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SUMMARY

Phytoplankton have species-specific responses toward electrogener-
ated oxidants, allowing high-throughput species analysis. Herein, a flu-
oro-electrochemical method is used to expose single Chlamydomonas
concordia vegetative cells at different points within their life cycle to
electro-generated oxidants from seawater. The resulting decay in fluo-
rescence from chlorophyll-a ismeasuredas a function of timeanddrops
to zero for phytoplankton adjacent to the electrode over a period of a
few seconds. The chlorophyll-a transient timescale allows mother cells,
which are distinctively larger and require a larger quantity of oxidants,
to be distinguished from either zoospores or ‘‘growing’’ cells, while all
the cells show the same intrinsic susceptibility modulated only by the
size of the phytoplankton. These observations are essential for the
future automated characterization of the speciation of phytoplankton
populations as they show that there is no need to manually identify
the life cycle stage.

INTRODUCTION

Marine phytoplankton are the Earth’s powerhouse owing to first their contribution of

more than 50%of theEarth’sO2production and second their ability to sequester CO2

from the atmosphere at a rate that is comparable to that released by humans (>1015 g

year�1). Natural communities of phytoplankton are incredibly diverse1 and are

comprised of different phytoplankton function groups, for example pico-autotrophs,

calcifiers, and silicifiers, that vary greatly in their biogeochemical functions.2 More-

over, multiple life stages of phytoplankton, which are species specific, have been re-

ported within the population of a species.1 However, due to the difficulties of

observing the often rapid transitions among them in the natural environment, and

in any case not being immediately obvious for some species,3 the functioning of

life cycles in phytoplankton ecology and evolution are not well reported4 despite

such data being vital to models of ocean health and biogeochemical composition.

A systematic and high-throughput identification of different species of phyto-

plankton and their respective life stages are therefore important for ecological

studies, but only limited methods are available for this task.4 Flow cytometry5 is a

high-throughput approach used to screen and separate different phytoplankton

groups with a distinctive difference in their light scattering and/or autofluorescence

properties. For most eukaryotic phytoplankton cells, however, owing to similar red

chlorophyll autofluorescence, the flow cytometer is limited to categorizing species

with a notable size differences into either ‘‘small’’ or ‘‘large’’ phytoplankton.6 Identi-

fication of the life stages of phytoplankton, which are usually not too different in
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cellular size aside from the time-consuming and costly DNA staining,7 otherwise re-

quires a trained operator microscopically examining matching cellular traits and fea-

tures such as morphology differences, mobility, sexual behavior. etc.1

Driven by the need to advance techniques in rapidly quantifying changes in phyto-

plankton community structure in response to environmental change, recent proof-of-

concept electrochemical work has revealed that different species of phytoplankton

(representingdifferent functional groups) havedifferent and analytically useful responses

toward oxidants electro-generated from and in seawater. This was revealed by their rate

of decay of chlorophyll-a (chl-a) fluorescence over tens of seconds of the experiment

when exposed to the oxidants generated by the application of a potential or current

on an electrode within the seawater medium.8,9 This observationmay provide a comple-

mentary approach to the flow cytometer as amean to separate different species or func-

tional types of phytoplankton irrespective of their size. This approach has great promise

as the basis for a rapid throughput detection technique for different phytoplankton func-

tional types, including for ship-boardandautonomousmeasurements, not least since the

previouswork8 showed that the electrochemically stimulateddecay of chl-a fluorescence

permitted differentiation in the relative susceptibility of 6 different phytoplankton spe-

cies. However, those measurements were made without regard for the point of the life

cycle of thephytoplankton. It is thus essential to identify any intraspecies life cycle depen-

dency of the fluorescence transients to facilitate the development of automated in situ

interspecies differentiation using the above-described fluoro-electrochemical technique

in place of bench-top microscopic analysis.

