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F
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ABSTRACT

Microalgae are promising candidates for numerous biotechnological applications

which may help to create sustainable industries of the future. These include the

production of sustainable bio-fuels, bio-degradable plastics and food sources for

aquaculture. Due to the scale of microalgal biodiversity there is a clear need for

tools to assess microalgal phenotypes in an automated manner. However, currently

available tools, such as incubators, are either not suitable for reproducible experi-

ments, due to heterogeneous light exposures and lack of physiological measurements

or are too expensive for a high-throughput assessment of genotypes, such as commer-

cial photobioreactors. Therefore, this thesis aims to develop a platform upon which

robust, open-source sensors and instruments can be created to propel microalgal

research into the high-throughput realm.

This thesis presents a low-cost, open-source, multi-wavelength fast polyphasic

rise (OJIP) chlorophyll a fluorometer (named Open-JIP). This device can assess

the fine tuning of photosynthesis in microalgae in a non-invasive and rapid manner.

The device is compared to commercial instrumentation to demonstrate its ability

to resolve the polyphasic rise of chlorophyll a fluorescence and its usefulness as an

indicator of stress in microalgae.

The developed fluorometer is then integrated into a 3D printed photobioreactor

known as the Phenobottle. This instrument can assess photosynthesis in a real-time

manner and gives the user the controls to automate environmental variables such as

bubbling intensity, light quality/quantity and mixing of microalgal solutions. The

devices reproducibility is assessed and a simple guide to its functions are presented.

Using these new devices, a novel probe of photosynthetic electron transport in

the microalga Chlorella vulgaris is formulated (known as FN1s). This measure-
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ment allows for a real-time and non-invasive assessment of photosynthetic electron

transport, in terms of the electron turnover rate of the electron transport chain in

microalgae at a previously undocumented time resolution. Thus, changes in electron

transport can now be observed in a matter of minutes rather than previous methods

that took upwards of an hour, and no longer requires complex and expensive in-

strumentation. This may prove useful for researchers looking to optimise microalgal

productivity by maximising photosynthetic productivity.

In the final chapter, the presented phenotyping platform is discussed for its po-

tential applications in other areas of microalgal and terrestrial plant research. Ad-

ditionally, a novel perspective on conducting microalgal physiological research is

presented, which may fast-track biotechnological industries of the future.
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1. INTRODUCTION

1.1 An Introduction to Microalgae

The etymologically correct definition of microalgae can be resolved from the Greek

word mikrós meaning small and the Latin word alga, meaning seaweed. Modern def-

initions of microalgae include both unicellular and multicellular microscopic organ-

isms that photosynthesise [1]. This definition incorporates both eukaryotes, which

are classed by their photosynthetic pigment composition (Green – Chlorophyta, Red

– Rhodophyta, Golden and Brown – Ochrophyta) and prokaryotes (Cyanobacteria

– Cyanophyta). Such a broad definition gives rise to a large discrepancy in the total

number of distinct species; however, some researchers estimate there may be more

than 200,000 species of microalgae [2]. As a result of microalgae’s large biodiversity

they inhabit a wide range of environments including ice, soil, water (fresh, marine

and brackish), in symbiosis with lichens, corals and sponges, on bare rocks and

within hot springs [1, 3–6].

Some global issues are thought to be alleviated if biotechnological industries

involving microalgae can be established. These include the decline in food avail-

ability, the need for sustainable fuel sources, the treatment of waste water and the

environmental build-up of non-biodegradable plastics [7–10]. Combined with these

industrial problems, microalgae are responsible for a considerable amount of carbon

dioxide fixation in the world oceans and freshwater environments [11, 12]. These

carbon sinks aid in maintaining the carbon cycle and thus is helping to mitigate the

effects of anthropogenic climate change [13, 14].
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1.2 Microalgae Explored in this Thesis

The microalga Chlorella vulgaris (Chlorophyta) is used throughout this thesis. These

unicellular eukaryotes are around 2-10 µm in diameter (roughly the size of a red

blood cell) [15]. C. vulgaris reproduces rapidly (within 24 hours under optimal

conditions) by process known as autosporulation where the mother cell houses four

daughter cells before rupturing [16]. They are promising candidates for a number of

biotechnological applications including; the production of sustainable bio-fuels, the

bio-remediation of wastewater and as a food source [17–19].

The cyanobacteria Synechococcus (Cyanophyta) is explored in the second chapter

of this thesis. This marine microalga ( 3 µm in diameter) has unique light harvesting

complexes (as will be explained in subsequent sections) making them interesting

candidates for investigation [20, 21]. They reproduce by a process known as binary

fission where deoxyribonucleic acid (DNA) is duplicated before the cell splits in two

[22]. Synechococcus sp. are ideal candidates for biotechnological applications as they

can be genetically modified to enhance the production of valuable bio-compounds

such as β-carotene [23].

1.3 Phenotyping Microalgae

1.3.1 Phenotyping Theory

A major focus of microalgal research is the process of searching for microalgal species

and strains that exhibit interesting or valuable phenotypes (such as high growth

rates, dynamic photosynthesis and the production of valuable bio-compounds) [24].

An organism expresses a phenotype at a given moment in time as set of measurable

traits. The distinction of time is important, as phenotypes may change over the

developmental stage of an organism [25]. This will be discussed in greater detail in

the thesis synthesis (Chapter 5). The culmination of all phenotypes (the set of all

measurable traits in all environments) is known as an organisms phenome [26].
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Fig. 1.1: Theoretical model on the effect of phenotype-environmental in-

teractions. (a) Demonstrates the effect that various amounts of irra-

diance have on the expression a phenotype (black line and markers)(in

this case the productivity of the microalga). Photosynthetic processes has

been modelled to follow a Platt curve (red) with photosynthesis increas-

ing until a saturation point where photo-inhibition becomes a significant

factor, resulting in a decline in both photosynthesis and productivity. (b)

The same plot is rotated to show both the underlying phenotypic space

and another uncontrolled variable (temperature) which is influencing the

phenotype-environment interactions. The colormap represents the bivari-

ate influence of environmental variables on the expression of a phenotype;

grey - phenotypic space with less that 5 percent expression, white to blue

- increasing phenotypic expression. Novel figure with concepts derived in

parallel to [27].

It is imperative that environmental conditions that microalgae are phenotyped

in are well documented as this creates a clear link between phenotypic expression

and the environment. A theoretical model was created to describe the influence of

uncontrolled variables on the expression of phenotypes (Figure 1.1). Here photosyn-

thetic performance is plotted against irradiance to demonstrate what is known as a

photosynthesis-irradiance curve (PI-Curve) [28]. Concomitantly, the expression of

a phenotype is shown, this can represent any observed phenotype, but to simplify

this example the productivity (growth) of a microalga can be used here. In Figure

1.1a, as irradiance increases so to does the productivity of the microalgae. Once

photosynthesis reaches a maximum value (Pmax) productivity begins to decrease

as photo-inhibition is occurring. From this relationship there is a clear interaction
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between the microalgas environment (irradiance) and the observed phenotype (pro-

ductivity). However, in Figure 1.1b the same plot has been rotated to revel a second

environmental variable that may have been overlooked as an additional factor (such

as the temperature of the microalgal solution). Now the interaction between the

observed phenotype and the organisms environment is not as clear. As temperature

fluctuates between cultures, the expression of the microalgas phenotype (productiv-

ity) is altered by both irradiance and temperature. This relationship is presented in

three dimensions to simplify the example; however, in reality there are practically

an infinite number of environmental interactions that are effecting the observed phe-

notype. Fortunately, the weights that environmental conditions have on expressed

phenotypes varies significantly. If environmental variables with known effects on ob-

served phenotypes are controlled (e.g. CO2 availability, light intensity/quality etc.),

then a reasonably accurate phenotype-environment interaction can be formulated.

In addition to mapping environmental variables to expressed phenotypes, it is

vital that these interactions are assessed through time [25]. By doing so researchers

can create inferences between observed phenotypes and phenotypes that will occur

in the future. The technique of probing phenotypes must be as non-invasive as

possible to ensure phenotypes are not being altered by the measurement procedure.

In addition to this, environmental conditions must be formulated with a high degree

of accuracy and broadness to incorporate environmental variables that have a high-

probability of effecting observed phenotypes.

1.3.2 Cultivation and Phenotyping of Microalgae

Current cultivations methods for phenotyping microalgae include static or dynamic

cultures which are illuminated with light emitting diode (LED) panels or fluorescent

tubes. However, these systems succumb to several issues including self-shading (due

to stacking of cells when no mixing is present), heterogeneous light exposure between

treatments and lack of CO2 supplementation. However, there are devices that are

built to maintain the physiological state of microalgae known as photobioreactors

(PBR). Advanced PBR’s have controllable light panels, air/CO2 supplementation,
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mixing and some physiological and/or environmental sensors (such as optical density

– a measure of microalgal concentration in solution and chlorophyll fluorometers

– for photosynthetic assessment). These devices are extremely useful but under

utilised in microalgal physiological research as they provide the ability to reproduce

experimental data through the control and sensing of environmental conditions. The

primary reason PBR’s are under utilised is due to the elevated costs of these devices

(minimum of US $10,000 ea.). While some researchers may not see this price as

an expensive investment, the cost quickly increases as the number of replicates and

treatments are considered. As a further deterrent to researchers, the rate at which

scientific research is moving does have the ability to make once highly sort after

instrumentation obsolete after a short period of time.

1.3.3 High-throughput Phenotyping

Creating a map of environmental interactions with phenotypic expression is a chal-

lenging task to accomplish in microalgal research due to the huge diversity of or-

ganisms [2]. As a phenotype is a result of an organisms life history, environment

and genotype, this undertaking becomes extremely difficult as it requires the as-

sessment of phenotypes in both a large number of genotypes and a large number of

environmental conditions [25]. This has resulted in a large number of researchers

becoming interested in the process of high-throughput phenotyping their photosyn-

thetic organisms for interesting traits [24, 29]. A high-throughput approach has

only recently become adopted by microalgal research [30–32]. However, in plant sci-

ences high-throughput phenotyping is a well developed field of research [29, 33, 34].

The limiting factors in microalgal high-throughput experiments are in the lack of

specific instrumentation for these kinds of experimental procedures and the limited

customisability of traditional microalgal phenotyping tools.

Conventional phenotyping methods are too labour intensive and slow if one aims

to assess a large number of genotypes (Figure 1.2). One aim of high-throughput

phenotyping is to speed up the process of searching for valuable phenotypes in mi-

croalgae while maintaining sufficient statistical power. Once phenotypes of interest
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Fig. 1.2: Phenotyping process involved in microalgal physiological re-

search. Preliminary (current state of microalgal research) research rep-

resents the investigation of genotypes and environmental conditions to

resolve interesting phenotypes. Secondary research involves the manipu-

lation of environmental conditions to optimise the expression of a pheno-

type. Novel figure using example data.

have been explored, then the research focus can switch to the secondary process

of optimising the expression of that phenotype. One way this can be done is by

optimising the environment upon which that phenotype is expressed (Figure 1.2).

High-throughput phenotyping is commonly performed though the use of imaging,

robotics or novel sensors [29]. These devices require very little human interaction to

operate, making the suitable for assessing a large number of genotypes autonomously

[35]. Ideally, high-throughput phenotyping requires a large number of genotypes, a

reasonable number of replicates (to gain statistical power) and as many sensors as

possible to resolve as many phenotypic traits as possible [25]. However, due to the

extremely high financial investment required for phenotyping facilities this avenue

of research is difficult to perform [29]. In microalgal research the abundance of
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high-throughput phenotyping tools is rather small, thus this thesis aims to create a

platform of instruments for conducting high-throughput research.

1.4 Low-Cost and Open-Source Instrumentation

Throughout this thesis low-cost and open-source instrumentation is presented to

phenotype microalgae using non-invasive techniques. Low-cost devices are important

in modern day scientific research as these devices allow experimental designs to be

expansive without succumbing to excessive costs. This is particularly relevant in

high-throughput phenotyping as the current cost of conducting this kind of research

is extremely high [25, 29]. From a biological perspective if multiple instruments are

used simultaneously then the resolved measurements are representative of the state

of the microalgae at a specific point in time. If a single instrument is used then

the samples, in most cases, are loaded into the instrument sequentially which may

result in greater variations between identical replicates.

The second recurring motif of the thesis is the use of open-source instrumenta-

tion. Open-source instrumentation provides users with the knowledge and ability to

maintain and upgrade hardware and software [36]. By doing so, one aims to ensure

instrumentation in laboratories does not go obsolete. As advancements in scientific

understanding of microalgae are formulated then the devices can be modified to

adopt the new methods or sensors. The beauty of the presented devices is in the

ability for each researcher to customise the device to suit their specific experimental

requirements, which can only be achieved if the devices design and instructions are

freely available.

1.5 Key Concepts

1.5.1 Photosynthesis in Microalgae

In this dissertation, photosynthetic processes in microalgae are used as a pheno-

typic trait. As all microalgae have the ability to derive cellular energy through the
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process of photosynthesis, the interaction between photosynthetic performance and

microalgal productivity is inextricably linked [1]. It is therefore important to pro-

vide an introduction to some structures and functions of photosynthesis upon which

a baseline understanding of these processes can be used for interpreting subsequent

chapters.

Photosynthetic reactions within microalgae can be divided into two phases of

energy storage and transportation; 1) the absorption of light by the photosynthetic

antenna complexes and the transference of absorbed energy to the functional units

of photosynthesis (reactions centres), 2) the stabilisation of excitation energy by

secondary processes and the conversion of reducing energy to stable molecules [37].

The first process is known as the light dependent reactions of photosynthesis, while

the second is known as the light independent reactions (does not require excitation

energy) [38]. This thesis will refer to the light dependent reactions of photosynthe-

sis, as these process have great potential in the emerging field of high-throughput

phenotyping.

Light Absorption by Photosynthetic Antenna

The microalga featured in this work exhibit varying photosynthetic antenna com-

positions, therefore an introduction to the structure and function of these antenna

complexes is provided below. The absorption of a photon by the photosynthetic an-

tenna complexes, located on the thylakoid membrane, triggers a series of reactions

[39]. Absorbed energy is passed by neighbouring pigments to the reaction center

where it is ”trapped” [40] (Figure 1.3). Chlorophyll a is the primary photosynthetic

pigment found in all eukaryotic photosynthetic organisms [37]. There are a number

of chlorophyll molecules that differ structurally due to changes in the composition

of their tetrapyrrole ring substituents and the presence or absence of a phytol chain

[37]. This results in variances in their wavelength specific absorption [41]. Most

forms of chlorophyll have absorption peaks somewhere in the blue-green (450 - 475

nm) and red (630 - 675 nm) wavelengths. However, the pigments (e.g. chlorophyll
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Fig. 1.3: Simplified diagram of energy transfer from photons to the reac-

tion centre. The light harvesting complex is located on the thylakoid

membrane and houses antenna complexes including chlorophylls (green

circles) and carotenoids (red circles). Energy, in the form of photons, hits

the photosynthetic antenna resulting in energy transfer to the reaction

centre via a special chlorophyll molecule known as P680. Adapted from

[37] with modification.

b, c1-3 and d) act to extend the range of absorption that chlorophyll a alone cannot

absorb [42].

