glyoxylate aminotransferase OS=Arabidopsis 
thaliana OX=3702 GN=AGT1 PE=1 SV=2  (dr c senite sun  
leav) 

 

Accession Description 
sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 

OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 
sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 

GN=At1g07660 PE=1 SV=2 
sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 

OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
sp|Q9SI75|EFGC_ARATH Elongation factor G  chloroplastic OS=Arabidopsis thaliana 

OX=3702 GN=CPEFG PE=1 SV=1 
sp|P53492|ACT7_ARATH Actin-7 OS=Arabidopsis thaliana OX=3702 GN=ACT7 

PE=1 SV=1 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P17745|EFTU_ARATH Elongation factor Tu  chloroplastic OS=Arabidopsis thaliana 

OX=3702 GN=TUFA PE=1 SV=1 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

 

Accession Description 
sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 

OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
sp|P41916|RAN1_ARATH GTP-binding nuclear protein Ran-1 OS=Arabidopsis 

thaliana OX=3702 GN=RAN1 PE=1 SV=1 
sp|P41917|RAN2_ARATH GTP-binding nuclear protein Ran-2 OS=Arabidopsis 

thaliana OX=3702 GN=RAN2 PE=1 SV=3 
sp|Q8H156|RAN3_ARATH GTP-binding nuclear protein Ran-3 OS=Arabidopsis 

thaliana OX=3702 GN=RAN3 PE=1 SV=2 
sp|Q9C5A9|ATPBO_ARAT
H 

ATP synthase subunit beta-3  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08680 PE=1 
SV=1 

sp|P83483|ATPBM_ARAT
H 

ATP synthase subunit beta-1  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08670 PE=1 
SV=1 

sp|P83484|ATPBN_ARATH ATP synthase subunit beta-2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08690 PE=1 
SV=1 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|P55229|GLGL1_ARATH Glucose-1-phosphate adenylyltransferase large subunit 1  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=ADG2 PE=1 SV=3 



180 
 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|Q9ZNZ7|GLTB1_ARAT
H 

Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|Q8W593|LGUC_ARATH Probable lactoylglutathione lyase  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=At1g67280 PE=1 
SV=1 

sp|Q8LD46|R23A1_ARAT
H 

60S ribosomal protein L23a-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AA PE=2 SV=2 

sp|Q9M3C3|R23A2_ARAT
H 

60S ribosomal protein L23a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=2 SV=1 

A8MS83|A8MS83_ARATH Ribosomal protein L23AB OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=3 SV=1 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 

sp|P25697|KPPR_ARATH Phosphoribulokinase  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=At1g32060 PE=2 SV=1 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

 

Accession Description 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase 

activase  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=RCA PE=1 SV=2 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC 
PE=1 SV=3 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB 
PE=1 SV=1 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=atpB 
PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA 
PE=2 SV=1 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB 
PE=3 SV=1 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=atpA 
PE=1 SV=1 
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sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|Q9S7H1|PSAD1_ARATH Photosystem I reaction center subunit II-1  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=psaD1 PE=1 SV=1 

sp|Q9SA56|PSAD2_ARATH Photosystem I reaction center subunit II-2  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=PSAD2 PE=1 SV=1 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis 
thaliana OX=3702 GN=psbD PE=1 SV=3 

sp|P62090|PSAC_ARATH Photosystem I iron-sulfur center OS=Arabidopsis 
thaliana OX=3702 GN=psaC PE=3 SV=2 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=PSBO1 PE=1 SV=2  (dr senite nept sun  leav) 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis 
thaliana OX=3702 GN=psbA PE=1 SV=2 

sp|Q9SEI4|PRS6B_ARATH 26S proteasome regulatory subunit 6B homolog 
OS=Arabidopsis thaliana OX=3702 GN=RPT3 
PE=1 SV=1 

sp|Q9S7E4|FDH_ARATH Formate dehydrogenase  
chloroplastic/mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=FDH1 PE=1 SV=1 

A0A1P8B9N1|A0A1P8B9N1_ARAT
H 

Formate dehydrogenase  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=FDH 
PE=3 SV=1 

A0A1P8B9L1|A0A1P8B9L1_ARAT
H 

Formate dehydrogenase  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=FDH 
PE=3 SV=1 

sp|P25857|G3PB_ARATH Glyceraldehyde-3-phosphate dehydrogenase 
GAPB  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=GAPB PE=1 SV=2 

sp|P31414|AVP1_ARATH Pyrophosphate-energized vacuolar membrane 
proton pump 1 OS=Arabidopsis thaliana OX=3702 
GN=AVP1 PE=1 SV=1 

sp|O23654|VATA_ARATH V-type proton ATPase catalytic subunit A 
OS=Arabidopsis thaliana OX=3702 GN=VHA-A 
PE=1 SV=1 

sp|O03042|RBL_ARATH 
 
 
 

Ribulose bisphosphate carboxylase large chain 
OS=Arabidopsis thaliana OX=3702 GN=rbcL 
PE=1 SV=1 

  

Accession Description   
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
F4IVZ7|F4IVZ7_ARATH Rubisco activase OS=Arabidopsis thaliana OX=3702 

GN=RCA PE=1 SV=1 
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sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=RCA PE=1 SV=2 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 
SV=1 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 
SV=1 

sp|P25857|G3PB_ARATH Glyceraldehyde-3-phosphate dehydrogenase GAPB  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=GAPB PE=1 SV=2 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

sp|Q9ZNZ7|GLTB1_ARATH Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|Q9S7H1|PSAD1_ARATH Photosystem I reaction center subunit II-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=psaD1 PE=1 
SV=1 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|Q9SIF2|HS905_ARATH Heat shock protein 90-5  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=HSP90-5 PE=1 SV=1 (ur c senite 
nept leav) 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|P27323|HS901_ARATH Heat shock protein 90-1 OS=Arabidopsis thaliana 
OX=3702 GN=HSP90-1 PE=1 SV=3 (ur c senite nept leav) 

sp|Q9SI75|EFGC_ARATH Elongation factor G  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=CPEFG PE=1 SV=1 

sp|Q43127|GLNA2_ARATH Glutamine synthetase  chloroplastic/mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=GLN2 PE=1 
SV=1 