In this work, we investigate the chl-a response of different life stages of themarine green

algae Chlamydomonas concordia toward electrogenerated oxidants. A constant cur-

rent is applied to a glassy carbon electrode, which acts as both a supporting substrate

for the algae cells and an electrochemical generator, to generate millimolar oxidants at

the electrode interface. Themass transport, electrode kinetics, and redox chemistry are

well established.9 Optical images provide the chl-a response of individual C. concordia

cells in fluoro-electrochemical experiments to allow their susceptibility toward electro-

generated oxidants to be investigated on a single-entity basis and as a function of the

different stages of the life cycle of the algae. In the following, we first use the life forms of

theChlamydomonasgenus reported in the literature to develop a clear protocol for cat-

egorizing each based on optical microscopy. We then apply fluoro-electrochemical ex-

periments to investigate the effect of electrochemically induced oxidative stress on

different life stages ofC. concordia cells. In particular, three types ofC. concordia vege-

tative cells, more of which are described below, were studied—zoospores, growing,

andmother cells—with the fluorescent response shown to be independent of life stage

and so encouraging the use of fluoro-electrochemicalmicroscopy for automated phyto-

plankton identification. The work herein is essential to real-world sensing using fluoro-

electrochemical techniques as different life stages may appear in real-world samples.
RESULTS AND DISCUSSION

Life cycles of Chlamydomonas

The life cycle of freshwater Chlamydomonas is varied and complex; schematics can

be found in the literature and are shown in Figure S1.10,11 In short, in the vegetative

life cycle of Chlamydomonas cells, apparent cytokinesis results in the ‘‘liberation’’ of

biflagellated daughter cells (zoospores). The flagellated cells grow during the light

phase, which is the part of the photoperiod when the cells are exposed to light. To-

ward the end of the light phase (‘‘day’’), the zoospore cell deflagellates to initiate

tubulin production12 and develops into a ‘‘mother’’ cell in the dark phase (‘‘night’’),
2 Cell Reports Physical Science 4, 101223, January 18, 2023



Figure 1. Optical images of three types of morphology distinct cells were observed in the

C. concordia culture (types 1, 2, and 3)

Images (A–C) were obtained under bright-field illumination and (D–F) using a dark-field condenser.

The arrows in (A) and (D) point to flagella. Mobility indicates cellular movements usually

unidirectional at speed (>10 mm/s) more than 10 times that expected for Brownian motion. Length

is the measurement of the longest cellular dimension excluding flagella, and the width is the

perpendicular cellular dimension at half-length. Cell division is the observation of more than one

distinct cell present inside the cell membrane. The effective diameter is the diameter of a perfect

circle with its area equal to the projection area of the phytoplankton cell. Scale bars: 5 mm.

ll
OPEN ACCESS

Please cite this article in press as: Yu et al., Does the life cycle stage matter for distinguishing phytoplankton via fluoro-electrochemical micro-
scopy?, Cell Reports Physical Science (2022), https://doi.org/10.1016/j.xcrp.2022.101223

Report
where between two and four daughter cells are formed. The life cycle repeats at the

first sight of ‘‘dawn.’’ The vegetative cycle may continue indefinitely provided that

sufficient CO2, light, and nutrients are present. In the event of nitrogen depletion,

however,Chlamydomonas transits from the vegetative (asexual) to a ‘‘sexual’’ phase,

where gametes of the opposite sex mate to form a quadriflagellate zygote before it

undergoes meiotic divisions to release either four or eight vegetative cells.10 It is

worth noting that most of the available literature on the life stages of Chlamydomo-

nas is on Chlamydomonas reinhardtii (a fresh water species), and therefore without

further knowledge, we might assume that marine species of the Chlamydomonas

genus show the same asexual and sexual life stages.

In this work, a marine C. concordia culture (Roscoff Culture Collection [RCC1], France)

was first imagedand characterized under opticalmicroscopyusing a 403objective lense

and under bright-field (Figures 1A–1C) and dark-field illuminations (Figures 1D–1F). A

variety of cells were seen, and three were categorized identified based on size, shape,

and the presence or absence of flagella. A short video showing the three cell types is

attached separately online in the supplemental information and a snapshot image of

the video is provided in Figure S2. Figure 1 shows optical images of the three morpho-

logically distinctive types of cells observed in a population ofC. concordia culture.13 The

type 1 cells are ovoid and biflagellated cells with the length of the flagella longer than

the body. Type 1 cells are mobile and often seen to travel unidirectionally at speeds

in excess of 10 mm s�1 (see Video S1), which is much faster than that expected as a result

of Brownian motion, where the root-mean-square distance of a 10-mm-sized spherical

particle diffused in 1 s is estimated to be 0.3 mm. Type 2 cells are ovoid to near spherical
Cell Reports Physical Science 4, 101223, January 18, 2023 3
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in shape, are not mobile, and lack flagella. Type 3 cells are larger than types 1 and 2 and

are immobile and spherical cells. Both type 2 and 3 cells, if deposited on a surface,

remain stationary on the substrate over a timescale of minutes. Two or four daughter

cells are often visible within the circularmembrane of type 3 cells, which indicatesmitosis

(see Figure 1F). In terms of shape and size, type 1 cells are smaller than type 2 or 3 with a

length-to-width ratio of 1.5 G 0.2 (see Figure S3). Types 2 and 3 are more spherical

compared with type 1, with an averaged observed length-to-width ratio of 1.1 G 0.1.