Along with chlorophylls, all microalgae possess carotenoids to broaden their range

of wavelength specific absorption (450 - 550 nm) [37]. These carotenoids pass energy

to chlorophylls before being funnelled to the primary reaction centres [43] (Figure

1.3). An additional function of carotenoids is their ability to quench the excited

chlorophyll’s before they form singlet oxygen (1O2) which can destroy proteins and

other structures in the electron transport chain [44].

The green alga used in this work (C. vulgaris) has LHC’s at two reaction centres

known as photosystem I (PSI) and photosystem II (PSII), while the cyanobacteria

(Synechococcus sp.) possesses an alternative antenna structure known as a phyco-

bilisome. Phycobilisomes are composed of three allophycocyanin disks which are

surrounded by rods composed of phycocyanin, phycoerythrocyanin and phycoery-

thrin disks that radiate outwards [37, 46] (Figure 1.4). Phycobilisomes absorb light
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Fig. 1.4: Phycobilisome structure situated on the thylakoid membrane.

The triangular structure of the phycobilisome optimises light capturing

efficiency. High energy absorbing disks (phycoerythrin) are situated fur-

thest from the core and capture light with short wavelengths compared

to allophycocyanin disks which are located at the centre of the structure

and absorbs low energy (long wavelength) photons. Adapted from [37, 45]

with modification.

in the 550 - 650 nm range and funnel excitation energy to the reaction centres of

PSI and PSII [47]. This dynamic process allows phycobilisomes to distribute en-

ergy between the two photosystems as a response to the microalgae’s environment

(note that the distribution of energy between PSII and PSI is also possible with

LHC’s) [47, 48]. The regulation of energy between PSII and PSI by phycobilisomes

is known as a state transition, with state one representing a majority of excitation

energy being distributed to PSII and state two representing a significant amount of

excitation energy being directed to PSI [49].

It is clear that microalgal photosynthetic antenna compositions vary significantly

between taxonomic groups. However, the primary function of these antenna struc-

tures is similar to terrestrial plants as they all act to capture different wavelengths
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Fig. 1.5: Representation of linear photosynthetic electron flow. Red arrows

indicate electron transfer (∆Ψ), blue arrows represent proton transloca-

tion (∆pH) and black arrows represent other forms of energy transfer or

processes. Electron transport is initiated at PSII as a result of energy

(from photons) being delivered to P680 by the LHC. Adapted from [53]

with modification.

and funnel energy to the reactions centres [50]. This results in the initiation of a

series of reactions in what is known as the photosynthetic electron transport chain.

Photosynthetic Electron Transport Chain

The main phenotypic trait that can be extracted from photosynthesis is the process

of photosynthetic electron transport. This can involve the linear flow of electrons

(LEF) from PSII to downstream acceptors [51]. These pathways build up a change

in electrical potential in the thylakoid membrane (∆Ψ) due to electron transport

and a proton gradient (∆pH) between the chloroplasts stroma and the thylakoid

lumen as a result of proton translocation across the thylakoid membrane [52].

In linear electron flow, when P680 enters its excited state (P680∗) the dimer be-

comes unstable, this can result in electrons being transferred to phenophytin (Pheo)

[54]. These electrons are primarily derived from the breaking of two water (H2O)

molecules into their constituents at the oxygen evolving complex (OEC) [53]. In

series, from phenophytin, the reduction of electron acceptors includes; the quinones

QA to QB and from QB to the plastoquinone pool (PQ pool) [55]. Here plasto-
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Fig. 1.6: Representation of ATP synthase activity in photosynthetic organ-

isms. ADP is combined with Pi to form ATP at ATPase (black arrows)

which is activated as a result of proton translocation (blue arrows) out of

the the thylakoid lumen across a ∆pH gradient. Adapted from [53] with

modification.

quinone (PQ) is reduced to form plastoquinol (PQH2) which is then oxidised by the

cytochrome b6f complex. This process, depending on the species, generally results

in halve the electrons from PQH2 being passed to plastocyanin (PC) and the other

halve to be recycled within the PQ pool to maintain a reduced state. PC acts as an

electron carrier between the cytochrome b6f complex and PSI, where excited P700

dimers carry electrons to ferredoxin (Fd) where ferredoxin-NADP+ oxidoreductase

(FNR) converts nicotinamide adenine dinucleotide phosphate (NADP+) into nicoti-

namide adenine dinucleotide phosphate hydrogen (NADPH).

Concomitantly with electron transport through the electron transport chain a

∆pH gradient begins to build up across the thylakoid membrane [53, 56] (Figure

1.5). The efficiency of proton translocation is known as the proton motive force

(pmf ) and is made up of a proton gradient (∆pH) and an electrical potential gradient

(∆Ψ). pmf acts to drive the conversion of adenosine diphosphate (ADP) into ATP

with the addition of an inorganic phosphate (Pi). This conversion occurs at ATP

synthase (ATPase) which is located on the thylakoid membrane. ATPase is activated
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by a ∆pH gradient between the stroma and the lumen as a direct result of proton

translocation (Figure 1.6).

1.5.2 Chlorophyll a fluorescence

As photosynthetic electron transport results in the production of metabolites (ATP,

NADPH) for powering other cellular functions in microalgae, the efficiency of this

process is highly important. A valuable tool for the high-throughput assessment of

photosynthetic phenotypes is through the use of a chlorophyll a fluorometer [57].

Chlorophyll a fluorescence requires that the photosynthetic sample must be kept in

the dark prior to measurement so as to ensure the electron transport chain is com-

pletely relaxed (thus creating a reproducible reference state). This method relies

upon the application of light to excite PSII [58]. When PSII is in an exited state it

becomes unstable and can return to its ground state in three main ways. 1) It can

dissipate the energy as heat (non-photochemical quenching), 2) it can transform the

energy to reducing power for use in the electron transport chain (photochemistry)

or 3) it can be re-emitted as photons (fluorescence) [59] (Figure 1.7). Blockages in

the electron transport chain can effect the chlorophyll a fluorescence signal. There-

fore, by measuring the resulting chlorophyll a fluorescence intensity we can derive

information regarding the state or efficiency of photosynthesis in microalgae. In-

formation regarding the activity of photo-protection pathways can also be attained

from non-photochemical quenching analysis in some methods of conducting chloro-

phyll a fluorescence analysis [60]. The extracted data from chlorophyll a fluorescence

enables researchers to make informed inferences about the productivity of microal-

gae at a particular point in time. In my dissertation I have used several methods to

measure chlorophyll a fluorescence; including, 1) pulse amplitude modulated (PAM)

fluorometry and 2) polyphasic rise of chlorophyll a fluorescence (OJIP)(Figure 1.8).

In Chapter 5 of this thesis I discuss how data extracted from chlorophyll a fluores-

cence could be used as a real-time feedback mechanism in microalgal cultivators to

maximise the expression of a valuable phenotype (e.g. productivity).
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Fig. 1.7: Energy dissipation pathways of chlorophyll a fluorescence. When

chlorophyll is excited there are a multitude of pathways to return to a

ground state. It can 1) emit light (a photon) as fluorescence, 2) use the

excitation energy to power photochemical reactions or 3) dissipate the

energy as heat (non-photochemical quenching). An alternative pathway

is through the formation of a triplet state chlorophyll which has the ability

to produce a damaging reactive oxygen species (1O+
2 ). Adapted from [60]

with modification.

Fast Polyphasic Rise (OJIP) Fluorometry

The method of resolving the fast polyphasic rise (OJIP) of chlorophyll a fluorescence

involves a single saturation pulse (usually around one second in length) of constant

actinic light [62] (Figure 1.8a). As the microalga transitions from a dark to light

adapted state a number of inflection points appear in the chlorophyll a fluorescence

signal. These represent different potions of the electron transport chain, due to a

blockage of electrons [58, 59]. OJIP fluorescence is an ideal candidate for the process

of high-throughput phenotyping microalgae, as the technique is rapid, non-invasive,

non-destructive and information rich.

As shown in Figure 1.5 electron transport can occur linearly through a series of

reductions and oxidations of electron transporters. The linear nature of this process

results in a time series of energy transfer as electrons are accepted by downstream

acceptors. As a result of this, each step of the OJIP fluorescence transient is mea-

sured at particular time points after the application of the actinic light (O-step - 0.04

ms, J-step 2 ms, I-step - 30 ms) apart from the P-step which is taken as the maxi-
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Fig. 1.8: Three different chlorophyll fluorescence techniques used in this

thesis. (a) OJIP fluorescence, consisting of four main steps; Fo (O-step)

- Fj (J-step) - Fi (I-step) - Fm (P-step). (b) PAM fluorescence O− I1 rise,

consisting of two main steps; O-level (Fo) and the I1-level (Fj). The fitted

curve (red line) is used to derive the time constant of QA reduction. (c)

PAM fluorescence light curve analysis. This measurement is much longer

(10 minutes) than the previous two examples (milliseconds to seconds).

The technique involves increasing actinic light intensity of the fluorometer

(at set intervals) while probing variable chlorophyll a fluorescence with

saturation pulses. Novel figure with data (in part b) from [61].

mum fluorescence intensity (Figure 1.8). These time points represent the reduction

of various electron acceptors in the electron transport chain.
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The Fo value or O-step, corresponds to the minimum level fluorescence intensity

immediately following illumination of the sample (∼0.04 ms). This represents the

trapping efficiency of PSII if all reaction centres are open [63]. There is a rapid rise

in fluorescence intensity to the first inflection, known as the J-step. The O-J phase

(known as the photochemical phase) is formed as a result of the quasi single turnover

reduction of QA (resulting from a single reduction of all QA) by electron donors of

PSII [64, 65]. The following two steps (I-step and P-step) are much slower than

the initial rise in fluorescence intensity and are temperature sensitive (thus they are

known as the thermal phases) [64, 66]. The J-I phase occurs as a result of several

processes and is therefore less well characterised when compared to other phases

[64]. However, the general consensus is that the J-I phase is a result of QB oxidation

by the PQ-pool [64]. The I-P phase corresponds to a saturation of electrons on the

acceptor side of PSI (ferredoxin) and other photochemical events (Figure 1.5) [67].

Once the electron transport chain is fully saturation with electrons, the P-step (Fm)

is visible as the maximum fluorescence intensity.

The OJIP fluorescence transient is commonly interpreted using a algorithm known

as the JIP-test [68]. In this analysis fluorescence signals are examined using a model

of energy fluxes in bio-membranes to derive several parameters that represent infor-

mation regarding active reaction centres [68, 69]. One can derive several parameters

to predict active reaction center performance. In this work I have used, Fv = Fm−Fo

which describes the maximum variable fluorescence of PSII and Fv/Fm - otherwise

known as φPo, which describes the maximum quantum efficiency of PSII if all reac-

tion centres were open, M0 - which indicates the closure rate of PSII under intense

illumination or φPSIIQA - the maximum quantum yield at the J-step (QA only)

[64, 68, 70]. It is worth noting that these parameters can also be derived from

conventional PAM fluorescence procedures as will be explained in the next section

[59].

The O-J phase of OJIP fluorescence can also be used to measure the wavelength-

dependent functional cross section of PSII (σλ) [61] (Figure 1.8b). The technique

known as the O−I1 rise differs slightly from conventional OJIP measurements calling
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for different nomenclature. A constant monochromatic actinic light is used to probe

chlorophyll a fluorescence and at ∼1 ms, a single turnover (50 µs in duration)

saturation pulse is used to close PSII reaction centres, allowing for the derivation of

the I1-level fluorescence intensity (J-step equivalent). The I1-level can be derived in

under 2 ms and is therefore the maximum fluorescence intensity that can be achieved

with an oxidised PQ pool [61].

As the O−I1 rise is wavelength-dependent this measurement is usually calculated

at a number of wavelengths within photosynthetically active radiation (PAR) (400

- 700 nm) to explore the microalga’s effective antenna size to various colors of light

[71]. σλ is dependent upon the antenna composition of the microalga, therefore as

shown in previous sections, the large variety of photosynthetic antenna complexes

leads to a wide range of σλ calculations. This parameter is used in chapter 4 of this

thesis to optimise the wavelength specific absorption of C. vulgaris.

Pulse Amplitude Modulated (PAM) Fluorometry

PAM fluorometers, like OJIP fluorometers, provide a flash of saturating irradiance

in order to derive information regarding the state of PSII [72]. These fluorometers

can derive the minimum level fluorescence intensity (Fo) by using very low intensity

(and low frequency) light to probe PSII without inducing photosynthesis (hence

the name amplitude modulation) [72]. Once a saturation pulse is applied to the

sample, Fm can be attained as the maximum fluorescence intensity (similar to OJIP

fluorescence).

Complementary to OJIP fluorometry, PAM fluorometry has the ability to study

the microalgal under both actinic irradiance and saturating irradiance, which cannot

be achieved using OJIP alone. PAM fluorescence can be performed by exposing a

photosynthetic sample to increasing actinic (light that drives photosynthesis) irradi-

ance intensities at defined intervals (>30 seconds each) while probing photosynthesis

at the end of each period by means of a saturation pulse [73] (Figure 1.8). Actinic

exposures are designed to be long enough for photosynthesis to be in a steady state
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and therefore the resolved parameters are representative of how photosynthesis is

functioning at that PAR. Each of the saturations resolves information regarding

the effective quantum yield of PSII (ratio of photons used in a light-adapted state)

(φPSII or Y (II)) at the specific actinic irradiance used [61, 74] (Eq. 1.1). This

method is demonstrated in Figure 1.8c, whereby 30 second actinic exposures fol-

lowed by an intense saturation pulse was used to resolve Y (II) at various actinic

intensities.

Y (II) =
F

′
m − Ft
F ′
m

(1.1)

Where F
′
m is the maximum fluorescence intensity when under actinic light and

Ft is the fluorescence intensity immediate before a saturation pule while under ac-

tinic light [59, 74]. From this the relative electron transport rate of photosynthesis

(rETR) can be calculated which is the basis for all subsequent equations demon-

strated in chapter 4 of this thesis.

rETR = Y (II) × PAR× ETRFactor (1.2)

Where the PAR is the irradiance applied to the sample in µmol photons m−2

s−1. The ETRFactor represents both the amount of incident PAR being absorbed

by the photosynthetic antenna and the distribution of energy between PSII and PSI

(normally estimated to be 0.42) [75, 76].