A0A1P8ANC0|A0A1P8ANC
0_ARATH 

Hydroxypyruvate reductase OS=Arabidopsis thaliana 
OX=3702 GN=HPR PE=3 SV=1 

sp|Q9C9W5|HPR1_ARATH Glycerate dehydrogenase HPR  peroxisomal 
OS=Arabidopsis thaliana OX=3702 GN=HPR PE=1 SV=1 

sp|Q9SA52|CP41B_ARATH Chloroplast stem-loop binding protein of 41 kDa b  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=CSP41B PE=1 SV=1 

A0A1P8ATL2|A0A1P8ATL2
_ARATH 

Chloroplast RNA binding protein OS=Arabidopsis 
thaliana OX=3702 GN=CRB PE=4 SV=1 

sp|Q93VR3|GME_ARATH GDP-mannose 3 5-epimerase OS=Arabidopsis thaliana 
OX=3702 GN=At5g28840 PE=1 SV=1 
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sp|Q56YA5|SGAT_ARATH Serine--glyoxylate aminotransferase OS=Arabidopsis 
thaliana OX=3702 GN=AGT1 PE=1 SV=2  (ur c senite 
nept leav) 

sp|P34788|RS18_ARATH 40S ribosomal protein S18 OS=Arabidopsis thaliana 
OX=3702 GN=RPS18A PE=1 SV=1 

sp|Q93W22|RL103_ARATH 60S ribosomal protein L10-3 OS=Arabidopsis thaliana 
OX=3702 GN=RPL10C PE=2 SV=1 

sp|Q9LZH9|RL7A2_ARATH 60S ribosomal protein L7a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL7AB PE=2 SV=1 

sp|P56771|CYF_ARATH Cytochrome f OS=Arabidopsis thaliana OX=3702 
GN=petA PE=3 SV=1 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 
SV=3 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

A8MS83|A8MS83_ARATH Ribosomal protein L23AB OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=3 SV=1 

sp|Q9M3C3|R23A2_ARATH 60S ribosomal protein L23a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=2 SV=1 

sp|Q8LD46|R23A1_ARATH 60S ribosomal protein L23a-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AA PE=2 SV=2 

sp|P42794|RL112_ARATH 60S ribosomal protein L11-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL11B PE=2 SV=2 

sp|P42795|RL111_ARATH 60S ribosomal protein L11-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL11A PE=2 SV=2 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2  (ur c senite nept leav) 

sp|Q9FLP6|SUMO2_ARATH Small ubiquitin-related modifier 2 OS=Arabidopsis 
thaliana OX=3702 GN=SUMO2 PE=1 SV=1 (dr c senite 
nept leav) 

sp|P21238|CPNA1_ARATH Chaperonin 60 subunit alpha 1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=CPN60A1 PE=1 
SV=2  (ur c senite nept sun) 

sp|O65396|GCST_ARATH Aminomethyltransferase  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=GDCST PE=2 SV=1 

A0A2H1ZEA9|A0A2H1ZEA
9_ARATH 

Aminomethyltransferase OS=Arabidopsis thaliana 
OX=3702 GN=At1g11860 PE=3 SV=1 

sp|Q8W593|LGUC_ARATH Probable lactoylglutathione lyase  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=At1g67280 PE=1 
SV=1 

sp|Q07473|CB4A_ARATH Chlorophyll a-b binding protein CP29.1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=LHCB4.1 PE=1 
SV=1 

A0A1P8B564|A0A1P8B564_
ARATH 

Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1  (ur c senite nept leav) 

sp|P25819|CATA2_ARATH Catalase-2 OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=1 SV=3  (ur c senite nept leav) 
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F4JM86|F4JM86_ARATH Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1  (ur c senite nept leav) 

sp|P41916|RAN1_ARATH GTP-binding nuclear protein Ran-1 OS=Arabidopsis 
thaliana OX=3702 GN=RAN1 PE=1 SV=1 

sp|P41917|RAN2_ARATH GTP-binding nuclear protein Ran-2 OS=Arabidopsis 
thaliana OX=3702 GN=RAN2 PE=1 SV=3 

sp|Q8H156|RAN3_ARATH GTP-binding nuclear protein Ran-3 OS=Arabidopsis 
thaliana OX=3702 GN=RAN3 PE=1 SV=2 

Q2V3Q0|Q2V3Q0_ARATH Proteasome subunit alpha type OS=Arabidopsis thaliana 
OX=3702 GN=PAD1 PE=3 SV=1 

sp|P30186|PSA7A_ARATH Proteasome subunit alpha type-7-A OS=Arabidopsis 
thaliana OX=3702 GN=PAD1 PE=1 SV=1 

sp|P62090|PSAC_ARATH Photosystem I iron-sulfur center OS=Arabidopsis thaliana 
OX=3702 GN=psaC PE=3 SV=2 

 

 

Accession Description – Aradopsis thaliana 
sp|P29511|TBA6_ARATH Tubulin alpha-6 chain OS=Arabidopsis thaliana OX=3702 