Type 3 cells have an effective diameter z8.5 mm, which is distinctively larger than

type 1 or 2 cells (effective diametersz 6.5 mm) where the effective diameter was calcu-

lated using the projection area of the planktonic cell assuming a perfect circle, as

summarized in Figures S5 and S6. The characteristics of the three types of cell are

summarized in Figure 1.

It can be deduced from the above-mentioned cell observations, comparedwith the liter-

ature observations for theChlamydomonasgenus,10,11 that the population of themarine

species C. concordia is in the vegetative life cycle. Specifically, only biflagellated cells

(zoospores) were seen, with no signs of quadriflagellate cells (zygote). Moreover, that

a maximum of four daughter cells were seen for mother cells undergoing mitosis is an

indication of the vegetative life cycle, in contrast to a maximum of eight daughter cells

in the sexual stage. These observations contrast with the other life cycles, namely

gametic and zygotic, which are characterized by quadriflagellate cells undergoing

meiotic division to yield four to eight haploid vegetative cells.Within our suggested clas-

sification, type 1 cells are zoospores, type 3 are mother cells showing signs of mitosis,

and type 2 are deflagellated zoospores in between types 1 and 3 within the life cycle,

termed herein as growing cells. To distinguish the three types of cells in the fluoro-elec-

trochemical experiment, a flow chart (shown in Figure S4) was used systematically as a

separation protocol based on the cell mobility, length-to-width ratio, and the effective

diameter of individual cells. An additional category, type 4, is introduced for the inclusiv-

ity of non-mobile cells that are not fully or unambiguously characterizable as type 2 or 3.

This indeterminacy was observed in 7% of the cells examined and is expected as the

vegetative life cycle (cytokinesis, deflagellation, cellular growth, andmitosis division) oc-

curs continuously and not via stepwise processes.

Life stage response to electrogenerated oxidants

Figure 2 shows the average chl-a fluorescence intensity of the different C. concordia

cell types in the vegetative life cycle as a function of time following the switch on of

the electrogeneration of oxidants during the fluoro-electrochemical experiment.

The C. concordia cells were dropcasted onto the surface of a glassy carbon elec-

trode at a density of approximately 500 cells per mm2. The electrode acts as both

a physical support and as an electrode for generating the oxidants. A schematic de-

picting the fluoro-electrochemical experiment is given in the supplemental informa-

tion.9,14 The C. concordia cells were immersed in artificial seawater based culture

medium (see supplemental experimental procedures) and were exposed to contin-

uous fluorescence excitation starting 40 s before a step change in the applied cur-

rent from 0 A to 50 mA. In previous work,9 we showed that the step change in the

applied current results in concomitant electro-oxidation of Br�, Cl�, and H2O pre-

sent at different concentrations in seawater. The electro-generated oxidants diffuse

from the interface and react destructively with the cells, differentially switching off

the chl-a fluorescence of various species of phytoplankton using electrochemistry.8,9

For all four types of C. concordia vegetative cells, catastrophic drops in the chl-a

fluorescence intensity were seen after �2 s of the current step. The chl-a transients

of type 1 and 2 cells are very similar and are undistingishable from each other, while

type 3, the mother cells, require a distinctively longer time for their chl-a to be
4 Cell Reports Physical Science 4, 101223, January 18, 2023



Figure 2. The average fluorescence intensity of the four types ofC. concordia cells as a function of

time during the fluoro-electrochemical experiment

For t <0 s, a constant current of 0 A was applied to the working electrode for 40 s. At t = 0 s, the

applied current is stepped to 50 mA and maintained at this value throughout the experiment. The

chl-a fluorescence intensity (lex = 475 G 25 nm, lem > 590 nm) was continuously monitored during

the entire experiment. The orange line describes a control experiment in which the fluoro-

electrochemical cell was disconnected from the potentiostat during the course of the experiment.