1.6 Challenges to be Addressed

Microalgal research has been conducted for over a halve a century, while there has

been major advancements in our understanding of these photosynthetic organisms

some major challenges remain. Exploring the phenotypic diversity of microalgae

has been an area of great interest for researchers (such as through the use of high-

throughput phenotyping). This type of research may lead to the discovery of novel

strains which exhibit valuable characteristics (e.g. high-growth rates, photosynthetic
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plasticity or the production of valuable bio-compounds). However, this has its chal-

lenges as there needs to be robust methods to screen phenotypic traits in a rapid

and non-invasive manner. Current methods to do this are either too expensive to

be a feasible investment for most researchers or non-existent in the current research

landscape. Therefore, there is a need for low-cost instrumentation to conduct repro-

ducible high-throughput experiments. Ideally, these devices should have the ability

to be upgraded over time to adapt to the ever changing scientific landscape.

A preliminary choice for conducting a high-throughput analysis of microalgal

genotypes is through the use of incubators, which provide irradiance and tempera-

ture continuity between replicates. These devices also allow for a large number of

genotypes to be cultivated simultaneously. However, incubators lack controls over

other environmental variables such as CO2 supplementation for photosynthesis and

homogeneity of irradiance. As demonstrated in previous sections, uncontrolled vari-

ables can lead to incorrect links between environmental conditions and phenotypic

traits. In addition to this, incubators lack physiological sensors which can track phe-

notypic traits over time. Real-time assessment of traits is vital for a high-throughput

assessment of expressed phenotypes and results in incubators being a poor choice

for microalgal physiological research.

An alternative to incubators is the use of PBR’s, which maintain an array of envi-

ronmental conditions within pre-programmed regions and have the ability to probe

microalgal physiology in real-time. Currently, the use of PBR’s are the most practi-

cal and robust methods of probing and controlling microalgal physiology. However,

as mentioned in a previous sections the price of these devices can quickly result

in the formation of large P small n datasets (large number of phenotypes (P) and

a small number of replicates (n)) [25]. Therefore, there is a significant need for

open-source photobioreactors that can be built to maintain both the environmen-

tal continuity between replicates of identical treatments and probe physiology in

a non-invasive and autonomous manner. This thesis aims to develop and imple-

ment high-throughput phenotyping tools for microalgal research. To design such a

platform we first need to develop some low-cost and open-source sensors which can
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accurately track phenotypic traits. For this the focus will be on the development of

sensors for assessing photophysiology and growth of microalgae. However, as will

be discussed in the synthesis, the platform is adaptable to new sensors as the user

requires.

The second chapter of this thesis is devoted to the development of a low-cost

chlorophyll a fluorometer for assessing photo-physiological traits in microalgae (known

as Open-JIP). This device is key to the subsequent chapters, as it allows microalgae

to be screened for photosynthetic phenotypes in a rapid and non-invasive manner.

Current chlorophyll a fluorometers can be acquired for upwards of $1,000 ea. How-

ever, these devices come with very little customisability and for many devices to be

acquired, as is required for high-throughput analysis, this cost can increase rapidly.

The device developed in this thesis, can be built for under $100 and is capable of

measuring photosynthesis accurately in both microalgae and terrestrial plants (two

arrangements are presented). Accuracy and repeatability are key factors in the thesis

as it is important to design instrumentation that is cost-effective without sacrific-

ing quality. This is addressed in this thesis by using low-cost solutions such as 3D

printing structures, considering part costs when designing electronic infrastructure

and using high-quality materials (such as optics) when necessary.

The fluorometer which was developed and tested in chapter two is integrated

into an in-house made photobioreactor in chapter three. This device is an open-

source, customisable instrument that is capable of automatic light control (quality

and quantity), mixing of microalgal cultures, bubbling of air and possess an array of

physiological sensors. The instrument is named The Phenobottle as its primary pur-

pose is to photosynthetically phenotype microalgae. In this chapter the Phenobot-

tle’s features are explained and cross examined with commercial instrumentation,

along with a benchmark experiment using the green alga C. vulgaris. This exper-

iment demonstrates the Phenobottles ability to resolve a time-series assessment of

photosynthesis and productivity in microalgae in a non-invasive and autonomous

manner. Currently available photobioreactors do not offer enough customisabil-

ity and low-cost needed to preform high-throughput experiments with microalgae,
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therefore making the development of The Phenobottle an integral tool for microalgal

research.

Microalgal physiological research is lacking a a real-time and accurate probe of

photosynthesis. This measurement would give researchers an accurate representa-

tion of the state of photosynthesis in microalgae without destroying the sample or

altering its physiology. There are some rapid (1 second measurements) methods

such as the quantum yield of PSII (termed φPO also known as Fv/Fm) which only

assesses the state of specific functional units in the photosynthetic electron transport

chain. However, by doing so, a lot of information regarding downstream processes

(such as ATP synthase activity) are not monitored. Advanced methods, such as

light induction curves (LC), give information regarding the entire electron transport

chain and when combined with estimations of the wavelength-dependent antenna

size of PSII (σλ) the absolute rate of electron transfer originating from PSII can

be determined (ETRII). However, these measurements require advanced, expensive

instrumentation and calibration procedures, making them unsuitable for feedback

mechanisms between real-time photosynthesis and cultivators (PBR’s). In chapter

four of this thesis, a method is proposed to probe photosynthesis in a rapid and

non-invasive manner using the two devices developed in previous chapters. This

previously undocumented method uses the polyphasic rise of chlorophyll a fluores-

cence to determine the absolute maximum rate of photosynthetic electron transport.

As the method uses rapid inductions (1 second measurements), continuous measure-

ments were employed to track electron transport across a daily growth cycle in the

green microalga C. vulgaris at a previously undocumented time-series resolution.

Additionally, using the information gathered, the method is applied to the Phe-

nobottles to modulate the rate of photosynthetic electron transport which results

in altered growth rates. This demonstrates the ability of the developed devices to

apply novel measurements to modulating the growth of microalgae in cultivators.

In the final chapter of this thesis an overview of how the research objectives of this

work has been answered through the experiments and instruments presented. From

here a perspective on where microalgal research could be heading is proposed. The
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future applications of the presented devices are explored and the overall significance

of this work is discussed.



2. A GUIDE TO OPEN-JIP, A LOW-COST OPEN-SOURCE CHLOROPHYLL

FLUOROMETER

A chlorophyll a fluorometer was designed and constructed as a tool for assessing

photosynthetic phenotypic traits in microalgae and terrestrial plants. This includes

3D modelling the scaffold, 3D printing the device, designing electronic circuits and

printed circuit board (PCB) and custom programs. The device is compared to

commercial instrumentation to assess its ability to accurately resolve the polyphasic

rise of chlorophyll a fluorescence. A number of species of both microalgae and

plants were assessed to demonstrate the versatility of the instrument. This chapter

is a reformatted and upgraded version of a published manuscript in Photosynthesis

Research [57].

2.1 Introduction

Chlorophyll a is the primary photosynthetic pigment found in all photosynthetic

organisms [37]. In phototrophic organisms, part of the energy that is absorbed

by chlorophyll a molecules is converted into biochemical energy and used to drive

photosynthesis (photochemistry). However, a portion of the absorbed energy is

either dissipated as heat (non-photochemical quenching) or re-emitted as chlorophyll

a fluorescence. Through the assessment of chlorophyll a fluorescence, inferences can

be made regarding the functioning of photosynthetic pathways [59]. These inferences

provide a non-direct estimate of the health of the phototrophic organism [77].

The foundation of chlorophyll a fluorescence and its interpretation is based on

the work of [58]. They proposed that the intensity of chlorophyll a fluorescence

corresponds to the redox state of the functional photosynthetic units (referring in
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particular to the reaction centre of Photosystem II, also known as PSII or RCII).

For example, when all PSII reaction centres are oxidized (such as when the plant is

in the dark), the fluorescence yield would be at a minimum. However, once exposed

to light, PSII reaction centres would become reduced resulting in higher chlorophyll

a fluorescence emission. Based on this phenomenon, plant scientists have proposed

several parameters to quantify the plants photo-physiological state. The most widely

used parameter being the maximum quantum yield for primary photochemistry, also

known as Fv/Fm [78].

Three main fluorometric approaches exist for the assessment of chlorophyll a flu-

orescence: (1) Pulse Amplitude Modulated (PAM), (2) Fast Repetition Rate (FRR)

and (3) Fast rise of the chlorophyll a fluorescence or OJIP fluorometry. Each method

integrates different aspects (temporal, spectral and spatial) of the chlorophyll a flu-

orescence signature. The focus of this work will be on OJIP (acronym based on

the presence of three main phases O-J, J-I and I-P) fluorometry. OJIP fluorometry

uses an excitation light source to drive photosynthesis which concurrently triggers

chlorophyll a fluorescence emission. The O-J (photochemical) phase is well char-

acterised and corresponds to a reduction of PSII’s primary acceptor (QA). The

thermal phases (J-I and I-P) are still debated amongst researchers, but generally

the J-I phase corresponds to a reduction of the plastoquinone pool (PQ-pool) and I-

P refers to a saturation of electrons on the acceptor side of photosystem I (PSI) [64].

When plants are stressed such as the result of high temperatures, a rapid change

in phase can appear in OJIP transients, this is known as a K-step, corresponding

to degradation of the oxygen-evolving-complex (OEC) [79]. In order to reduce all

PSII reaction centres, the sample must be illuminated with a saturating irradiance

higher than 1,800 µmol of photons m−2 s−1 [59, 80]. The result of this measurement

is the rapid polyphasic rise of chlorophyll a fluorescence. To analyse this complex

feature, an assessment known as the JIP-test was developed for easy quantification

of OJIP transients [81].

Typically, an OJIP fluorometer is composed of a PIN photodiode as a detector

and an LED (or LED array) as an excitation source [62]. The photodiode is pro-
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tected by a band pass (680 nm) or long pass (>680 nm) filter which allows only

chlorophyll a fluorescence to pass. Incoming photons from the filtered chlorophyll a

fluorescence is detected by the photodiode and creates a voltage potential, which is

then measured by a 10-bit data acquisition device (DAQ). The technical challenges

of these instruments are that: 1) the detector and DAQ must be be fast enough to

detect the fluorescence intensity during the first 100 µs of illumination to be able to

assess the value of the fluorescence value when all PSII are oxidized and open (Fo);

2) The photodiode must be sensitive enough to detect the chlorophyll a fluorescence

which is only 1-2% of total absorbed light [59]; 3) Light intensity from the excitation

LED must remain constant throughout the one second measurement to ensure no

decrease in fluorescence intensity.

There is a diversity of chlorophyll a fluorometers on the market; however, the

minimum cost of a commercial device is at least US $1,000. When multiple units

are required, such as with high-throughput phenotyping, this becomes an expensive

option. In addition, most commercial instruments allow a limited degree of customi-

sation both from a hardware and software perspective, which limits the researches

experimental design. For this reason, we present a fully customisable chlorophyll a

fluorometer for OJIP and quantum yield assessment, for which construction costs

less than US $100. To keep the costs down, we have integrated 3D printing and

low-cost off-the-shelf electronics to develop a simple open-source OJIP fluorome-

ter (known as Open-JIP), which can be assembled and used without prior coding

or electronics experience. The device comes in two forms, Open-JIP (Algae) for

microalgal cells in suspension and Open-JIP (Plant) for terrestrial plants.

2.2 Materials and Methods

2.2.1 Setup and Construction

Both designs of Open-JIP (Algae/Plant) were modelled in Fusion360 (AutoDesk,

California, USA) and 3D printed in black PLA plastic (inkStation, Sydney, AUS;

Figure 2.1; models are available to download at https://github.com/HarveyBates/Open-
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JIP. Open-JIP (Plant) was designed around a quick-action clamp (Quick-Grip Medium

Bar Clamp, Irwin, Box Hill, Victoria) for which the 3D printed models can be

mounted, allowing the user to measure OJIP transients without removing or dam-

aging leaves.

An Arduino microcontroller (Arduino, Mega 2560 Rev3, Somerville, USA) was

used to control both Open-JIP configurations (Algae and Plant) (Figure 2.1). This

microcontroller was chosen because of its 256-kbit memory which is needed to cap-

ture the fluorescence signal along with corresponding timestamps. The microcon-

troller has a worldwide distribution which makes it easily accessible for anyone

interested in photosynthesis.

To detect chlorophyll a fluorescence, an operational amplifier (LM358, Texas

Instruments, Dallas, USA) was chosen due to its ability to use a single power supply

(+12V) and its low power consumption. To adjust the sensitivity of the device,

the resistor value (R1) can be switched to a higher resistance for more sensitivity

(very dilute cultures) or lower resistance for less sensitivity (concentrated cultures)

(Figure 2.2). While a variable resistor could be implemented here (at resistor value

R1), the parallel requirement of changing the capacitor (C1) to prevent overshooting

of the operational amplifier would negate its customisability. Future versions of the

Open-JIP circuit may provide additional gain settings. Additionally, the gain can

be adjusted through the software of Open-JIP. Specifically, this can be performed

by changing the Arduino internal reference voltage to either 1.1 V, 2.56 V or the

default 5 V with a simple one-line command in the Arduino integrated development

environment (IDE).

Open-JIP’s excitation LED circuit is powered by a 15 V 1.2 A barrel plug switch-

ing power supply (15DYS618, Ideal Power, Texas, USA) (Figure 2.2). This circuit

provides a saturating irradiance to the microalgal culture (or plant leaf) to induce

chlorophyll a fluorescence. To obtain constant brightness of the excitation LED, the

15 V coming from the power supply passes through a 12 V linear voltage regulator

(KA7812ETU, On Semiconductor, Arizona, USA). Although the switching power

supply could provide power to both the LED and photodiode circuits, the sensitivity
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Fig. 2.1: Block diagram of the Open-JIP instrument. The microcontroller

sends an electrical signal to excitation LED circuit resulting in chlorophyll

excitation. The photodiode circuit detects and amplifies the fluorescence

signal and sends this information as a voltage to the DAQ (microcon-

troller) which converts it into usable information via an analog-to-digital

converter (ADC). In the schematic view red arrows demonstrate fluores-

cence excitation. Both (a) Open-JIP (Algae) and (b) Open-JIP (Plant)

are shown; however, excitation for the two devices is operated separately.

of the latter requires a highly stable DC supply. This resulted in the use of a 3.7

V 2.4 Ah lithium-ion polymer (LiPo) battery to power the sensitive components

(photodiode circuit) of the fluorometer (Figure 2.2a). The voltage of the battery

was boosted using a DC-DC boost converter to roughly 18 V (DFR0123, DFRobot,

Shanghai, ROC) and then regulated to 12 V using a linear regulator (L7812CV,

Jameco, California, USA). This serves two purposes; 1) being that a higher voltage

applied to the photodiode circuit (the operational amplifier in particular) provides

increased resolution of the chlorophyll a fluorescence and 2) as the battery loses

charge, the gain of the operational amplifier will remain stable at 12 V.