GN=TUBA6 PE=1 SV=1 
sp|Q0WV25|TBA4_ARAT
H 

Tubulin alpha-4 chain OS=Arabidopsis thaliana OX=3702 
GN=TUBA4 PE=2 SV=2 

sp|B9DGT7|TBA2_ARAT
H 

Tubulin alpha-2 chain OS=Arabidopsis thaliana OX=3702 
GN=TUBA2 PE=2 SV=2 

A0A1P8B4W3|A0A1P8B4
W3_ARATH 

1 2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 
OS=Arabidopsis thaliana OX=3702 GN=ARD1 PE=3 SV=1 

sp|Q8GXE2|MTND2_ARA
TH 

1 2-dihydroxy-3-keto-5-methylthiopentene dioxygenase 2 
OS=Arabidopsis thaliana OX=3702 GN=ARD2 PE=2 SV=1 

sp|P49040|SUS1_ARATH Sucrose synthase 1 OS=Arabidopsis thaliana OX=3702 
GN=SUS1 PE=1 SV=3  (ur c senate nept leav) 

sp|P27323|HS901_ARATH Heat shock protein 90-1 OS=Arabidopsis thaliana OX=3702 
GN=HSP90-1 PE=1 SV=3  (ur c senate nept leav) 

sp|Q9STX5|ENPL_ARAT
H 

Endoplasmin homolog OS=Arabidopsis thaliana OX=3702 
GN=HSP90-7 PE=1 SV=1 

F4JQ55|F4JQ55_ARATH Chaperone protein htpG family protein OS=Arabidopsis 
thaliana OX=3702 GN=SHD PE=1 SV=1  (ur c senate nept 
leav) 

sp|Q8VYF1|RL152_ARAT
H 

60S ribosomal protein L15-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL15B PE=2 SV=1 

sp|O23515|RL151_ARATH 60S ribosomal protein L15-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL15A PE=2 SV=1 

sp|Q56WH1|TBA3_ARAT
H 

Tubulin alpha-3 chain OS=Arabidopsis thaliana OX=3702 
GN=TUBA3 PE=1 SV=2 

sp|B9DHQ0|TBA5_ARAT
H 

Tubulin alpha-5 chain OS=Arabidopsis thaliana OX=3702 
GN=TUBA5 PE=1 SV=2 

sp|Q9LIK9|APS1_ARATH ATP sulfurylase 1  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=APS1 PE=1 SV=1  (dr c senate nept leav) 



185 
 

sp|Q9LHA8|MD37C_ARA
TH 

Probable mediator of RNA polymerase II transcription 
subunit 37c OS=Arabidopsis thaliana OX=3702 
GN=MED37C PE=1 SV=1 

sp|Q9LZH9|RL7A2_ARAT
H 

60S ribosomal protein L7a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL7AB PE=2 SV=1 

sp|P93285|COX2_ARATH Cytochrome c oxidase subunit 2 OS=Arabidopsis thaliana 
OX=3702 GN=COX2 PE=1 SV=2 

sp|Q42564|APX3_ARATH L-ascorbate peroxidase 3 OS=Arabidopsis thaliana OX=3702 
GN=APX3 PE=1 SV=1  (dr c senate nept leav) 

sp|Q9LIK0|PKP1_ARATH Plastidial pyruvate kinase 1  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=PKP1 PE=1 SV=1 

sp|P49693|RL193_ARATH 60S ribosomal protein L19-3 OS=Arabidopsis thaliana 
OX=3702 GN=RPL19C PE=2 SV=3 

sp|Q04836|CP31A_ARAT
H 

31 kDa ribonucleoprotein  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=CP31A PE=1 SV=1 

F4IVR2|F4IVR2_ARATH Heat shock protein 60-2 OS=Arabidopsis thaliana OX=3702 
GN=HSP60-2 PE=1 SV=1  (dr c senate nept leav) 

sp|Q8L7B5|CH60B_ARAT
H 

Chaperonin CPN60-like 1  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=At2g33210 PE=1 SV=1  (dr c senate 
nept leav) 

sp|Q8RUF8|NILP3_ARAT
H 

Omega-amidase  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=NLP3 PE=1 SV=1 

sp|Q9LXL5|SUS4_ARATH Sucrose synthase 4 OS=Arabidopsis thaliana OX=3702 
GN=SUS4 PE=1 SV=1  (ur c senate nept leav) 

sp|Q8L7K9|MAO2_ARAT
H 

NAD-dependent malic enzyme 2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=NAD-ME2 PE=1 
SV=1 

sp|Q39085|DIM_ARATH Delta(24)-sterol reductase OS=Arabidopsis thaliana 
OX=3702 GN=DIM PE=1 SV=2 

F4IS32|F4IS32_ARATH Acyl-[acyl-carrier-protein] desaturase OS=Arabidopsis 
thaliana OX=3702 GN=SSI2 PE=1 SV=1 

sp|O22832|STAD7_ARAT
H 

Stearoyl-[acyl-carrier-protein] 9-desaturase 7  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=FAB2 PE=1 SV=1 

sp|Q9LH76|RHM3_ARAT
H 

Trifunctional UDP-glucose 4 6-dehydratase/UDP-4-keto-6-
deoxy-D-glucose 3 5-epimerase/UDP-4-keto-L-rhamnose-
reductase RHM3 OS=Arabidopsis thaliana OX=3702 
GN=RHM3 PE=2 SV=1 

A0A1I9LN83|A0A1I9LN8
3_ARATH 

Rhamnose biosynthesis 3 OS=Arabidopsis thaliana OX=3702 
GN=RHM3 PE=4 SV=1 

sp|Q9M1B9|SCRK4_ARA
TH 

Probable fructokinase-4 OS=Arabidopsis thaliana OX=3702 
GN=At3g59480 PE=2 SV=1 

sp|O82191|MAOP1_ARAT
H 

NADP-dependent malic enzyme 1 OS=Arabidopsis thaliana 
OX=3702 GN=NADP-ME1 PE=1 SV=1 

sp|Q9FLP6|SUMO2_ARA
TH 

Small ubiquitin-related modifier 2 OS=Arabidopsis thaliana 
OX=3702 GN=SUMO2 PE=1 SV=1  (dr c senate nept leav) 

sp|Q42560|ACO1_ARATH Aconitate hydratase 1 OS=Arabidopsis thaliana OX=3702 
GN=ACO1 PE=1 SV=2 
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Accession Description 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein OS=Arabidopsis 

thaliana OX=3702 GN=psbB PE=1 SV=1 
F4IVZ7|F4IVZ7_ARATH Rubisco activase OS=Arabidopsis thaliana OX=3702 