F/2 culture medium was used as electrolyte (see supplemental information). The transients were

averaged over four technical replicates. Sample size: type 1, n = 67; type 2, n = 14; type 3, n = 31;

type 4, n = 8. The shaded region of each line plot represents the standard deviations.
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switched off. The average transient of the cells that cannot be confidently identified

as either type 2 or 3 (labeled type 4, ambiguous cells) reflects the average transient

of type 2 and 3 cells. In the absence of any electrogenerated oxidative stress (Fig-

ure 2 orange line), the fluorescence transient of phytoplankton cells was negligibly

affected over the timescale of the experiment.

To investigate the factors resulting in the different behaviors toward oxidative dam-

age, the total numbers of moles of oxidant generated that could have reacted with

the individual cells under mass transport control from the electrode to the cell was

calculated using the following expression derived from the Sand equation15,16 (deri-

vation of Equation 1 can be found in previous work9):

mol of oxidants =
ln ð2Þ16p1=2D1=2

Ox rsphereit
3=2

3nFA
; (Equation 1)

whereDox is the diffusion coefficient of the oxidants and is assumed to take a value of

�1310� 9 m2 s�1; rsphere is the approximate radius of the phytoplankton cell

(m) assumed to be spherical; i is the constant applied current (A); n is the number

of electrons transferred per molecular oxidative event; F is the Faraday constant

(96,485.3 s A mol�1); A is the geometric area of the electrode (m2); and t, as will

be discussed below, is either the time at which the quickest drop in the intensity

was seen or the time required for the fluorescence intensity to drop below 50%.

These two characteristic times are depicted on Figure 2 for illustration purposes.

These two calculation methods allow different parts of the C. concordia chl-a tran-

sients to be analyzed on a single-cell basis with the aim to provide kinetic insights

into the fluorescence quenching processes as induced by electro-generated

oxidants in the fluoro-electrochemical experiments.
Cell Reports Physical Science 4, 101223, January 18, 2023 5



Figure 3. The number of oxidants required to cause a catastrophic drop in the chl-a fluorescence intensity of various types of C. concordia cells

plotted against the cellular radius

At t = 0, the applied current is stepped from 0 A to 50 mA.

(A) The calculated number of moles of oxidants. The slope of the linear line of best fit was obtained by fitting data across all cell types, and the error is the

SE of the slope.

(B) Distribution of the number of moles of oxidants required to cause a catastrophic drop in the chl-a fluorescence intensity of various types of

C. concordia cells.

(C) The number of moles of oxidant required normalized against cellular area. The cell area was estimated from the cellular projection area assuming a

perfect sphere. The sample size of each of the cell types is stated in the Figure 2 legend.
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Chlorophyll transient characteristics: Catastrophic drop and 50% switch off

First, we investigate the part of chl-a transients where a catastrophic drop in the in-

tensity was seen. In Figure 2, this is at�t = 2 s. The time until the catastrophic drop, as

defined by the time until the quickest change in the intensity gradient, was analyzed

systematically on a per-cell basis using the second derivative of intensity with respect

to time leading to an estimate of the time required to estimate the initiation of the

drop.8 Figure 3A shows the calculated number of moles of oxidant that have reacted

in the period of time before the catastrophic drop in chl-a fluorescence intensity

plotted against the radius of each individual cell. Note the logarithmic scale. The

slope of the log-log plot is 1.92 G 0.17, which suggests, interestingly, that the num-

ber of moles of oxidant required to initiate the catastrophic drop in chl-a fluores-

cence intensity of the phytoplankton cell is related to its surface area (proportional

to radius squared). This is further shown in Figures 3B and 3C by the overlap of histo-

grams once the moles of oxidant were normalized against the surface area of the in-

dividual cells. This again suggests that the initiation of the chl-a switch off is related to

the area of the cell wall since the latter scales with r2. Sub-picomole oxidants were

required to initiate the onset of chl-a switch off, as can be seen in Figure 3B. Next,

we investigate later in the chl-a transient, after the phytoplankton cell wall is inferred

to have been compromised/breached by the electro-generated oxidants. The time

taken for 50% of the chl-a fluorescence intensity to be oxidatively quenched on a sin-

gle-cell basis was extracted from the transient shown in Figure 2. This time, t, was