When a fluorescence measurement is initiated by the user, the microcontroller

(Arduino Mega) sends a signal to activate a transistor (T1); resulting in the LED

switching on. The switching on (rise time) of the LED must be faster than 50 µs
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Fig. 2.2: Schematic of the detection and excitation circuit, and PCB dia-

gram of the Open-JIP fluorometer. Schematic (a) demonstrates the

detector componentry surrounding a LM358 operational amplifier (U1)

which is used to amplify the fluorescence signal. Schematic (b) shows the

componentry used to switch (T1) on the excitation LED (LED1). The ex-

citation LED (LED1) switches on and off the actinic light when the user

wants to measure an OJIP curve. Printed circuit board (PCB) design (c)

allows the user to use the fluorometer without modification.

to ensure that a Fo value (minimum fluorescence intensity) can be obtained which

is not a result of low actinic light (<1,800 µmol photons m−2 s−1). To achieve this

the Darlington Transistor (BD681, Farnell, Leeds, UK) (T1) in conjunction with

a parallel diode and resistor arrangement was used; resulting in a rise time of 40

µs. The parallel arrangement also prevents a bright flash from the excitation LED

when switching on and gives a steady excitation intensity for the entire one second

measurement. For up-to-date versions of the Open-JIP circuitry see our GitHub

page (https://github.com/HarveyBates/Open-JIP).

2.2.2 Benchmark Tests

To demonstrate the devices accuracy, reproducibility and sensitivity a number of

tests were conducted comparing Open-JIP’s measurements to a commercial chloro-

phyll a fluorometer (FL3500, PSI, Drasov, Czech Republic). These experiments and

benchmark tests are demonstrated in subsequent sections.
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2.2.3 Biological Material

Microalgae of two different taxa were chosen, (1) Chlorella vulgaris (UTS-LD) (Phy-

lum Chlorophyta) and (2) the marine microalga Synechococcus sp. (CS-29) (Phylum

Cyanobacteria). C. vulgaris was grown in MLA medium at 20 µmol photons m−2

s−1 under white LED globes, measured with a 2π light meter (LI-250A, LiCor, Ne-

braska, USA) [82]. Synechococcus sp. was grown under the same lighting conditions

with different media (Pro99 Media) [83]. Three different species of higher plants

were chosen (a) Spathiphyllum wallisii, (b) Citrus hystrix and (c) Spinacia oleracea

as they present vastly different OJIP transients and demonstrate Open-JIP’s ability

to quantify different phenotypes.

2.2.4 Experimental Design

Aliquots (4 mL) were taken from a stock culture of C. vulgaris during its exponential

phase and transferred into 10 x 10 mm disposable fluorescence cuvettes. Samples

were placed in both the commercial instrument (FL3500) and in Open-JIP (Algae)

both of which were calibrated to an actinic light intensity of 2,100 µmol photons m−2

s−1. These samples were given five minutes to dark-adapt (obtain a reproducible

reference state) before simultaneously measuring OJIP curves for one second in

each of the two devices. After which the cuvettes were gently shaken to ensure

the algae remained suspended in solution and another five minutes were given to

allow the algae to dark adapt before repeating the experiment two more times. The

experiment was then repeated with Synechococcus sp.

As a complementary test, changes in chlorophyll a fluorescence induction were

measured using a heat treatment with a C. vulgaris culture, as demonstrated pre-

viously by [84] with the higher plant Arabidopsis. Six aliquots of C. vulgaris were

placed inside an oven at 60 °C for twelve minutes. OJIP kinetics were then measured

with the same technique as described above using both instruments (n=3).

Changes in the O-J kinetics were induced by illuminating C. vulgaris cells with

different amounts of saturating light leaving five minutes for dark-adaptation be-
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tween each of four light intensities. In order to do this, neutral density filters were

added in front of the excitation LED of the Open-JIP (Algae) setup, allowing for

four different actinic light (at 626 nm) irradiances (14,000, 8,500, 6,000 and 3,200

µmol photons m−2 s−1) as measured by a 4π light meter (LI-250A, LiCor, Nebraska,

USA).

Open-JIP (Plant) was used to obtain OJIP transients on three species of plants,

S. wallisii, C. hystrix and S. oleracea. Each plant was obtained from a local stock

and therefore the resulting measurements are purely to demonstrate Open-JIP’s

ability to resolve the chlorophyll fluorescent transient. A five-minute interval was

left between the three replications to allow the samples to dark-adapt. Unlike the

tests done on microalgae, this experiment used a blue (466 nm) excitation LED to

show the devices ability to use multiple wavelengths to assess OJIP.

2.2.5 Data Analysis

Recorded OJIP curves are copied from the serial monitor of the Arduino software

(Arduino IDE, Somerville, USA) and formatted into a .CSV file in excel. Relative

variable florescence (Vt) was calculated as:

Vt =
Ft − Fo
Fm − Fo

(2.1)

allowing the two devices OJIP kinetics to be compared; as they have different

scales for measuring chlorophyll a fluorescence. Data was then plotted using Python

(see here for example scripts - https://github.com/HarveyBates/Open-JIP).

2.3 Results

A comparison of the OJIP curves of Synechococcus sp. and C. vulgaris obtained by

Open-JIP and a commercial instrument (FL3500 chlorophyll fluorometer) demon-

strates the devices ability to produce accurate and reproducible analysis of the OJIP

transient (Figure 2.3). As shown in Figure 2.3, the transients measured by the com-
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Fig. 2.3: OJIP transient for Synechococcus sp. (CS-29) (a, b, c) and C.

vulgaris (d, e, f). Panel c and f demonstrate relative variable fluo-

rescence (Vt) for each of the two microalgae and instruments. Data are

averages (n=3) ± SD for panel a, b, d and e.

mercial (FL3500) and the Open-JIP (Algae) were comparable for all samples. Slight

variations can be noted in the O-J rise of Figure 2.3f which is the result of different

actinic light intensities between the two instruments [85]. Due to differences in the

design between the commercial and custom-made instruments, the emitted actinic

irradiance will never be identical.

To test the time response of Open-JIP, the effect of light intensity on the rise of

O-J phase in C. vulgaris was measured (Figure 2.4). As the actinic light intensity

of the fluorometer increases, so too does the rate at which fluorescence rises for the

O-J phase. The fact that we observed these changes on the O-J phase indicates

that Open-JIP has sufficient time resolution to measure the fast components of the

chlorophyll fluorescent transients.
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Fig. 2.4: Effect of different light intensities and heat stress comparison. (a)

On the O-J rise of chlorophyll a fluorescence in C. vulgaris as measured

by Open-JIP (Algae). Relative florescence intensity (Vt) is shown and

normalised to 3 ms to better demonstrate this feature. (b) Non-heat

treated (black circles) and after twelve minutes at 60°C (white triangles)

of the OJIP measured with Open-JIP (Algae) with C. vulgaris (n=3 ±
SD). (c) Same experiment as in (b) however OJIP transients are measured

with the FL3500 fluorometer (n=3 ± SD).

To provide evidence that Open-JIP can be used to assess different phenotypes in

photosynthetic organisms, a high temperature stress treatment was implemented.

C. vulgaris was exposed to a dark incubator at 60 °C for twelve minutes as shown

in Figure 2.4bc. Control C. vulgaris cells exhibited a three phasic OJIP curve

using both instruments (commercial and Open-JIP). As expected, the heat-treated

sample showed alterations in the OJIP kinetic for both instruments. The formation

of the so-called K-step around 300 µs (a rise in chlorophyll fluorescence occurring at

around 300 µs) was detected accurately in both instruments, with the K-step being

associated as a clear photosynthetic phenotype in the event of high temperatures

[66].

Different species of common vascular higher plants were chosen to demonstrate

Open-JIP (Plant)’s ability to resolve various OJIP transients (Figure 2.5). As can

be seen, each plant displays vastly different polyphasic rises, each of which can be

measured accurately using Open-JIP. The Open-JIP system is capable of quantifying

variations in photosynthesis using only a 10-bit system and simple optics.
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Fig. 2.5: Open-JIP (Plant) OJIP transients of different species of plants.

(a) Spathiphyllum wallisii (black circles), (b) Citrus hystrix (black

squares), (c) Spinacia oleracea (black triangles). OJIP transient measured

with Open-JIP (Plant) using a 466 nm actinic light. Data are averages

(n=3) ± SD.

2.4 Discussion

In the present work, we have shown the feasibility of building an OJIP fluorometer

for less than US $100. Open-JIP has demonstrated accuracy and time resolution

that is comparable to commercial chlorophyll a fluorometers. A commercial open-

source microcontroller (Arduino Mega) is suitable for this work and acts as a mi-

crocontroller, DAQ and PC interface. Also, we have shown that even at 10 bits of

digitisation (1,024 values), we can still resolve the main features of the OJIP curve

and accurately estimate Fv/Fm. It is important to note that other Arduino boards

such as UNO, Micro or Nano are not suitable for this task due to limitations internal

memory.

The Open-JIP fluorometer has many advantages when compared to commercial

instrumentation. The instruments low-cost, allows for its mass production and can

be used in high throughput experimental designs. In addition, the ability to fully cus-

tomise the devices software and hardware (due to it being open-source), allows users

to adapt it to their own experimental designs (see https://github.com/HarveyBates

for example modifications). Finally, the simplicity of the device allows users with

no electronics and/or programming knowledge to construct and use the instrument.
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While the aforementioned advantages would make it attractive for some re-

searchers, one has to bear in mind that the Open-JIP is not intended to substitute

the use of commercial instruments. Cable widths/lengths and electronic brands

would play an important role in the intrinsic variability between instruments, as

such changes would alter electronic noise and performance. Therefore, one needs

to have at least one commercial instrument to cross calibrate the Open-JIP and to

verify its accuracy. Another limitation is that Open-JIP has a reduced digitisation

depth (10 bits, 1,024 values) in contrast to commercial instruments, which have

depths of 12 to 16 bits (4,096 – 65,536 values), meaning that the resolution of the

Open-JIP fluorometer is inferior to expensive OJIP fluorometers; however, this is

not a serious limitation considering the devices low-cost.

While in some laboratories it is common to build-in-house instruments; fully

open-source fluorometers are far less common. For example, [86] have shown that

it is feasible to build a low-cost multicolour FRR fluorimeter for less than US $700.

The higher cost of that instrument when compared to Open-JIP is due to its higher

complexity as it uses a more sophisticated DAQ and optics. Another earlier exam-

ple is the work of [87] whom developed a phytoplankton fluorescence device with

an estimated cost of US $150; however, the intention of this instrument was not

to study photochemical reactions rather growth. The development of Open-JIP

provides a low-cost analytical tool for biologists, that is customisable. This is the

main benefit of the instrument, as novel biophysical applications require novel and

modifiable instrumentation to suit the researchers’ requirements. In particular, the

customisability of the device would allow scientists in the future to add, modify

and explore other protocols that will aid understanding the complexities of the

OJIP polyphasic rise. Examples of these modifications could include different wave-

lengths, sampling rates, optical configurations and data acquisition devices (see

https://github.com/HarveyBates/Open-JIP for more information).

Open-JIP is to be used as a low-cost sensor for high-throughput measurements,

for example in algal phenomics whereby the user requires several fluorometers to

measure phenotypes simultaneously [25]. Open-JIP is an example of open-source
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scientific instrumentation that will enhance the outreach of the OJIP method to a

wider group of users in developing countries, citizen scientists and students.



3. PHENOBOTTLE: AN OPEN-SOURCE PHOTOBIOREACTOR FOR

NOVEL PHYSIOLOGICAL STUDIES

A photobioreactor was created to assess real-time photosynthetic and growth phe-

notypes in real-time. This device is another low-cost instrument that is focused on

assessing photophysiology in microalgae in a reproducible manner. However, the

device also has the ability to culture the microalga while probing photosynthesis.

This results in a time-series assessment of photophysiology which is unrivalled by

similar instrumentation. This is a reformatted version of a manuscript which is

under review by Algal Research.

3.1 Introduction

Microalgae are unicellular photosynthesising organisms that contain chlorophyll a as

their primary light harvesting pigment [1, 88]. As a result of their high biodiversity,

microalgae are able to inhabit a wide range of environments [1, 3, 4]. Their rapid

growth rates and biochemical/metabolic diversity has placed microalgae at the fore-

front of biotechnological research into renewable energies, climate change mitigation

and pharmaceutical research [89–93]. Such research provides invaluable information

on the optimisation of microalgal production for commercial operations [32, 94].

As microalgae live in dynamic environments, they exhibit a large degree of pheno-

typic plasticity in their photosynthetic functions [95, 96]. Mapping these photosyn-

thetic properties (or traits) under an array of environmental conditions can be done

using a photobioreactor (PBR). PBR’s can create a reproducible reference state for

which to compare the physiological condition of microalgae as a response to changes

in environmental variables [97, 98]. However, to ensure that microalgae are in a
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stable reference state, automated measurements must be taken at a high temporal

resolution whilst also using accurate instrumentation. High temporal resolution is

particularly important, as photosynthesising organisms possess the ability to rapidly

regulate light harvesting within seconds in response to changing environmental con-

ditions so as to avoid over-excitation [99]. Rapid changes in photosynthesis therefore

need to be probed in near-real time to identify the mechanisms that fine tune the

photosynthesis of microalgae.

Some commercial PBR’s have been developed to replicate real-world environmen-

tal conditions (i.e. fluctuating light to simulate cloud cover) [100], whilst others are

manufactured for specialised experimental designs under controlled laboratory con-

ditions [101]. Additionally, there are custom-built microfluidic PBR arrays available

for high throughput screening of microalgae [31]. The microfluidic system designed

by [31], provided an extremely high-throughput (250 times higher throughput that

traditional culturing methods) technique for assessing lipid content in microalgae.

However, the low volume used in their microfluidic system did not scale growth rate

when compared to larger volume experiments.

As most commercial PBR’s have a limited degree of user customisability, re-

searchers are driven to choose experimental methods within the technical constrains

of the available equipment. An alternative approach would be a completely cus-

tomisable instrument, whereby both software and hardware can be customised to

provide researchers with the ability to develop their optimal experimental designs.

Measuring frequency and accuracy should be high to capture real-time physiolog-

ical processes and the cost of the instrument should be low to allow for an array

of PBR’s to screen environmental conditions, simultaneously. Furthermore, these

devices must have a large enough volume to allow for aliquots to be extracted for ex-

ternal analysis such as chemical and biochemical assays, metabolomics, or genomics

of the microalgal culture.