GN=RCA PE=1 SV=1 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 

 

Accession Description 
sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 

OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 
sp|Q8H103|G6PIP_ARATH Glucose-6-phosphate isomerase 1  chloroplastic 

OS=Arabidopsis thaliana OX=3702 GN=PGI1 PE=1 SV=1 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 
sp|O23254|GLYC4_ARAT
H 

Serine hydroxymethyltransferase 4 OS=Arabidopsis thaliana 
OX=3702 GN=SHM4 PE=1 SV=1 (ur senite senate sun leav) 

sp|Q05758|ILV5_ARATH Ketol-acid reductoisomerase  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=At3g58610 PE=1 SV=2 

sp|P55228|GLGS_ARATH Glucose-1-phosphate adenylyltransferase small subunit  
chloroplastic OS=Arabidopsis thaliana OX=3702 GN=APS1 
PE=2 SV=2 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 

OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein OS=Arabidopsis 

thaliana OX=3702 GN=psbC PE=1 SV=3 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein OS=Arabidopsis 

thaliana OX=3702 GN=psbB PE=1 SV=1 
sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 

OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 

GN=At1g07660 PE=1 SV=2 
sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 

OX=3702 GN=psbA PE=1 SV=2 
sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpA PE=1 SV=1 
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sp|O23627|SYGM1_ARA
TH 

Glycine--tRNA ligase  mitochondrial 1 OS=Arabidopsis 
thaliana OX=3702 GN=At1g29880 PE=1 SV=1 

sp|P23321|PSBO1_ARAT
H 

Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 SV=2 
(ur c senite nept root) 

sp|Q9SA56|PSAD2_ARAT
H 

Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 SV=1 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|Q9LFN6|RH56_ARAT
H 

DEAD-box ATP-dependent RNA helicase 56 
OS=Arabidopsis thaliana OX=3702 GN=RH56 PE=1 SV=2 

sp|Q56XG6|RH15_ARAT
H 

DEAD-box ATP-dependent RNA helicase 15 
OS=Arabidopsis thaliana OX=3702 GN=RH15 PE=1 SV=3 

sp|P17745|EFTU_ARATH Elongation factor Tu  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=TUFA PE=1 SV=1 

A0A1P8B564|A0A1P8B56
4_ARATH 

Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1 (dr c senite nept root) 

sp|P25819|CATA2_ARAT
H 

Catalase-2 OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=1 SV=3 (dr c senite nept root) 

F4JM86|F4JM86_ARATH Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1 (dr c senite nept root) 

sp|P51430|RS62_ARATH 40S ribosomal protein S6-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS6B PE=1 SV=3 

F4K5C7|F4K5C7_ARATH 40S ribosomal protein S4 OS=Arabidopsis thaliana OX=3702 
GN=At5g07090 PE=3 SV=1 

sp|Q93VH9|RS41_ARAT
H 

40S ribosomal protein S4-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPS4A PE=2 SV=1 

sp|Q8VYK6|RS43_ARAT
H 

40S ribosomal protein S4-3 OS=Arabidopsis thaliana 
OX=3702 GN=RPS4D PE=2 SV=2 

sp|P49204|RS42_ARATH 40S ribosomal protein S4-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS4B PE=2 SV=4 

sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  
chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
A0A1P8B564|A0A1P8B56
4_ARATH 

Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1 (dr c senate nept root) 

sp|P25819|CATA2_ARAT
H 

Catalase-2 OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=1 SV=3 (dr c senate nept root) 

F4JM86|F4JM86_ARATH Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1 (dr c senate nept root) 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 



188 
 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein OS=Arabidopsis 
thaliana OX=3702 GN=psbC PE=1 SV=3 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein OS=Arabidopsis 
thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|Q9LPW0|G3PA2_ARA
TH 

Glyceraldehyde-3-phosphate dehydrogenase GAPA2  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=GAPA2 PE=2 SV=1 

A0A1P8APR6|A0A1P8AP
R6_ARATH 

Glyceraldehyde-3-phosphate dehydrogenase OS=Arabidopsis 
thaliana OX=3702 GN=GAPA-2 PE=3 SV=1 

sp|Q9ZNZ7|GLTB1_ARA
TH 

Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|Q9LFN6|RH56_ARAT
H 

DEAD-box ATP-dependent RNA helicase 56 
OS=Arabidopsis thaliana OX=3702 GN=RH56 PE=1 SV=2 

sp|Q56XG6|RH15_ARAT
H 

DEAD-box ATP-dependent RNA helicase 15 
OS=Arabidopsis thaliana OX=3702 GN=RH15 PE=1 SV=3 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|Q9SA56|PSAD2_ARAT
H 

Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 SV=1 

sp|Q9S7H1|PSAD1_ARAT
H 

Photosystem I reaction center subunit II-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=psaD1 PE=1 SV=1 

sp|P23321|PSBO1_ARAT
H 

Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 SV=2 
(ur c senate nept root) 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|Q9M3C3|R23A2_ARA
TH 

60S ribosomal protein L23a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=2 SV=1 

A8MS83|A8MS83_ARAT
H 

Ribosomal protein L23AB OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=3 SV=1 

sp|Q8LD46|R23A1_ARAT
H 

60S ribosomal protein L23a-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AA PE=2 SV=2 

sp|Q8H103|G6PIP_ARAT
H 

Glucose-6-phosphate isomerase 1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PGI1 PE=1 SV=1 

sp|Q9SIB9|ACO3M_ARA
TH 

Aconitate hydratase 3  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=ACO3 PE=1 SV=2 

sp|Q9ZUT9|RS51_ARAT
H 

40S ribosomal protein S5-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPS5A PE=1 SV=1 

sp|P51427|RS52_ARATH 40S ribosomal protein S5-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS5B PE=1 SV=2 

sp|P31414|AVP1_ARATH Pyrophosphate-energized vacuolar membrane proton pump 1 
OS=Arabidopsis thaliana OX=3702 GN=AVP1 PE=1 SV=1 
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sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  
chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