used in combination with Equation 1 to give the number of moles of oxidant that

have reacted under a mass transport control to result in a 50% switch off of the fluo-

rescence intensity of individual cells. Figure 4A plots the calculated moles of oxidant

required to switch off 50% of the fluorescence intensity against the radius of the

phytoplankton cell, plotted on a logarithmic scale. A strong cubic correlation with

log-log slope of 2.92 G 0.18 can be seen between the cellular radius and the total

moles of oxidant reacted. Figures 4B and 4C show the histograms plotted separately

for the different type of cells. The average number of moles of oxidant required to

switch off 50% of the chl-a is 0.41 (G0.17) picomoles for type 1, 0.40 (G0.12) pico-

moles for type 2, and 0.92 (G0.32) picomoles for type 3. An overlap in the histogram

distribution can be seen after normalizing the moles of oxidant against the volume of

the individual phytoplankton cell. It is evident that both methods of analysis, either at
6 Cell Reports Physical Science 4, 101223, January 18, 2023



Figure 4. The number of moles of oxidant required to switch off 50% chl-a fluorescence intensity of various types ofC. concordia cells plotted against

the cellular radius as a log-log plot

At t = 0, the applied current is stepped from 0 A to 50 mA.

(A) The calculated number of moles of oxidant. The slope of the linear line of best fit was obtained by fitting data across all cell types, and the error is the

SE of the slope.

(B) Distribution of the number of moles of oxidant required to switch off 50% fluorescence intensity of various types of C. concordia cells.

(C) Distribution of the number of moles of oxidant required for the 50% switch off normalized against cellular volume. Cell volumes were estimated from

the cellular projection area assuming a perfect sphere. The sample size of each of the cell types is stated in the Figure 2 legend.
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the onset of the switch off or at the point of 50% of its original intensity, indicate that

type 3 cells require distinctively more oxidants than either type 1 and 2, thus

providing a basis for a distinction to be made and so permitting the mother cells

to be identified from the others on this basis. Shown in Figure S7 is the integrated

raw intensity of the individual phytoplankton cell versus their cellular radius. The

slope in the logarithmic scale is 2.8G 0.3, indicating that the amount of chl-a content

to be quenched is proportional to the volume of theC. concordia cells. Shown in Fig-

ure S8 is the integrated raw intensity of the individual phytoplankton cell versus the

time required for 50% of their fluorescence to be switched off by electrochemical

generated oxidants. A log-log slope of 1.2 (G0.2) is seen from Figure S8, and this

is consistent with Sand’s equation (Equation 1 in the main text), where the total

amount of moles of oxidant delivered to each individual cell is proportional to

time raised to the power of 1.5.

Interestingly, shown in Figure S9, the log-log slope analyzed using the characteristic

time between the 50% decay time and the first onset time of rapid decay is 3.7 G

0.2. The value of this slope is higher than that calculated from the start of the exper-

iment to the 50% decay time (slope of 2.9 G 0.2). This is likely because the phyto-

plankton cell, in its simplest terms and within the context of this experiment, can be

viewed as a sack of chl-a surrounded by a protective layer to be breached by elec-

trogenerated radicals. Due to the small size of the plankton cell (�2–10 mm) relative

to the diffusional distance of the electrogenerated species in the timescale of the

experiment (�10 s), the phytoplankton cell can be simply modeled as a homoge-

neous bath of chemicals with a protective membrane.17 To initiate the initial decay

of the chl-a signal, a partial breach or penetration of the protective layer has to

occur before a measurable loss in the chl-a signal is seen. To titrate away 50% of

the chl-a signal, however, more oxidants are required, as can be seen in Figure 2

by its characteristic time compared with that required to initiate the onset of chl-

a decay. Since the cell is ‘‘bathed’’ by oxidants, and since oxidants are highly reac-

tive with a short lifetime, it is not unreasonable to conclude that oxidants react with

the remainder of the projective layer as well as chl-a leading up to the 50% decay.

This is consistent with the experimental observation that the amounts of oxidants

required to initiate the onset of the chl-a switch off are proportional to cellular

radius squared (cell wall fr2), while the amount required to bring about the
Cell Reports Physical Science 4, 101223, January 18, 2023 7
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‘‘titration’’ of the chl-a contents to 50% of the original intensity from the onset of

electrolysis is proportional to the cellular radius cubed (volume fr3).