For these reasons, in this work, we present the Phenobottle, a PBR designed

for customised physiological studies whereby researchers define specific hardware

and/or experimental procedures. This device is comprised of 3D printed compo-
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nents, off-the-shelf electronics, and common laboratory-based plastic ware to create

a cost-effective device. The user is provided with all the instructions to construct,

code, and use the Phenobottle without the need for prior coding or electronics ex-

perience. The current version provides control over irradiance, mixing through a

vertical magnetic stirrer, bubbling of ambient air or CO2 (with use of external CO2

supply) and assessment of the physiological state of microalgae through several in-

tegrated sensors. These sensors include optical density, temperature and a modified

open-source OJIP chlorophyll a fluorometer [57]. Each sensor can monitor physio-

logical traits from a dilute to concentrated culture and can be adjusted in a mul-

titude of ways (software and hardware adjustments) to accommodate for different

species of microalgae. The chlorophyll a fluorometer provides a basic assessment of

photosynthetic phenotypes through variable fluorescence (Fv) and quantum yield of

photosystem II (Fv/Fm). In addition to this, the entire kinetic of the polyphasic rise

of OJIP chlorophyll a fluorescence can be derived for advanced analysis of the light

reactions of photosynthesis (for a more detailed introduction to OJIP fluorescence

see [64, 81]). In addition to this, data collected from the integrated fluorometer

can be used to find correlations with more labour intensive techniques that explore

alternative phenotypes (as in Chapter 4 of this thesis). The Phenobottles basic op-

erations are demonstrated through a benchmark test using the green-alga Chlorella

vulgaris.

3.2 Materials and Methods

3.2.1 Phenobottle Hardware Design

The structure of the Phenobottle is based around a 75 cm2 cell culture flask (Fal-

con Flask, Corning, NY, USA). The Phenobottles structure was 3D modelled in

Fusion360 (AutoDesk, California, USA) and 3D printed using black PLA plastic

(inkStation, Sydney, Australia) (Figure 3.1). For more information about version

releases please visit: [102].
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Two types of digital control units were used to operate electronic components

in the Phenobottle, a Teensy 3.6 (PJRC, Oregon, USA) and a Raspberry Pi (RPi)

(3B+, Cambridge, UK). The RPi is used as the control over all operations of the

Phenobottle (master). On top of each RPi a Motor HAT (Adafruit, NY, USA) pro-

vides individually controlled pulse width modulated (PWM) power to motors, lights

and pumps. This configuration allows the user to control the speed of the motors

and irradiance of the lights within the software of the Phenobottle. The system

was powered by a 12 V 2 A power supply (15DYS624, Ideal Power, Texas, USA).

Light was provided by LED strips positioned on the back wall of the Phenobottles

main frame. RGB LED’s (RGB LED Bare, Core-Electronics, Kotara, Australia)

were used to allow the modification the light spectrum to match the photosynthetic

antenna requirements of different algae. This is required for experiments examin-

ing the optimisation of growth, as different species possess different light harvesting

complexes [103, 104].

A reversed vacuum pump (Vacuum Pump 12 V, Core-Electronics, Kotara, Aus-

tralia) bubbled air or CO2 (with external CO2 supply) into the culture flask. Mix-

ing of the microalgae is accomplished via a magnetic stirring rod (756, Labdirect,

Sydney, Australia) inside the culture flask. The rod is spun by a 12 V DC motor

(YM2716, Jaycar, Rydalmere, Australia) which has a 3D printed magnetic holder on

the shaft. The magnetic holder houses two neodymium disc magnets (20079B, AMF

Magnets, Texas, USA) which are connected such that the magnetic rod inside the

flask is pulled against the wall of the flask and follows the spin of the mixing motor.

A 3D printed bottle cap was designed to allow for five separate tubes to access the

culture. These tubes provide the microalgae with air and give the user access to the

microalgal culture through a needless intravenous (IV) connector (BD Q-SyteTM,

BD, New Jersey, USA). The other tubes are connected to a laboratory-created flow

through cell connected to a peristaltic pump for chlorophyll a fluorescence analysis.
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Fig. 3.1: Photograph (Left) and 3D render of a Phenobottle (Right). The

3D printed shell of the Phenobottle is designed to fit specific components

but can be easily adjusted (via 3D modelling) to accommodate different

motors, lights (white illumination displayed here) and/or electronic in-

frastructure. On the rear of the Phenobottle is a Raspberry Pi computer

which is connected via USB to the Teensy 3.6 microcontroller and custom

electronics.

3.2.2 Custom Electronics

Having developed and designed the custom electronics a printed circuit board (PCB)

was constructed using EasyEDA (Version 6.2.44, Guangdong, China) and manufac-

tured by JLCPCB (Guangdong, China). The circuit board features all the necessary

components to measure optical density, temperature and chlorophyll a fluorescence

(circuit board and schematics available at [102]).

3.2.3 Measurement of Optical Density

Optical density was measured using two identical 875 nm LED’s (SIR333-A, Ev-

erlight, New Taipei City, Taiwan). These LED’s were positioned on opposite sides

of the bottles with a path length of 38 mm and secured with clear epoxy resin (Ultra
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Clear Araldite, Selleys, NSW, Australia). Light from the emitting LED is directed

through a pinhole (2 mm diameter) before passing through the culture and being

detected by the detecting LED.

As a detector, we have used the same LED as the emitter in reverse bias (negative

terminal connected to positive and positive connected to negative). This configura-

tion results in incoming photons from the emitting 875 nm LED to create a voltage

that can be measured by the Teensy 3.6. This voltage is amplified to a usable range

for the Teensy 3.6’s analog-to-digital converter (ADC) with use of a feedback resistor

(2.6 MΩ). As a result of this arrangement the user can adjust the sensitivity of the

optical density sensor to suit their culture density by either adjusting the resistor

value or by adjusting the reference voltage in the Teensy 3.6 code (between 1.1 and

3.3 V).

To calibrate the OD sensor the user must place a culture flask with growth

medium in the Phenobottles designated slot and measure a baseline transmission

reading (Io). This value is added to the scripts on both the Teensy 3.6 and RPi,

allowing the Phenobottles to automatically calculate optical density (OD) according

to the Beer-Lambert. Doubling time of microalgal cells in solution (k) was calculated

according to [105], using of both continuous measurements of optical density and a

cross calibration with manual cell counts.

OD = − log10

I

Io
(3.1)

Where I is the transmitted light through the microalgal solution.

k =
log2(

Nt

N0
)

∆t
(3.2)

Where k is the doubling time of microalgal cells per unit time (24 hours), Nt is

the final cellular concentration after 24 hours and N0 is the cellular concentration

at the start of the doubling period.
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3.2.4 Measurement of Temperature

A simple temperature sensor (TMP36, Analog Devices, Massachusetts, USA) was

utilised as an external indicator of local air temperature. We employed a temperature-

controlled room to maintain temperature continuity between replicate Phenobottles.

3.2.5 Architecture for Chlorophyll a Fluorescence Analysis

Chlorophyll a fluorescence was assessed using a modified Open-JIP fluorometer [57].

A peristaltic pump (50220, Makeblock, Shenzhen, China) was used to sub-sample

the microalgal culture from the culture flask through a custom-made flow-through

cuvette arranged for a 90 degree angle between emitted and detector. The design of

the cuvette uses two irrigation adapters (1010024, Pope, Kilkenny, Australia) glued

(Aquafix Waterproof Epoxy, Selleys, NSW, Australia) to either end of a polystyrene

spectrometer cuvette (C5291, Sigma Aldrich, NSW, Australia). Silicone tubing (5

OD x 3 ID mm) (310-0305, Gecko Optical, Joondalup, Australia) was connected

onto either end of the cuvette, allowing the algal cells to be dark-adapted inside the

cuvette before measuring their chlorophyll a fluorescence signature. The direction

of flow from bottom to top of the cuvette eliminates the possibility of air bubbles

affecting measurements.

Maximum actinic light intensity from the fluorometer was set to 2,600 µmol

photons m−2 s−1 with a 4π light meter (LI-250A, LiCor, Nebraska, USA) at a peak

wavelength of 626 nm. The intensity of the actinic light was adjusted with the use

of a 0.9 neutral density (ND) filter (Lee Filters, Hampshire, UK). This can also be

achieved by adjusting the electrical configuration of the actinic light circuitry. As

different species of microalgae have different antenna complexes, Phenobottles have

the option to use four different actinic light sources (466, 532, 592 and 626 nm)

in order for the user to select the correct LED excitation for their algal species of

interest [57, 106].
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3.2.6 Chlorophyll a Fluorescence Analysis

Photophysiological traits were assessed through quenching analysis of chlorophyll a

fluorescence (Figure 3.2) [64, 80]. A one second excitation of the sample induces the

polyphasic rise of the chlorophyll a (OJIP transient) fluorescence that could be used

acts as a surrogate to the redox state of Photosystem II (PSII)[64]. Several derived

parameters can be obtained from an OJIP transient using the so-called JIP-test

algorithm [81]: Fo (O-step) is the minimum level of fluorescence; Fj (J-step) which

represents a reduced primary electron acceptor (QA) of PSII; Fi (I-step) is caused by

reduced electron acceptors on the acceptor side of photosystem I (PSI); Fm (P-step)

occurs when the entire electron transport chain is reduced; the maximum quantum

yield of PSII (Fv/Fm); the maximum quantum yield at the J-step (φPSIIQA) [70]);

the variable fluorescence at the J-step (Vj) that is an indicator of the portion of

reduced PSII’s [64, 80, 107]; the initial slope of chlorophyll a fluorescence (M0) that

is an indicator of reduction rate of QA by active PSII’s [107]; and the linear electron

transport performance index (PIabs).

Vj =
Fj − Fo
Fv

(3.3)

M0 = 4ms× F300µs − Fo
Fv

(3.4)

PIabs =
1 − Fo

Fm

M0

Vj

× Fv
Fo

× 1 − Vj
Vj

(3.5)

To compare fluorescence parameters with different scales, Z-scores (Z) can be

used to normalise the values around their mean.

Z =
xi − x

S
(3.6)
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Fig. 3.2: Visualisation of OJIP chlorophyll a fluorescence induction curve

and derived parameters. Two concentrations of Chlorella vulgaris are

shown to demonstrate Phenobottles ability to assess photosynthesis at

both a high (0.84 OD) and low density (0.11 OD). Fo is measured at 40

µs, Fj at 2 ms, Fi at 30 ms and Fm is the maximal fluorescence intensity.

Variable fluorescence (Fv) is the difference between Fm and Fo, dividing

this value by Fm after dark adapting gives the maximum quantum effi-

ciency of PSII (Fv/Fm). φPSIIQA represents maximal quantum efficiency

of PSII at the J-step.

The average (x) is subtracted from each value (xi) and divided by the standard

deviation from the mean (S). Z-scores higher than the mean will be positive and

those lower will be negative.
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3.2.7 Phenobottle Software

Phenobottle hardware is controlled by the RPi through a single Python script

(scripts provided at: [102]. The slave (Teensy 3.6, coded in C++) reads commands

send from the RPi via its USB (serial) port (Figure 3.3). When a request is received

by the Teensy 3.6 it proceeds to take the required measurement and sends the data

back to the RPi. The data is then decoded, mathematically transformed, and sent

to a locally hosted MySQL database running on an additional separate RPi.

To assess photosynthesis and growth while the Phenobottles are operating a

plotting graphical interface (PGI) was developed which displays live data. The PGI

is programmed with Python and can be used on Windows, Linux and Macintosh

operating systems. Additionally, if the user needs remote access while an experiment

is running, this can be achieved through virtual network computing (VNC) software

(VNC Viewer, RealVNC, Cambridge, UK).

3.2.8 Biological Material

Chlorella vulgaris (Phylum Chlorophyta) (UTS-LD) was chosen for this benchmark

test of the Phenobottles. At time of subculturing the culture was in its exponential

phase on a 12-12 light dark cycle in MLA media at 65 µmol photons m−2 s−1 [82].

3.2.9 Benchmark Test

Three separate Phenobottles were used to grow C. vulgaris concurrently under con-

trolled conditions to demonstrate the devices ability to produce reproducible and

accurate results. MLA media (200 mL) was added to each Phenobottle and a 100%

transmission reading of optical density was obtained as described above. Light in-

tensity was set to 65 µmol photons m−2 s−1. 30 mL aliquots were taken from a

stock solution of C. vulgaris and transferred to each of the Phenobottles through

the IV-connector. The culture was allowed to stabilise in the bottle for two days

on a 16-8 light dark cycle before being diluted to a time zero optical density of

0.05 by extracting cells through the iv-connector and injecting fresh MLA media.
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Fig. 3.3: Operational processes housed within the Phenobottles software

and hardware. The master controller for the Phenobottle is the Rasp-

berry Pi (RPi) (shown with light green background). Requests to the

Teensy 3.6 are made from the RPi for measurements to be taken. The

RPi has overall control over mixing speed, bubbling intensity, and light in-

tensity. An external RPi locally hosts a Structural Query Language (SQL)

phpMyAdmin database for each Phenobottle to connect to and write data

into separate dedicated tables. Each Phenobottle also possesses a comma

separated value (csv) file of the data if the server cannot be reached.

External users can access the data at any time by communicating with

the database and plotting the data using Phenobottles plotting graphical

interface. To change parameters within the Phenobottle individual Phe-

nobottles can be accessed by a virtual network computing (VNC) service.

The stabilization period helps to ensure the Phenobottles are functioning optimally

before starting the experiment. Physiological traits were then monitored with auto-

mated chlorophyll a fluorescence and optical density measurements taken every ten

minutes for a period of 280-hours.
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3.2.10 Data Analysis

Function fitting for each plot was preformed using OriginLab (Version 9.7.0.188)

and plotted using Python (Version 3.7.4). To explore daily fluctuations in electron

transport a heatmap was created using R (Version 3.6.2). Biorender.com was used

to create Figure 3.3.

3.3 Results

To assess the accuracy of the optical density (OD) sensor two tests were performed.

The first was a calibration between a commercial spectrometer and a Phenobottle

using C. vulgaris which was fitted to a linear regression (R2 = 0.999) (Figure 3.4A).

This comparison was achieved by taking aliquots at different dilutions from a Phe-

nobottle and placing them into a polystyrene spectrometer cuvette to be measured

in a UV-Visible spectrophotometer (both measurements were taken at 875 nm). The

second calibration involved diluting a Phenobottle containing C. vulgaris to various

OD’s. After which, aliquots were extracted for cell counts which were carried out

under a microscope using a Neubauer Hemocytometer chamber. OD values were

then plotted against cellular concentration per millilitre (mL) and fitted to a linear

regression (R2 = 0.988) (Figure 3.4B).