Accession Description 
sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 

GN=At1g07660 PE=1 SV=2 
sp|Q9ZUT9|RS51_ARATH 40S ribosomal protein S5-1 OS=Arabidopsis thaliana 

OX=3702 GN=RPS5A PE=1 SV=1 
sp|P51427|RS52_ARATH 40S ribosomal protein S5-2 OS=Arabidopsis thaliana 

OX=3702 GN=RPS5B PE=1 SV=2 
sp|Q9FNN5|NDUV1_ARAT
H 

NADH dehydrogenase [ubiquinone] flavoprotein 1  
mitochondrial OS=Arabidopsis thaliana OX=3702 
GN=At5g08530 PE=1 SV=1 

sp|Q9SIB9|ACO3M_ARAT
H 

Aconitate hydratase 3  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=ACO3 PE=1 SV=2 

sp|P29197|CH60A_ARATH Chaperonin CPN60  mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=CPN60 PE=1 SV=2 (ur senite senate nept root) 

sp|Q9SA56|PSAD2_ARATH Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 SV=1 

sp|Q9SSB5|PRS7A_ARATH 26S proteasome regulatory subunit 7 homolog A 
OS=Arabidopsis thaliana OX=3702 GN=RPT1A PE=1 SV=1 

 

Accession Description 
sp|P25858|G3PC1_ARATH Glyceraldehyde-3-phosphate dehydrogenase GAPC1  

cytosolic OS=Arabidopsis thaliana OX=3702 GN=GAPC1 
PE=1 SV=2 

sp|Q0WL56|EF1A3_ARAT
H 

Elongation factor 1-alpha 3 OS=Arabidopsis thaliana 
OX=3702 GN=A3 PE=1 SV=2 

sp|P0DH99|EF1A1_ARAT
H 

Elongation factor 1-alpha 1 OS=Arabidopsis thaliana 
OX=3702 GN=A1 PE=1 SV=1 

sp|Q8GTY0|EF1A4_ARAT
H 

Elongation factor 1-alpha 4 OS=Arabidopsis thaliana 
OX=3702 GN=A4 PE=1 SV=2 

sp|Q8W4H7|EF1A2_ARAT
H 

Elongation factor 1-alpha 2 OS=Arabidopsis thaliana 
OX=3702 GN=A2 PE=1 SV=2 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 



190 
 

sp|P25858|G3PC1_ARATH Glyceraldehyde-3-phosphate dehydrogenase GAPC1  
cytosolic OS=Arabidopsis thaliana OX=3702 GN=GAPC1 
PE=1 SV=2 

sp|Q0WL56|EF1A3_ARAT
H 

Elongation factor 1-alpha 3 OS=Arabidopsis thaliana 
OX=3702 GN=A3 PE=1 SV=2 

sp|P0DH99|EF1A1_ARATH Elongation factor 1-alpha 1 OS=Arabidopsis thaliana 
OX=3702 GN=A1 PE=1 SV=1 

sp|Q8GTY0|EF1A4_ARAT
H 

Elongation factor 1-alpha 4 OS=Arabidopsis thaliana 
OX=3702 GN=A4 PE=1 SV=2 

sp|Q8W4H7|EF1A2_ARAT
H 

Elongation factor 1-alpha 2 OS=Arabidopsis thaliana 
OX=3702 GN=A2 PE=1 SV=2 

sp|P83483|ATPBM_ARAT
H 

ATP synthase subunit beta-1  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08670 PE=1 
SV=1 

sp|Q9C5A9|ATPBO_ARAT
H 

ATP synthase subunit beta-3  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08680 PE=1 
SV=1 

sp|P83484|ATPBN_ARATH ATP synthase subunit beta-2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08690 PE=1 
SV=1 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 
sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpA PE=1 SV=1 
sp|Q9SRZ6|ICDHC_ARAT
H 

Cytosolic isocitrate dehydrogenase [NADP] 
OS=Arabidopsis thaliana OX=3702 GN=CICDH PE=1 
SV=1 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2 (dr  senite senate sun root)  

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 

sp|Q9C5A9|ATPBO_ARAT
H 

ATP synthase subunit beta-3  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08680 PE=1 
SV=1 

sp|P83483|ATPBM_ARAT
H 

ATP synthase subunit beta-1  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08670 PE=1 
SV=1 
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sp|P83484|ATPBN_ARATH ATP synthase subunit beta-2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08690 PE=1 
SV=1 

sp|O23254|GLYC4_ARAT
H 

Serine hydroxymethyltransferase 4 OS=Arabidopsis thaliana 
OX=3702 GN=SHM4 PE=1 SV=1 (dr senite senate sun root) 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|Q9SZD4|PRS4A_ARAT
H 

26S proteasome regulatory subunit 4 homolog A 
OS=Arabidopsis thaliana OX=3702 GN=RPT2A PE=1 
SV=1 

Q9M1P5|Q9M1P5_ARATH ADP-ribosylation factor A1E OS=Arabidopsis thaliana 
OX=3702 GN=T17J13.250 PE=2 SV=1 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|Q9C5A9|ATPBO_ARAT
H 