The results reported herein provide an essential basis for real-world automated

sampling. By measuring the fluorescent decay kinetics of individual cells, as demon-

strated in this work, the total number of moles of oxidant required to be delivered for

their chl-a signal to switch off reveals the speciation of the phytoplankton in a mixed

solution regardless of its life stage. This gives the physical basis for prototype auto-

mated devices to be designed for high-throughput field measurements with field

results compared with a pre-determined phytoplankton ‘‘susceptibility’’ library

and avoids the need for bench-top microscopic analysis.

To conclude, this work reveals that different life stages within the population of one

single species of phytoplankton, C. concordia, i.e., different cell types (zoospores,

growing, and mature cells), are biologically equivalent toward oxidative stress after

size normalization. The amounts of oxidants required to trigger the onset of switch

off and to 50% of chl-a fluorescence intensity is proportional to the cellular radius

squared and cubed, respectively. This is suggestive that the transport of oxidants

across the planktonic cell wall (fr2), either reacting chemically or simply as mass

transport across the barrier, is the rate-determining step before the onset of the

chl-a switch off. The number of oxidants required to ‘‘titrate’’ the chl-a content is pro-

portional to the cellular volume (fr3). This offers an essential basis for the automa-

tion of phytoplankton function group identification in the real world without the

need to identify the life stages of each species since several life stages of one species

may co-exist in the natural environment.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Prof. Dr. Richard G. Compton (richard.

compton@chem.ox.ac.uk).

Materials availability

This study did not generate new, unique reagents.

Data and code availability

This paper does not report original code. The data supporting the current study are

available from the lead contact upon reasonable request.
Chemicals

All chemicals were supplied by Sigma-Aldrich. All chemicals were of analytical stan-

dard and applied without further purification. Ultrapure water (Millipore, resistivity

18.2 MU cm at 25�C) was utilized to make synthetic ocean water.
Phytoplankton cultures

C. concordia (marine green alga, RCC1) strain was supplied by the RCC, France.

Stock culture of RCC1 underwent regular sub-culturing into fresh growth medium

under sterile conditions during the exponential growth phase. The growth medium

consists of an Aquil18 synthetic ocean water with F/2 enrichments.19,20 The culture

was kept under a 14:10 h light-dark cycle with a light intensity of 20–40 mmol m�2

s�1 at 17�C in a PHCbi MLR-352-PE Incubator (PHC Europe B.V.).
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3D-printed cell setup and image analysis

The fluoro-electrochemical cell was designed digitally in Fusion 360 (Autodesk) and

was subsequently printed using a Form2 3D printer equipped with white resin (For-

mlabs, Somerville, MA, USA). A schematic of the opto-electrochemical cell showing

the three-electrode setup is reported elsewhere.14 The 3D-printed opto-electro-

chemical cell14 (dimensions = 7 3 3 3 1 cm) hosts a reference electrode (RE-2BP,

saturated calomel electrode [SCE], ALS, Tokyo, Japan), a graphite counter rod,

and a glassy carbon working electrode (3 mm diameter, MF-2012, BASi, West Lafay-

ette, IN, USA). The working electrode was inserted bottom up into the opto-electro-

chemical cell with the surface of the electrode facing the objective lens (203, numer-

ical aperture [NA] = 0.5, EC Plan-Neofluar, Carl Zeiss, Cambridge U.K) of a

conventional upright microscope (Zeiss A1 Axio Examiner, Carl Zeiss). The surface

of the working electrode acts as both a supporting substrate and an electrochemical

generator for the phytoplankton. Dark-field images were taken under a 403 oil-im-

mersion objective lens (plan-apochromat, Carl Zeiss) using an oil-immersion

dark-field condenser (NA = 1.2/1.4, Carl Zeiss). Fluorescence images of the

phytoplankton cell were acquired using an excitation filter from Thorlab (fluorescein

isothiocyanate [FITC] 475 G 35 nm); the dichromic mirror and emission filter were

from Zeiss Filter Set 15, which transmits emission wavelengths above 590 nm. The

fluorescence excitation light source was provided by an LQ-HXP 120 V lamp. The

projected areas of the phytoplankton were measured using ImageJ free-ware (Fiji

distribution). The effective diameters of the phytoplankton cells were calculated

assuming a perfect circle
�
Area = p

�
d
2

�2�
. Galvanostatic control, microscopy

set\up, and image analysis were described in detail in authors’ previous work.9,14
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