OD was monitored in three Phenobottles over an experimental period of 11 days

from a starting value of ∼0.05 and extrapolated using a logistic function (Figure

3.4c). OD calculations at the beginning of the experiment corresponds to a cell

density of 0.1 × 107 per mL and a final value of 2.3 × 107 per mL, corresponding to

an increase in C. vulgaris cell count per mL of 2,300% in 11 days (Figure 3.4b-c).

OD decreased over the dark periods and rapidly dropped upon re-illumination when

growth lights were switched back on each morning. Doublings per day decreased

following a 2nd order exponential decay (K1 = 0.068 ± 0.079, K2 = 0.009 ± 0.001)

from 0.982 ± 0.323 after 1 day to 0.098 ± 0.003 after 11 days (Figure 3.4bd).

The maximum quantum efficiency of PSII can be assessed through normalised

variable fluorescence (Fv/Fm) (Figure 3.5a). Within 1 hour of the dilution of C. vul-
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Fig. 3.4: Optical density calibrations and time-series assessment of growth.

(a) Optical density of C. vulgaris measured with the Phenobottle com-

pared to a commercial spectrometer at the same wavelength (875 nm).

(b) Optical density as measured by the Phenobottle compared to the

number of cells (×107) of C. vulgaris per millilitre. Linear regressions

were calculated for both A and B. (c) Optical density (black line) mea-

surements taken every 10 minutes over the experimental period (n=3 ±
standard deviation). A logistic (red) line has been extrapolated to the

growth curve. Shaded vertical blocks represent times when the growth

lights were switched off. (d) Average doubling rate per day of C. vulgaris

in the Phenobottles (n=3 ± SD).

garis Fv/Fm was 0.5 ± 0.04, this was followed by a rapid decline in PSII efficiency

to 0.425 ± 0.02 after 3 hours. For the following 4 days Fv/Fm increases gradually,

with periodic declines in quantum efficiency of PSII during dark periods and rapid

increases during growth light illumination. These oscillations in Fv/Fm are attenu-

ated after 7 days, with the quantum efficiency of PSII remaining stable at 0.71 ±

0.02.



3. Phenobottle: An Open-source photobioreactor for novel physiological studies 49

Fig. 3.5: Time-series assessment of photosynthesis using the Phenobot-

tle (a) Quantum yield of PSII (Fv/Fm) (b) Maximum photochemical effi-

ciency of PSII at the J-step (φPSIIQA) and (c) Performance index (PIabs)

of Chlorella vulgaris over a 280-hour period with 16:8 light dark cycles.

Measurements were taken every 10-minutes. Dark vertical lines represent

times when the growth lights are switched off. Each plot is fitted with an

exponential decay (red line) to display a line of best fit (y = y0 +A1e
− x

t1 )

for which rate constants could be calculated(n=3 ± SD).

The maximal quantum efficiency of PSII at the level of QA (before re-oxidation

of QA by downstream acceptors) can be measured through φPSIIQA (Figure 3.5b)

[70]. Quantum efficiency of PSII at the J-step decreases rapidly 1 hour after dilution

from 0.42 ± 0.04 to 0.37 ± 0.02 at 3 hours. Similarly to Fv/Fm, φPSIIQA increases

over the first 7 days to a stable value of 0.6 ± 0.15, with gradually attenuated oscil-

lations as a result of diurnal irradiance cycles visible over the 11 day experimental

period.
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Fig. 3.6: Heatmap of OJIP Fluorescence Parameters Heatmap of a daily cycle

(days 8 - 9) once photosynthesis has reached a steady state (as determined

by relatively stable values of Fv/Fm) and C. vulgaris is growing in its

linear phase. Values are averaged Z-Scores and demonstrate normalised

increases (blue) and decreases (red) of each photosynthetic parameter.

Assessments of chlorophyll a fluorescence were taken every 10 minutes

during night (growth lights switched off) and day periods (growth lights

switched on).

While values of Fv/Fm and φPSIIQA are stable towards the latter part of the

experimental period, PIabs (performance of linear electron transport) fluctuates over

the entire experimental period (Figure 3.5c). Additionally, PIabs, unlike the quan-

tum yield of PSII, decreases after ∼12 hours of growth light exposure rather than

exclusively over dark periods. PIabs gradually rises from a low point of 0.13 ± 0.02

after 3 hours of dilution of C. vulgaris. During the latter stages (>5 days) the PIabs

begins to drop quickly (<1 hour) upon growth light exposure, followed by a rapid

reversal (<2 hours) to pre-dawn values.

To examine daily cycles in the light reactions of photosynthesis within C. vulgaris

a heatmap was created during a stable period of photosynthetic productivity (Figure

3.6). Values are Z-scores and demonstrate relative increases and decreases in each

photosynthetic parameter over a 24-hour period (days 8 - 9) starting from 8 hours

of darkness. Upon the growth lights being switched off there is an increase in the

quantum efficiency of PSII as seen through higher values of Fv/Fm and φPSIIQA.

Once the growth lights are switched back on (hour 8) there is an immediate decline

in PSII efficiency with higher values of PSII closure rate (M0) and the ratio of
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closed PSII reaction centres increases (Vj). PIabs and Fv/Fm are reduced for a short

period of time (<1 hours) before returning to ambient levels. Mid-way (hours 16-21)

through the 16-hour growth light period C. vulgaris has higher values of PIabs and

Fv/Fm and lower values in M0 and Vj. This is followed by a decrease in Fv/Fm,

PIabs and φPSIIQA after 12 hours of growth light exposure.

3.4 Discussion

The present work has described the structure and function of the Phenobottle and

demonstrated an example of its use in microalgal physiological research. The utility

of the device has been shown through the Phenobottles ability to assess photosynthe-

sis and growth accurately in C. vulgaris over both long (days) and short (minutes)

time-scales. The use of cost-effective components and 3D printing allows the overall

cost of the device to be quite low (US ∼$200 per device) compared to commer-

cial instruments. The flow-through cuvette of the fluorometer has provided a great

benefit to the overall system by providing an assessment of electron transport in

photosynthesis at a near-real time resolution. The primary reason for this is that

the device measures OJIP fluorescence outside of the culture flask, negating the need

to illuminate the whole culture with high intensity irradiance for each chlorophyll a

fluorescence analysis.

In the application example used here, the results indicate that electron transport

in the light reactions of photosynthesis can be tracked in both an accurate and repro-

ducible manner with parallel Phenobottles. The low and high concentration signal

to noise ratio shown in Figure 3.3 provides an accurate analysis of OJIP fluores-

cence throughout the stationary and linear phase of growth. Issues that need to be

considered when performing this kind of analysis is that the increased concentration

of cells inside the fluorometer will decrease the average light intensity of the OJIP

fluorometer due to the reduction in penetration depth of the actinic light [57]. To

alleviate this issue, one can use turbidostat mode to keep the culture density low. In

our design we have tried to minimise the effect of microalgal density by positioning
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the detecting photodiode of the fluorometer as close to the emitting LED as possible.

By doing so, one can avoid saturation and re-absorption of fluorescence.

Cellular concentration in solution follows a logistic function according to optical

density, as there is a small lag period followed by an linear growth phase. A similar

trend of growth (OD) was found in a previous study using C. vulgaris, with a slow

phase after inoculation followed by a rapid (linear) phase and finally a stationary

period over an comparable 17 day period [108]. If OD is converted to doublings of

cells per day according to equation 3.2, the result is a 2nd order exponential decay.

This could indicate that at the start of the experimental period cellular reproduction

is high due to higher irradiance (because of high transmission) and as transmission

decreases the doubling time of cell density becomes longer. Other factors such as

CO2 and nutrient limitation may be contributing to this decrease which could be

explored further in future experiments [109, 110].

Analysis of Fv/Fm, PIabs and φPSIIQA indicates that the dilution of cells at

the start of the experiment places some photosynthetic stress on C. vulgaris. A

previous study using C. vulgaris to determine PSII photochemistry over various

growth phases yielded similar quantum yield of PSII values 3 days after inoculation

(0.7 ± 0.05) compared to the Phenobottle (0.65 ± 0.03) [111]. However, [111] did

not use a photobioreactor, and used a different medium (Tris-Acetate-Phosphate)

and did not measure quantum yield of PSII directly after inoculation which is where

we see most of the changes in photochemistry occurring. After 2 – 3 hours Fv/Fm

and PIabs begin to increase as C. vulgaris begins to acclimate to the Phenobottles.

If the fluorometer was able to assess Fv/Fm for higher cell densities, it would be

expected that Fv/Fm would begin to decline as C. vulgaris enters its stationary phase

of growth where nutrients and CO2 and light become limiting factors. The saturation

of chlorophyll a fluorescence measurements at high cell densities is linked with the

electronics of the Phenobottle, as in this experiment the gain of the instrument was

set slightly too high. To correct this issue users can adjust the sensitiivty of the

Phenobottle via the electronics infrastructure. However, for other species/strains

of microalgae which exhibit variable amounts of chlorophyll a fluorescence the user
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may want to dial in the amplification of the OJIP signal to achieve the highest signal

to electronic noise ratio. Alternatively, the user can operate the Phenobottle (with

some minor alterations) as a turbidostat with a constant cell concentration.

The featured heatmap demonstrates the fine tuning of photosynthesis over a 24-

hour period (days 8 – 9). Heatmaps have been used in previous photosynthetic

studies to examine time-series data from multiple phenotypes in order to demon-

strate the influence environmental variables have on photosynthetic processes [112].

The heatmap featured here has only one phenotype; however, its application demon-

strates the day/night cycle of photosynthesis in C. vulgaris that can be expanded

upon in future studies. Over 8-hours of darkness PSII photochemistry remains

constant, as can be seen through little variation in Fv/Fm and PIabs. However,

φPSIIQA increases directly after being dark inducted suggesting an immediate up-

turn in QA reduction [70]. When the growth lights are turned on, an increase in

the closure rate of PSII can be seen through higher values of M0 and Vj. This coin-

cides with a decrease in Fv/Fm and a reduction in overall photochemistry (PIabs).

The day/night cycle of C. vulgaris is visible through a decrease in Fv/Fm, PIabs and

φPSIIQA after 12 hours of light exposure. As C. vulgaris was kept in a stock culture

operating at 12:12 light dark cycles, the decrease in photochemical efficiency after

12 hours suggests an adaptation to this entrained diurnal rhythm as seen in other

species of microalga [113]. These data provide an accurate assessment of electron

transport in microalgae at a near real-time resolution.

The Phenobottle offers a great deal of advantages over traditional culturing meth-

ods and other commercial PBR devices. Coupling growth and OJIP chlorophyll a

fluorescence measurements in the Phenobottle makes the device a powerful tool for

real-time assessments of microalgal photophysiology, which most commercial instru-

ments are incapable of. The device is sensitive enough to capture fluctuations in

photosynthesis and growth due to stresses that can go unnoticed if the user were

to only use discrete (infrequent) Fv/Fm measurements. Additionally, traditional

microalgal culturing methods such as Erlenmeyer flasks within an incubator, may

result in heterogeneous irradiance distribution due to the flasks irregular shape and
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self-shading of multiple flasks near each other. This is not an issue with the Phe-

nobottle as the individual flat light panels and bottle shape provide a homogeneous

light exposure to the entire population. The absence of mixing in some PBR systems

results in self shading, with some cells receiving a lot of light and others getting very

little [114]. In the Phenobottle mixing is done automatically at the users desired

speed and intervals. Additionally, small features such as text message notifications

when the culture reaches a certain density or if a photosynthetic parameter reaches

a threshold are useful to know when to dilute a culture or to take additional exter-

nal measurements. As the Phenobottle is coded in common programming languages

(Python and C++), users can adapt new protocols and integrate additional sen-

sors following the structure of pre-existing programming commands. The localhost

database provides easy and quick access to current experimental data of all opera-

tional Phenobottles (Figure 3.3). Future versions of the device could implement the

ability to control an array of Phenobottles from a single computer, thus allowing for

faster experimental setup times.

While the Phenobottle has several benefits over some traditional PBR’s, the de-

vice itself is not intended to replace commercial instruments. As shown in this

experiment; if the light intensity of the chlorophyll a fluorometer is consistent be-

tween instruments it is possible to normalise the OJIP curves to obtain relative

changes in electron transport. It is unknown to what extent instrument variation

occurs between commercial photobioreactors in which to compare this limitation of

the Phenobottle. Another feature that could potentially be added to the Phenobot-

tle is further control over environmental variables including light quality (colour),

temperature of the system etc.

The main benefit of a Phenobottle is in the ability to accurately assess the fine

regulation of photosynthesis in microalgae. Additionally, the hardware of the Phe-

nobottle provides uses for microalgal research through homogeneous light, mixing

and bubbling for reproducible and precise microalgal research. In the future, it is

foreseeable that the Phenobottle could be adapted to a wide range of innovative
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methods and provide valuable information on photosynthesis, growth and function-

ing of various microalgal species.



4. NEAR-REAL TIME MEASUREMENTS OF PHOTOSYNTHETIC

ELECTRON TRANSPORT

The previous two chapters have discussed and demonstrated the development and

preliminary testing of two novel instruments. This chapter will focus on using the

new devices to develop a novel and rapid technique for estimating the absolute rate of

photosynthetic electron transport. The application of this method may prove to be

a valuable tool for conducing high-throughput phenotyping using green microalga.

4.1 Introduction

Microalgae are at the forefront of biotechnological research as they may provide so-

lutions to global issues such as food security, aquaculture feedstock, biodegradable

plastics and sustainable bio-fuels [10, 115–117]. However, after decades of research

there is consensus that for microalgae to become mainstream industrial solutions;

two main problems need to be addressed. First, genetic tool kits for microalgae

need to be developed and secondly efficient light usage in microalgal cultures must

be optimised [115, 118]. While the later issue has been examined in detail, light man-

agement in photobioreactors (PBR) has been a challenging issue. This is primarily

due to the fact that light penetration depth diminishes rapidly as the microalgal

culture increases in concentration. As microalgae are photoautotrophic organisms,

this reduction in irradiance alters the efficiency of photosynthetic processes.

A possible solution for controlling the efficiency of photosynthetic processes is

to tune-up the utilization of light in PBR’s by controlling microalgae’s photophys-

iological processes. This could be achieved by regulating light absorption by light

harvesting proteins (antennas) and altering electron transport between photosystems
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II and I (PSII and PSI, respectively) [119]. It is vital that this process is carried

out with a near-real time resolution to rapidly adjust the light conditions that the

microalgae are exposed to, as a response to observed photosynthetic phenotypes.