ATP synthase subunit beta-3  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08680 PE=1 
SV=1 

sp|P83483|ATPBM_ARATH ATP synthase subunit beta-1  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08670 PE=1 
SV=1 

sp|P83484|ATPBN_ARATH ATP synthase subunit beta-2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08690 PE=1 
SV=1 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

sp|Q9SZD4|PRS4A_ARAT
H 

26S proteasome regulatory subunit 4 homolog A 
OS=Arabidopsis thaliana OX=3702 GN=RPT2A PE=1 
SV=1 

sp|P41917|RAN2_ARATH GTP-binding nuclear protein Ran-2 OS=Arabidopsis 
thaliana OX=3702 GN=RAN2 PE=1 SV=3 

sp|P41916|RAN1_ARATH GTP-binding nuclear protein Ran-1 OS=Arabidopsis 
thaliana OX=3702 GN=RAN1 PE=1 SV=1 

sp|Q8H156|RAN3_ARATH GTP-binding nuclear protein Ran-3 OS=Arabidopsis 
thaliana OX=3702 GN=RAN3 PE=1 SV=2 

sp|O23254|GLYC4_ARATH Serine hydroxymethyltransferase 4 OS=Arabidopsis 
thaliana OX=3702 GN=SHM4 PE=1 SV=1 (dr senite nept 
sun  root) 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|Q0WL56|EF1A3_ARAT
H 

Elongation factor 1-alpha 3 OS=Arabidopsis thaliana 
OX=3702 GN=A3 PE=1 SV=2 
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sp|P0DH99|EF1A1_ARATH Elongation factor 1-alpha 1 OS=Arabidopsis thaliana 
OX=3702 GN=A1 PE=1 SV=1 

sp|Q8GTY0|EF1A4_ARAT
H 

Elongation factor 1-alpha 4 OS=Arabidopsis thaliana 
OX=3702 GN=A4 PE=1 SV=2 

sp|Q8W4H7|EF1A2_ARAT
H 

Elongation factor 1-alpha 2 OS=Arabidopsis thaliana 
OX=3702 GN=A2 PE=1 SV=2 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

 

Accession Description 
sp|Q9SEI4|PRS6B_ARATH 26S proteasome regulatory subunit 6B homolog 

OS=Arabidopsis thaliana OX=3702 GN=RPT3 PE=1 SV=1 
sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 

GN=At1g07660 PE=1 SV=2 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2  (dr senate nept sun  root) 

sp|P29197|CH60A_ARATH Chaperonin CPN60  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=CPN60 PE=1 SV=2  (ur senate nept 
sun  root) 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

 

Accession Description 
A0A1P8B564|A0A1P8B564
ARATH 

Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1  (ur senite nept  leav root) 

sp|P25819|CATA2_ARATH Catalase-2 OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=1 SV=3  (ur senite nept  leav root) 

F4JM86|F4JM86_ARATH Catalase OS=Arabidopsis thaliana OX=3702 GN=CAT2 
PE=3 SV=1  (ur senite nept  leav root) 

sp|Q93VR3|GME_ARATH GDP-mannose 3 5-epimerase OS=Arabidopsis thaliana 
OX=3702 GN=At5g28840 PE=1 SV=1 

sp|P25696|ENO2_ARATH Bifunctional enolase 2/transcriptional activator 
OS=Arabidopsis thaliana OX=3702 GN=ENO2 PE=1 SV=1 

sp|Q9SSB5|PRS7A_ARAT
H 

26S proteasome regulatory subunit 7 homolog A 
OS=Arabidopsis thaliana OX=3702 GN=RPT1A PE=1 
SV=1 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1 chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2 (dr senite nept leav root) 
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sp|Q9S7C0|HSP7O_ARAT
H 

Heat shock 70 kDa protein 14 OS=Arabidopsis thaliana 
OX=3702 GN=HSP70-14 PE=1 SV=1  (dr senite nept  leav 
root) 

sp|Q9SA56|PSAD2_ARAT
H 

Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 
SV=1 

sp|P59224|RS132_ARATH 40S ribosomal protein S13-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS13B PE=2 SV=1 

sp|P59223|RS131_ARATH 40S ribosomal protein S13-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPS13A PE=2 SV=1 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 
OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 

sp|Q9SRZ6|ICDHC_ARAT
H 

Cytosolic isocitrate dehydrogenase [NADP] 
OS=Arabidopsis thaliana OX=3702 GN=CICDH PE=1 
SV=1 

sp|P51430|RS62_ARATH 40S ribosomal protein S6-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS6B PE=1 SV=3 

sp|Q9SF16|TCPH_ARATH T-complex protein 1 subunit eta OS=Arabidopsis thaliana 
OX=3702 GN=CCT7 PE=1 SV=1 

 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
F4IVZ7|F4IVZ7_ARATH Rubisco activase OS=Arabidopsis thaliana OX=3702 

GN=RCA PE=1 SV=1 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

sp|Q9SIF2|HS905_ARATH Heat shock protein 90-5  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=HSP90-5 PE=1 SV=1  (ur senate 
nept leave root) 

sp|Q39102|FTSH1_ARATH ATP-dependent zinc metalloprotease FTSH 1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=FTSH1 PE=1 
SV=2 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 
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sp|Q9ZNZ7|GLTB1_ARAT
H 

Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|P17745|EFTU_ARATH Elongation factor Tu  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=TUFA PE=1 SV=1 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

A0A2H1ZE23|A0A2H1ZE2
3_ARATH 

Aldehyde dehydrogenase 11A3 OS=Arabidopsis thaliana 
OX=3702 GN=ALDH11A3 PE=1 SV=1 

sp|Q1WIQ6|GAPN_ARAT
H 

NADP-dependent glyceraldehyde-3-phosphate 
dehydrogenase OS=Arabidopsis thaliana OX=3702 
GN=ALDH11A3 PE=1 SV=2 

F4INS6|F4INS6_ARATH Aldehyde dehydrogenase 11A3 OS=Arabidopsis thaliana 
OX=3702 GN=ALDH11A3 PE=1 SV=1 

sp|P62090|PSAC_ARATH Photosystem I iron-sulfur center OS=Arabidopsis thaliana 
OX=3702 GN=psaC PE=3 SV=2 