A commonly used method of probing photosynthetic processes is through various

kinds of chlorophyll a fluorometers. Intense excitation (in the form of irradiance) is

applied to a microalgal sample resulting in the emittance of fluorescence from PSII.

The fluorescence intensity is measured and interpreted based upon a quenching anal-

ysis of PSII [58]. Several parameters resulting from chlorophyll a fluorescence have

been proposed to probe photosynthetic efficiency such as: the maximum quantum

yield of primary photochemistry (φPo, also known as Fv/Fm); the photosynthetic

electron transport rate of PSII (ETRII), an indicator of how efficiently electrons

move through the electron transport chain and generate reducing power; or the

absorption cross section of PSII (σλ, which indicates the efficiency in wavelength

absorption by photosynthetic antenna [61, 71]. While ETRII and σλ are very useful

parameters, they are time consuming to measure, require advanced instrumenta-

tion and therefore are not suitable to monitor photosynthetic processes in real-time.

Alternatively, φPo is quite fast to measure (< 1 s); however, this parameter only

changes when catastrophic stress events in photosynthetic organisms occur.

A major obstacle in optimising microalgal production is linked to the fact that a

real-time, rapid assessment of photosynthetic electron transport in microalgae does

not exist. To overcome this issue, we report a new method to estimate ETRII

at a near-real time resolution, utilizing the seconds-time-domain-component of the

polyphasic fluorescence induction curve of chlorophyll a (colloquially referred as

OJIP). To test this approach, we cultivated the green microalga Chlorella vulgaris

under three different lighting qualities (Red-Green-Blue (RGB), Red-Blue (RB) and

Warm White (White) LEDs) using identical irradiance and in-house designed, 3D-

printed, open-source photobioreactors known as Phenobottles [102]. Continuous

(every ten minutes) optical density and OJIP measurements were accompanied by

ETRII , pH and σλ calculations at discrete intervals (termed pre-dawn, dawn, mid-

day, afternoon and night). The trial is then repeated by utilising derived parameters
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to modulate both the growth rate and maximum photosynthetic ETRII of C. vul-

garis.

4.2 Materials and Methods

4.2.1 Microalgal Species

The green microalgal Chlorella vulgaris (UTS-LD) (Phylum Chlorophyta) was cho-

sen as the test species based upon recent work describing its potential for the pro-

duction of sustainable bio-fuels, as a food source for aquaculture and the treatment

of waste-water [115, 116]. At the time of sub-culturing C. vulgaris was growing in

its exponential phase in MLA media with 60 µmol photons m−2 s−1 of RGB LED

light (measured using a 2π PAR meter (LI-250A, LiCor, Nebraska, USA)) on 12-12

hour light-dark cycles in a Phenobottle [82].

4.2.2 Photobioreactor and Light Arrangement

Open-source, 3D printed PBR’s known as Phenobottles were constructed and em-

ployed to assess photosynthesis and growth of C. vulgaris (Figure 4.1). These PBR’s

are based around 75 cm2 culture flasks, have automated mixing, bubbling of air and

their own growth light configuration. Growth lights were constructed in three differ-

ent arrangements: (1) Warm White (5050 SMD), (2) Red-Blue-Green (RGB) (5060

SMD) and (3) Red-Blue (RB) (5060 SMD) and calibrated to an irradiance of 60

µmol photons m−2 s−1 using a 2π PAR meter.

4.2.3 Automated Measurements

Phenobottles are equipped with individual, open-source, in-house made, 626 nm

OJIP chlorophyll a fluorometers [57]. OJIP chlorophyll a fluorescence is based upon

an analysis of quenching resulting from PSII [80]. This method uses dark-adapted

photosynthetic microalga which are then exposed to a flash (>1 second in duration)

of continuous irradiance. A detector, shrouded by a long pass filter (>695 nm),
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Fig. 4.1: 3D render of the Phenobottle lighting arrangements used. White

Light (a); RGB (b) and RB (c) arrangements are shown as a representation

of the light quality implemented to target the optimal absorption cross

section of PSII.

measures the resulting chlorophyll a fluorescence signature, composed of distinct

three phases; O-J, J-I and I-P [59, 64]. Every 10 minutes 5 mL of C. vulgaris

was automatically extracted from the culture flask by a peristaltic pump into the

integrated cuvette OJIP fluorometer for dark-adaptation and analysis before being

pumped back into the main growth culture flask for re-homogenisation.

Each Phenobottle is fitted with an automated 875 nm optical density (OD875)

sensor located between the main culture flask (38 mm path length) which is used as

a proxy of cell concentration.

4.2.4 External Manual Measurements

A multiple wavelength chlorophyll a fluorometer (MC-PAM, Heinz Walz GmbH,

Germany) was employed to perform an analysis of chlorophyll a fluorescence quench-

ing to complement the in-bottle OJIP measurements [61]. 1.5 mL of C. vulgaris was

extracted from each Phenobottle through intravenous-connectors (BD Q-SyteTM,

BD, New Jersey, USA) at discrete time-points throughout a daily growth cycle. The

sample was then added drop-wise into a quartz cuvette (10 mm path length) until

a pre-optimised fluorescence reading was achieved in the MC-PAM.

The optical wavelength-dependent absorption cross section of PSII (σλ) of C.

vulgaris was calculated at five-wavelengths (440, 480, 540, 590 and 625 nm) using

multiple short (1 ms) continuous flashes of actinic light (AL), followed by a 50
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µs single turnover saturation pulse. The resulting induction curve of chlorophyll

a fluorescence (known as an O-I1 rise) was fitted (using PamWin3 Software) for

each wavelength as described by [61]. The derived parameters from the O-I1 rise

were used to calculate σλ (4.1). Where k(II) is the rate constant of PSII turnover

(1 ms−1), τ (Tau) is a time constant of QA (a primary electron acceptor of PSII)

reduction and L is Avogadro’s constant.

σII(λ) =
k(II)

τ × PAR× L
=

1

τ × PAR× L
(4.1)

Following σλ assessment, a light response curve (LC) using the MC-PAM at

an excitation wavelength matching that of the OJIP fluorometer (626 nm) was

preformed [61]. The LC routine was set to 30 seconds between each increasing

irradiance step for a total number of 20 steps from 0 – 1,995 µmol photons m−2 s−1.

The resulting derived parameters were combined with σλ estimations to calculate

the photon absorption rate of PSII (PARII) and the absolute electron transport rate

originating from PSII (ETRII).

PARII = σII(λ) × L× PAR (4.2)

ETRII = PARII ×
Y (II)

Y (II)MAX

(4.3)

Where Y (II) is the effective quantum yield of PSII, and Y (II)MAX is the maxi-

mum quantum yield of photosynthesis (also known as φPo).

4.2.5 Rapid Electron Transport Rate Assessment

To associate continuous OJIP fluorescence transients with discrete ETRII estima-

tions, a normalisation was applied to each OJIP transient from Fo, representing the

minimum level fluorescence to Fm, the maximum fluorescence intensity, represent-
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ing an oxidised and reduced electron transport chain, respectively. The normalised

fluorescence intensity at time (t) can then be derived using Equation 4.4.

FNt =
Ft − Fo
Fm − Fo

(4.4)

Normalisation is required to compare OJIP measurements from different photo-

bioreactors and nullify the effects of increasing culture densities as C. vulgaris cells

replicate over time.

4.2.6 Experimental Design

Phenobottles were set to a 12-12 hour light:dark cycles in a 21°C temperature-

controlled room. Each Phenobottle was filled with 200 mL of MLA media, supple-

mented with 40 mL of stock culture C. vulgaris through an intravenous-connector

and given four days to stabilise before starting the experiment [82]. All treatments

were then diluted with MLA media to a time zero OD875 of ∼0.2. Over the course

of 16 hours, five external measurements were taken at discrete time-points (pre-

dawn, dawn, midday, afternoon and night) and complemented by continuous (every

10 minutes) internal measurements of both OD875 and OJIP chlorophyll a fluores-

cence. The trial was repeated five days later; however, this time the RB light culture

was altered to have a reduced growth light intensity of 44 µmol photons m−2 s−1 in

order to modulate ETRII .

4.3 Results

We used three separate photobioreactor growth light arrangements (at the same

PAR intensity) to modify and probe photophysiology in the microalga C. vulgaris

(Figure 4.1). The normalised spectral output of the growth lights for each treatment

are displayed in Figure 4.2 with a PAR overlay as a qualitative indicator of the

growth light quality at each wavelength. There are visible differences in σλ for each
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Fig. 4.2: σλ calculations across a daily growth cycle. Parts (a), (b) and (c)

denote the growth light spectra used, White, RGB and RB, respectively.

Five wavelengths (440, 480, 540, 590 and 625 nm) were used to estimate

the wavelength dependent antenna size of PSII (σλ). A cubic line inter-

polation was fitted to better demonstrate changes in σλ. σλ calculations

are averages (n = 3) ± SD. A false colour map (PAR spectra) has been

overlaid in a – c to demonstrate the spectral profile of each treatment.

treatment, with σ440nm having the greatest effective antenna size of ∼2.8 nm2 and

σ540nm being the smallest at ∼0.75 nm2.

Optical density (OD875) measurements were employed in each Phenobottle as a

proxy of cell concentration using automated 10-minute intervals (Figure 4.3). Figure

4.3a demonstrates the effect of light quality on the growth rate of C. vulgaris at

identical PAR irradiances. RB growth irradiance had significantly increased growth

rates (OD875(MAX) = 0.156±0.004) when compared to White and RGB treatments

(of 0.115 ± 0.006 and 0.110 ± 0.002, respectively). Figure 4.3b depicts the OD875

of C. vulgaris after modulating the RB treatment to a PAR intensity of 44 µmol

photons m−2 s−1. RB light had the highest OD875 out of the three treatments with

an OD875 of 0.119 ± 0.005. RGB and White light again follows similar trajectories

of growth with slightly lower maximum OD875 values of 0.107 ± 0.005 and 0.103 ±

0.009.

OD875 measurements were carried out continuously with accompanying OJIP

fluorescence measurements using a 625 nm open-source, in-house built chlorophyll

a fluorometer known as Open-JIP [57]. The fluorometer is positioned outside the

main growth vessel of the photobioreactors, thus allowing for independent dark-
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Fig. 4.3: OD875 calculations before (a) and after (b) ETRII adjustment. (A)

Normalised OD875 measurements every ten minutes over the first ∼16-hour

experimental period. Light intensity within each Phenobottle is set to 60

µmol photons m−2 s−1. (B) Normalised OD875 measurements over the sec-

ond 16-hour period after recalibrating the RB light treatment growth light

intensity to 44 µmol photons m−2 s−1. Both (A) and (B) are normalised

to zero to demonstrate relative changes in OD875. Data are averages (n =

3) ± SD.

adaptation of a sub-sample and rapid OJIP inductions without needing to dark-

adapt the entire culture vessel. The fluorometer provides near real-time estimations

of φPo, as well as the entire induction curve of chlorophyll a fluorescence (Figure

4.4a). φPo calculations demonstrate a steady increase in all treatments from ∼0.655

to ∼0.68 over the experimental period.

pH was measured at discrete intervals as a surrogate CO2 sensor (Figure 4.4b).

Each treatment resulted in a gradual increase in pH over the experimental period.

Pre-Dawn values were the lowest for all treatments (White=8.8 ± 0.02, RGB=9.04

± 0.14, RB=9.16 ± 0.14). pH rises until the Afternoon, whereby all treatments

reached a peak alkalinity (White=10.01 ± 0.02, RGB=10.16 ± 0.05, RB=10.38 ±

0.02). The Afternoon peak is followed by a rapid reduction in pH after the growth

lights are switched off (White=9.56 ± 0.08, RGB=9.86 ± 0.04, RB=10.01 ± 0.10).
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Fig. 4.4: Changes in photosynthetic parameters over a daily growth cycle.

(A) Continuous φPo measurements using OJIP fluorescence. Dark bars

represent times at which the growth lights are switched off. Vertical lines

represent external sampling times. (B) pH changes in each treatment

at discrete intervals. (C) Maximum ETRII measurements at discrete

intervals as determined by LC analysis. Colours represent treatment used

(White = Green, RGB = Blue, RB = Magenta). Data are averages (n =

3) ± SD.

ETRII calculations were determined at discrete intervals using a multi-wavelength

chlorophyll a fluorometer by first determining the σλ (Figure 4.2) and then pre-

forming a 10-minute light induction curve (LC) at 625 nm (Figure 4.4). Dawn was

the highest achieved electron transport rate for all treatments (White=208.3 ± 6.5,

RGB=249.9 ± 4.3, RB=280.1 ± 9.2). The greater the maximal value of ETRII , the

greater the drop in ETRII as the day progressed, as demonstrated by the difference
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Fig. 4.5: Optimisation and calculation of real-time ETRII (a) Correlation co-

efficient (R) optimisation of ETRII vs FNt, where t equals a time-point in

the OJIP fluorescence induction curve between 850 to 1015 ms. Vertical

dashed line is used to represent the location of FN1s. (b) FN1s vs ETRII

at discrete time points fitted to a linear regression (R2 = 0.934). (c) Es-

timates of maximum ETRII using continuous fluorescence transients (10-

minute intervals) (FN1s). Colours represent growth light irradiance used

(White = Green, RGB = Blue, RB = Magenta, RBadj = Purple). RBadj

shown in (c) demonstrates the estimated maximum ETRII of C. vulgaris

after adjusting light intensity in the Phenobottle to 44 µmol photons m−2

s−1. Dark bars represent time when the growth lights are switched off.

Insert above (c) depicts the growth light profile used for all Phenobottles.

Data are averages (n=3) ± SD.

between the maximum and minimum values of ETRII (White=22.8, RGB=27.3,

RB=37.9).
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The amplitude of normalized fluorescence intensity of one second after the AL

light was switch on (FN1s) in the OJIP fluorometer was used as a proxy of near-real

time maximum ETRII . One second was chosen based upon the optimization of

correlation coefficient (R) calculations between maximum ETRII and the normal-

ized fluorescence intensity (FNt) from 850 – 1015 ms at discrete time-points (Figure

4.5a). These time-points were chosen as they occur after Fm and best demonstrate

a peak correlation occurring at 1000 ms. Normalized values were used to negate

the growth of C. vulgaris effecting OJIP transients and to ensure measurements

between OJIP fluorometers are alike. Correlation coefficient values demonstrate a

gradual increase in a negative correlation between ETRII and FNt. The displayed

coefficient values decrease from -0.940 to a terminal correlation of ∼-0.968 occurring

at ∼1 second, hereafter R values begin to increase.

The optimized linear relationship between FN1s and ETRII is demonstrated in

Figure 4.5b. There are six discrete measurements displayed representing various

time-points throughout the experimental period both before and after altering the

growth light irradiance in the RB treatment (RBadj) (Figure 4.3). Calculations of

FN1s and ETRII are inverse, as greater normalized fluorescence intensity repre-

sents higher quenching due to a blockage of electrons in the photosynthetic electron

transport chain. Therefore, lower values of FN1s indicate increased photosynthetic

electron transport.

Using the linear regression depicted in Figure 4.5b, a near-real time (10-minute

intervals) assessment of maximum ETRII can be calculated from continuous OJIP

transient probes (Figure 4.5c). FN1s follows that of the growth light arrangement

used with a two-hour increase and decrease in light intensity at the start and end of

the growth light period. RBadj represents the maximal ETRII of C. vulgaris over

the experimental period after adjusting the growth light intensity to alter ETRII

and therefore growth (Figure 4.3).
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4.4 Discussion

In this work, a method to rapidly assess electron transport rates on the bases of pho-

ton absorption by PSII (ETRII) was presented (termed FN1s). The method consists

of a predictive model constructed from actual ETRII measurements performed us-

ing conventional pulse amplitude modulation (PAM) fluorometry to derive a novel

parameter from the fast polyphasic rise of chlorophyll a fluorescence (OJIP) curve.

FN1s is estimated by double normalizing OJIP induction curves and parametrizing

the fluorescence intensity at one second. Due to its fast estimation (few seconds)

and capacity to be probed frequently (every 10 minutes), FN1s offers near real-

time assessment of the absolute maximum photosynthetic electron transport rate

originating from PSII.

σλ calculations indicates that changes in spectral quality does not influence an-

tenna composition over short time scales (days) as each treatment has shown an

identical overall trend (Figure 4.2). A reduction of PSII antenna size has been

shown to increase the productivity of C. vulgaris [119]. However, this was pre-

formed using a higher light intensity (>200 µmol photons m−2 s−1), which results in

an environment where light is in excess. Here however, the focusing of light inten-

sity to the optimal optical cross section of PSII at a lower light intensities (such as

within photobioreactors where self-shading is a major issue) were aimed to adjust

the productivity (growth rate) of C. vulgaris.

Ideally, an advanced analysis of photosynthetic processes should be conducted in-

situ, continuously and in a non-invasive manner. The most widely used method of

rapid photosynthetic performance indication is φPo. However, φPo does not represent

the actual photosynthetic electron flux and does not recognize observed changes of

photosynthetic performance across a single light cycle. An evaluation of ETRII

is more applicable, as it provides the absolute rate of electron transport and takes

into account the antenna size of PSII [61]. The issue with ETRII measurements

is that they are time-consuming, require advanced instrumentation and disrupt the

photophysiology of the microalgae due to their long excitation exposures.
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The method used here is based on similar concepts to that which is proposed

when performing OJIP chlorophyll a fluorescence analysis. In this kind of analysis,

darkness is used as a reproducible reference state as the photosynthetic electron

transport chain becomes fully oxidized due to a lack of excitation energy. Here we

propose that FN1s works in the same way, except the reproducible reference state

is a fully reduced electron transport chain occurring at the P-step (Fm). The drop

in fluorescence intensity from the P-step to FN1s is related to electron transport

through the electron transport chain. As a result of this, reduced electron transport

results in higher fluorescence intensity (higher values of FN1s) and increased ETRII

results in decreased fluorescence intensity (lower values of FN1s).

Previous work on the extended phases (beyond Fm or P) of OJIP fluorescence in

isolated chloroplasts (from pea leaves) are correlated with energy dependent quench-

ing (qE), which represents energy dissipation triggered by the formation of a ∆pH

gradient between the thylakoid lumen and stroma [120, 121]. As the formation of a

∆pH gradient occurs concomitantly with electron transport through proton translo-

cation across the thylakoid membrane, a relationship between the extended OJIP

phases shown here is aligned with the findings of this work.

The thermal phases of the polyphasic rise of chlorophyll a fluorescence are not

as well defined as the photochemical steps as they are affected by multiple processes

[64]. As such the thermal (slow) phase defines a range of time where these phases

may occur. The new parameter (FN1s) describes a specific point in time that relates

to the absolute electron transport rate of that microalga. This point in time may

change between species and as such may be calculated through equation 4.4 to derive

a specific calibration for different species.

Commonly used photosynthetic probes are either too slow, too technically com-

plex or do not represent the entire light dependent reactions of photosynthesis. The

method devised here can be used as a rapid indicator of ETRII regardless of the

growth light source color and takes into account the antenna size of PSII (σλ). How-

ever, the derived parameter (FN1s) is unit-less unless combined with conventional

ETRII and σλ measurements as shown here. Nonetheless, the technique can be
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used as a relative indicator of maximum ETRII . This technique could be applied to

create feedback mechanisms for optimising microalgae productivity in cultivators.

Alternatively, the rapid probing technique may be useful for microalgal physiological

research as a sensitive indicator of photosynthetic processes in green microalgae.



5. SYNTHESIS

5.1 Summary of Thesis

The devices and methods presented in this thesis are aimed at increasing the capacity

of microalgal research to progress towards expansive and data-rich experimental

designs. Each device was constructed in a cost effective manner and are completely

open-source, allowing researchers with varying budgets to download and implement

the devices to suit their own experimental requirements.

The chlorophyll a fluorometer presented in Chapter 2 (Open-JIP) can be used as

shown in Chapter 3 to assess photosynthetic phenotypes in real-time. Alternatively,

the device can be used as a stand-alone fluorometer for assessing the photosyn-

thetic properties of microalgae or plants that are used in other biological disciplines.

Altering the device into a USB powered multi-wavelength desktop chlorophyll a flu-

orometer with a simple user interface could increase its usefulness for microalgal

research by allowing researchers who are not comfortable with using the command-

line to to control the device. Additionally, the plant version of Open-JIP could be

modified into a battery powered system to use in the field, without the need for a

computer. These simple devices are also interesting candidates for teaching students

and community members about photosynthesis and how they can design their own

instrumentation to solve problems in other areas of scientific research.

The Open-JIP fluorometer does poses the ability to be adapted to some novel

environmental probes. A particularly interesting application of the fluorometer is

in the field of plant phenomics. Here plant scientists are trying to create a map of

a particular species response to environmental conditions to enhance the produc-

tivity of crops. Commonly, greenhouses are implemented to control environmental
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conditions while physiology is probed in an autonomous manner (using robots or

scanning techniques). However, the Open-JIP device could be adapted as a low-cost

phenomics device in the field by using imaging software to identify the plant (take an

image and compare it to a database of images of various plants so see which matches

the best). The user then takes a measurement using the device which captures both

the photosynthetic phenotype of the plant and the associated environmental con-

ditions (through environmental sensors; temperature, CO2 etc.). The information

is sent to a database of previous measurements to compare and create a map of

phenotype-environment interactions for that species. The data acquired over time

may contain phenotype-environment interactions of various genotypes without the

need for expensive phenotyping greenhouses.

Chlorophyll a fluorescence as a technique has been used for over halve a century.

However, the application of the technique outside of research circles has not been

realised. This may be due to the complex nature of the technique and its interpreta-

tion, the unclear nature between measurements and their application for hobbyists

or the price of the instrumentation. The Open-JIP device may represent a linkage

between research circles and the broader community. The device could be imple-

mented as a low-cost sensor with time series data collection for citizen scientists.

The use of time-series data may provide the link between the devices acquisitions

and the real-world implications for users. For example, a gradual decline in Fv/Fm

may represent a decline in productivity and therefore intervention measures needs

to be conduced to amend these issues (more water, increase shade cover etc.).

The Phenobottles featured in Chapters 3 and 4 of this thesis are capable of re-

producible experimental procedures and can accurately track photosynthesis and

productivity in a near-real time manner. Current methods of cultivating microal-

gae for research is still contained within incubators where a number of issues such

as self-shading, absence of mixing, heterogeneous light etc. all become uncontrolled

variables. The Phenobottles design is aimed at making the device as low-cost as pos-

sible without sacrificing accuracy and usability to increase the number of researchers

using photobioreactors to control these factors. Additionally, Phenobottles provide
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researchers with the ability to perform all experimental replicates and treatments

at once (using an array of devices) rather than using one or two high-cost devices in

a serial manner. Additionally, the Phenobottle has only been tested upon a single

green alga species. Therefore, the application of other microalga Phyla may provide

interesting results for increasing the productivity of these organisms or maximising

the production of valuable bio-compounds.

The novel method presented in Chapter 4 of measuring ETRII in a near-real time

manner is extremely useful for physiological research. Using this method researchers

can estimate the rate of photosynthetic electron transport using a rapid (one second)

measurement, rather than a >20 minute procedure using advanced instrumentation.

Other methods such as φPo calculations have proven to be too invariable for assessing

the fine tuning of photosynthesis, as such this new method may provide a more

accurate representation of how the entire electron transport chain is functioning.

The rapid ETRII measurements could be used as a feedback mechanism to the

photobioreactors environmental settings (particularly light intensity) to accurately

modulate electron transport. Additionally, the technique of focusing light quality

to the antenna composition of C. vulgaris in Chapter 4 has proven to be a useful

method of increasing the productivity of the microalga while reducing the amount

of wasted irradiance by poorly absorbed wavelengths. This technique could prove

useful for maximising light utilisation when applied to other species of microalga

with various antenna compositions and state-transitions (such as cyanobacteria).

5.2 A Perspective on the Future of Microalgal Physiological Research

Microalgae have been studied for many decades with no clear indication that the

problems faced when industrially producing microalgae can be overcome. Current

methods of conducting microalgal physiological research aim to build upon previous

research in order to understand physiological responses of microalgae to environmen-

tal variables. However, the issue with this approach is that each study is performed
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using various and often undefined environmental conditions which results in unclear

phenotype-environment interactions.

Frequently environmental conditions in microalgal physiological research are 1)

defined by the researchers, but only demonstrate a subset of the total number of

environmental variables; 2) defined by the researchers but the techniques used to

measure the environmental conditions are inconsistent or 3) the environmental con-

ditions are undefined by the researchers. For example, light quality is an important

factor in microalgal physiological research as demonstrated in Chapter 4 (Figure

4.3). However, light quality is often ignored, which results in studies using fluores-

cent bulbs, LED’s etc. to resolve phenotypic responses. As an expressed phenotype

is as a result of an organisms life history, genotype and the environment, the observed

phenotype is confined to the studies environmental profile [25]. This may result in

conflicting models which are discussed for many years, several of which may be true,

but not because of varying mechanisms, but rather varying phenotypic expression

(due to undefined environmental variability between the conflicting models). An al-

ternative method of conducting microalgal research involves a holistic approach that

focuses on the end goals of physiological research (increased productivity, increased

valuable bio-compound yields etc.).

The photobioreactor (Phenobottle) featured in Chapter 3 of this thesis could be

capable of conducting holistic experiments for microalgal physiological research with

some upgrades. These vital upgrades include physiological sensors (pH probe, O2

sensor, spectrometer etc.) and environmental controls (temperature, media compo-

sition etc.). Once the hardware of the Phenobottle has been advanced to a state

where both physiological processes and environmental conditions can be accurately

measured and controlled by the software of the Phenobottle. Here the researcher

must define the parameter of optimisation (the end goal) which can be any physiolog-

ical trait that the microalga possesses that can be probed in a rapid and non-invasive

manner (i.e. optical density (growth), lipid content (cell size) etc.). Once defined,

the Phenobottle needs to respond to the microalga’s expressed phenotypes to adjust

environmental variables in order to enhance the parameter of optimisation. This
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requires the Phenobottle to understand phenotype-environment interactions which

is only possible through the use of a neural network. Specifically, a recurrent neu-

ral network (RNN) could be implemented as a feedback mechanism between the

microalga’s physiology and the environmental conditions that the phenotype is ex-

pressed in. As neural networks require a large number of iterations to learn how

systems function, the Phenobottles low-cost becomes an important factor as an ar-

ray of identical devices will be required. Over time, the Phenobottles will develop an

understanding of what expressed phenotype requires what environmental condition

and will change the Phenobottles environmental state accordingly. The end goal be-

ing that the microalgae are the ones that control the photobioreactors environment

(unknowingly) through their expressed phenotypes.

5.3 Concluding Remarks

This thesis has demonstrated the development and implementation of novel tools

for microalgal research. These devices can be constructed at a low-cost without

sacrificing accuracy, allowing for expansive and reproducible experimental designs.

All presented instruments are completely open-source and customisable to suit the

researchers specific experimental requirements. Additionally, the instruments have

shown to be a valuable asset in attaining a deep analysis of photosynthesis within

microalgae. Open-JIP and The Phenobottle provide a foundation for future studies

to explore microalgaes biotechnological potential. This may be achieved though

the alternative techniques of conducting physiological research as put forward in

Chapter 5 or by using the devices in an alternative manner. The culmination of this

may lead microalgal research toward the creation of sustainable biotechnological

industries of the future.
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27. Bernard, O. & Rémond, B. Validation of a simple model accounting for light and temperature

effect on microalgal growth. Bioresource technology 123, 520–527 (2012).

28. Lewis, M. R. & Smith, J. C. A small volume, short-incubation-time method for measure-

ment of photosynthesis as a function of incident irradiance. Marine ecology progress series.

Oldendorf 13, 99–102 (1983).

29. Araus, J. L. & Cairns, J. E. Field high-throughput phenotyping: the new crop breeding

frontier. Trends in plant science 19, 52–61 (2014).

30. Pereira, H. et al. Microplate-based high throughput screening procedure for the isolation of

lipid-rich marine microalgae. Biotechnology for biofuels 4, 61 (2011).

31. Kim, H. S., Weiss, T. L., Thapa, H. R., Devarenne, T. P. & Han, A. A microfluidic pho-

tobioreactor array demonstrating high-throughput screening for microalgal oil production.

Lab on a Chip 14, 1415–1425 (2014).

32. Radzun, K. A. et al. Automated nutrient screening system enables high-throughput optimi-

sation of microalgae production conditions. Biotechnology for biofuels 8, 65 (2015).

33. Furbank, R. T. & Tester, M. Phenomics–technologies to relieve the phenotyping bottleneck.

Trends in plant science 16, 635–644 (2011).

34. Fiorani, F. & Schurr, U. Future scenarios for plant phenotyping. Annual review of plant

biology 64, 267–291 (2013).

35. Pereyra-Irujo, G. A., Gasco, E. D., Peirone, L. S. & Aguirrezábal, L. A. GlyPh: a low-cost
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84. Tóth, S. Z., Puthur, J. T., Nagy, V. & Garab, G. Experimental evidence for ascorbate-

dependent electron transport in leaves with inactive oxygen-evolving complexes. Plant phys-

iology 149, 1568–1578 (2009).
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