A0A1P8ANC0|A0A1P8AN
C0_ARATH 

Hydroxypyruvate reductase OS=Arabidopsis thaliana 
OX=3702 GN=HPR PE=3 SV=1 

sp|Q9C9W5|HPR1_ARATH Glycerate dehydrogenase HPR  peroxisomal 
OS=Arabidopsis thaliana OX=3702 GN=HPR PE=1 SV=1 

sp|O65396|GCST_ARATH Aminomethyltransferase  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=GDCST PE=2 SV=1 

A0A2H1ZEA9|A0A2H1ZE
A9_ARATH 

Aminomethyltransferase OS=Arabidopsis thaliana 
OX=3702 GN=At1g11860 PE=3 SV=1 

sp|P31414|AVP1_ARATH Pyrophosphate-energized vacuolar membrane proton pump 
1 OS=Arabidopsis thaliana OX=3702 GN=AVP1 PE=1 
SV=1 

sp|Q8LD46|R23A1_ARAT
H 

60S ribosomal protein L23a-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AA PE=2 SV=2 

A8MS83|A8MS83_ARATH Ribosomal protein L23AB OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=3 SV=1 

sp|Q9M3C3|R23A2_ARAT
H 

60S ribosomal protein L23a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=2 SV=1 

sp|P21238|CPNA1_ARATH Chaperonin 60 subunit alpha 1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=CPN60A1 PE=1 
SV=2  (dr senate nept  leav root) 

sp|Q9LV33|BGL44_ARAT
H 

Beta-glucosidase 44 OS=Arabidopsis thaliana OX=3702 
GN=BGLU44 PE=2 SV=1 

sp|Q9FLP6|SUMO2_ARAT
H 

Small ubiquitin-related modifier 2 OS=Arabidopsis thaliana 
OX=3702 GN=SUMO2 PE=1 SV=1  (ur senate nept  leav 
root) 

sp|Q9ZUT9|RS51_ARATH 40S ribosomal protein S5-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPS5A PE=1 SV=1 

sp|P51427|RS52_ARATH 40S ribosomal protein S5-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPS5B PE=1 SV=2 
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sp|Q9SIB9|ACO3M_ARAT
H 

Aconitate hydratase 3  mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=ACO3 PE=1 SV=2 

sp|Q9LFN6|RH56_ARATH DEAD-box ATP-dependent RNA helicase 56 
OS=Arabidopsis thaliana OX=3702 GN=RH56 PE=1 SV=2 

sp|Q56XG6|RH15_ARATH DEAD-box ATP-dependent RNA helicase 15 
OS=Arabidopsis thaliana OX=3702 GN=RH15 PE=1 SV=3 

 

Accession Description 
sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpA PE=1 SV=1 
sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 

OX=3702 GN=psbA PE=1 SV=2 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 

OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein OS=Arabidopsis 

thaliana OX=3702 GN=psbB PE=1 SV=1 
 

Accession Description 
sp|O03042|RBL_ARATH Ribulose bisphosphate carboxylase large chain 

OS=Arabidopsis thaliana OX=3702 GN=rbcL PE=1 SV=1 
sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 
sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 

thaliana OX=3702 GN=atpB PE=1 SV=2 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  

chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|Q9S7H1|PSAD1_ARAT
H 

Photosystem I reaction center subunit II-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=psaD1 PE=1 SV=1 

sp|Q9SA56|PSAD2_ARAT
H 

Photosystem I reaction center subunit II-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSAD2 PE=1 
SV=1 

sp|P25857|G3PB_ARATH Glyceraldehyde-3-phosphate dehydrogenase GAPB  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=GAPB PE=1 SV=2 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 
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sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|Q9ZNZ7|GLTB1_ARAT
H 

Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|P25697|KPPR_ARATH Phosphoribulokinase  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=At1g32060 PE=2 SV=1 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 

sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=PSBO1 PE=1 
SV=2  (ur senate sun  leav root) 

sp|P56771|CYF_ARATH Cytochrome f OS=Arabidopsis thaliana OX=3702 GN=petA 
PE=3 SV=1 

sp|P31414|AVP1_ARATH Pyrophosphate-energized vacuolar membrane proton pump 1 
OS=Arabidopsis thaliana OX=3702 GN=AVP1 PE=1 SV=1 

 

Accession Description 
sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 

OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 
sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 

OS=Arabidopsis thaliana OX=3702 GN=psbB PE=1 SV=1 
sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 

OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 

GN=At1g07660 PE=1 SV=2 
sp|Q9LD57|PGKH1_ARAT
H 

Phosphoglycerate kinase 1  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=PGK1 PE=1 SV=1 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC PE=1 SV=3 

sp|Q5XF33|CHLI2_ARATH Magnesium-chelatase subunit ChlI-2  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=CHLI2 PE=1 
SV=1 

sp|P16127|CHLI1_ARATH Magnesium-chelatase subunit ChlI-1  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=CHLI1 PE=1 
SV=1 

sp|Q56YA5|SGAT_ARATH Serine--glyoxylate aminotransferase OS=Arabidopsis 
thaliana OX=3702 GN=AGT1 PE=1 SV=2  (dr c senite sun  
leav) 

 

Accession Description 
sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 

OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 
sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 

GN=At1g07660 PE=1 SV=2 
sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 

OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
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sp|Q9SI75|EFGC_ARATH Elongation factor G  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=CPEFG PE=1 SV=1 

sp|P53492|ACT7_ARATH Actin-7 OS=Arabidopsis thaliana OX=3702 GN=ACT7 
PE=1 SV=1 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

sp|P17745|EFTU_ARATH Elongation factor Tu  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=TUFA PE=1 SV=1 

sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase activase  
chloroplastic OS=Arabidopsis thaliana OX=3702 GN=RCA 
PE=1 SV=2 

 

Accession Description 
sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 

OS=Arabidopsis thaliana OX=3702 GN=psaB PE=3 SV=1 
sp|P41916|RAN1_ARATH GTP-binding nuclear protein Ran-1 OS=Arabidopsis 

thaliana OX=3702 GN=RAN1 PE=1 SV=1 
sp|P41917|RAN2_ARATH GTP-binding nuclear protein Ran-2 OS=Arabidopsis 

thaliana OX=3702 GN=RAN2 PE=1 SV=3 
sp|Q8H156|RAN3_ARATH GTP-binding nuclear protein Ran-3 OS=Arabidopsis 

thaliana OX=3702 GN=RAN3 PE=1 SV=2 
sp|Q9C5A9|ATPBO_ARAT
H 

ATP synthase subunit beta-3  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08680 PE=1 
SV=1 

sp|P83483|ATPBM_ARAT
H 

ATP synthase subunit beta-1  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08670 PE=1 
SV=1 

sp|P83484|ATPBN_ARATH ATP synthase subunit beta-2  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=At5g08690 PE=1 
SV=1 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|P55229|GLGL1_ARATH Glucose-1-phosphate adenylyltransferase large subunit 1  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=ADG2 PE=1 SV=3 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis thaliana 
OX=3702 GN=psbD PE=1 SV=3 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpA PE=1 SV=1 

sp|Q9ZNZ7|GLTB1_ARAT
H 

Ferredoxin-dependent glutamate synthase 1  
chloroplastic/mitochondrial OS=Arabidopsis thaliana 
OX=3702 GN=GLU1 PE=1 SV=3 

sp|Q8W593|LGUC_ARATH Probable lactoylglutathione lyase  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=At1g67280 PE=1 
SV=1 

sp|Q8LD46|R23A1_ARAT
H 

60S ribosomal protein L23a-1 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AA PE=2 SV=2 
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sp|Q9M3C3|R23A2_ARAT
H 

60S ribosomal protein L23a-2 OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=2 SV=1 

A8MS83|A8MS83_ARATH Ribosomal protein L23AB OS=Arabidopsis thaliana 
OX=3702 GN=RPL23AB PE=3 SV=1 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA PE=2 SV=1 

sp|P25697|KPPR_ARATH Phosphoribulokinase  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=At1g32060 PE=2 SV=1 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis thaliana 
OX=3702 GN=psbA PE=1 SV=2 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic OS=Arabidopsis 
thaliana OX=3702 GN=atpB PE=1 SV=2 

 

Accession Description 
sp|P10896|RCA_ARATH Ribulose bisphosphate carboxylase/oxygenase 

activase  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=RCA PE=1 SV=2 

sp|P56778|PSBC_ARATH Photosystem II CP43 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbC 
PE=1 SV=3 

sp|P56777|PSBB_ARATH Photosystem II CP47 reaction center protein 
OS=Arabidopsis thaliana OX=3702 GN=psbB 
PE=1 SV=1 

sp|P19366|ATPB_ARATH ATP synthase subunit beta  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=atpB 
PE=1 SV=2 

sp|P56766|PSAA_ARATH Photosystem I P700 chlorophyll a apoprotein A1 
OS=Arabidopsis thaliana OX=3702 GN=psaA 
PE=2 SV=1 

sp|P56767|PSAB_ARATH Photosystem I P700 chlorophyll a apoprotein A2 
OS=Arabidopsis thaliana OX=3702 GN=psaB 
PE=3 SV=1 

sp|P56757|ATPA_ARATH ATP synthase subunit alpha  chloroplastic 
OS=Arabidopsis thaliana OX=3702 GN=atpA 
PE=1 SV=1 

sp|P59259|H4_ARATH Histone H4 OS=Arabidopsis thaliana OX=3702 
GN=At1g07660 PE=1 SV=2 

sp|Q9S7H1|PSAD1_ARATH Photosystem I reaction center subunit II-1  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=psaD1 PE=1 SV=1 

sp|Q9SA56|PSAD2_ARATH Photosystem I reaction center subunit II-2  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=PSAD2 PE=1 SV=1 

sp|P56761|PSBD_ARATH Photosystem II D2 protein OS=Arabidopsis 
thaliana OX=3702 GN=psbD PE=1 SV=3 

sp|P62090|PSAC_ARATH Photosystem I iron-sulfur center OS=Arabidopsis 
thaliana OX=3702 GN=psaC PE=3 SV=2 
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sp|P23321|PSBO1_ARATH Oxygen-evolving enhancer protein 1-1  
chloroplastic OS=Arabidopsis thaliana OX=3702 
GN=PSBO1 PE=1 SV=2  (dr senite nept sun  leav) 

sp|P83755|PSBA_ARATH Photosystem II protein D1 OS=Arabidopsis 
thaliana OX=3702 GN=psbA PE=1 SV=2 

sp|Q9SEI4|PRS6B_ARATH 26S proteasome regulatory subunit 6B homolog 
OS=Arabidopsis thaliana OX=3702 GN=RPT3 
PE=1 SV=1 

sp|Q9S7E4|FDH_ARATH Formate dehydrogenase  
chloroplastic/mitochondrial OS=Arabidopsis 
thaliana OX=3702 GN=FDH1 PE=1 SV=1 

A0A1P8B9N1|A0A1P8B9N1_ARAT
H 

Formate dehydrogenase  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=FDH 
PE=3 SV=1 

A0A1P8B9L1|A0A1P8B9L1_ARAT
H 

Formate dehydrogenase  mitochondrial 
OS=Arabidopsis thaliana OX=3702 GN=FDH 
PE=3 SV=1 

sp|P25857|G3PB_ARATH Glyceraldehyde-3-phosphate dehydrogenase 
GAPB  chloroplastic OS=Arabidopsis thaliana 
OX=3702 GN=GAPB PE=1 SV=2 

sp|P31414|AVP1_ARATH Pyrophosphate-energized vacuolar membrane 
proton pump 1 OS=Arabidopsis thaliana OX=3702 
GN=AVP1 PE=1 SV=1 

sp|O23654|VATA_ARATH V-type proton ATPase catalytic subunit A 
OS=Arabidopsis thaliana OX=3702 GN=VHA-A 
PE=1 SV=1 
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