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Abstract Sensitivity of photosynthetic processes towards

environmental stress is used as a bioanalytical tool to

evaluate the responses of aquatic plants to a changing

environment. In this paper, change of biomass density,

chlorophyll a fluorescence and photosynthetic parameters

during growth phases of two microalgae Chlorella vulgaris

and Scenedesmus obliquus were studied. The photosyn-

thetic growth behaviour changed significantly with cell age

and algae species. During the exponential phase of growth,

the photosynthesis capacity reached its maximum and

decreased in ageing algal culture during stationary phase.

In conclusion, the chlorophyll a fluorescence OJIP method

and the derived fluorescence parameters would be an

accurate method for obtaining information on maximum

photosynthetic capacities and monitoring algal cell growth.

This will contribute to more understanding, for example, of

toxic actions of pollutants in microalgae test.

Abbreviations

ABS Absorption

Chl a Chlorophyll a

ETo Energy flux for electron transport

Fo (F50ls)

and FM

Initial and maximum Chl a fluorescence

F2ms Chl a fluorescence measured at 2 ms

FV Maximum variable Chl fluorescence

PIABS Photosynthetic performance index

PS II Photosystem II

kP Photochemical de-excitation rate constant

in the excited antennae of energy fluxes for

photochemistry

kN Non-photochemical de-excitation rate

constant in the excited antennae for non-

photochemistry

uRo Quantum yield with which electrons

reduce the PSI end electron acceptors

dRo Efficiency with which an electron can

move from the reduced intersystem

electron acceptors to the PSI end electron

acceptors

wEo Efficiency with which a trapped exciton

can move an electron into the electron

transport chain

QA and QB Primary and secondary quinone electron

acceptors of photosystem II, respectively

RC Reaction centre

TRo Energy flux for trapping

OJIP

transient

Fluorescence induction transient defined

by the names of its intermediate steps

P700 primary electron donor of photosystems I

PQ Plastoquinone

VI Relative variable Chl a fluorescence at the

I-step

VJ Relative variable Chl a fluorescence at the

J-step

Vt Relative variable Chl a fluorescence at

time t
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Introduction

Microalgae receive presently a lot of attention because of

their potential to be used in biotechnology [13, 19]. Like-

wise, the assessment of risks of chemical compounds

towards microalgae is one of the major concerns of envi-

ronmental studies [5], because algal biomass accounts for

the first step of the aquatic food chain [9]. The use of algal

bioassays becomes increasingly required by authorities for

the management of pollutants in discharges. Therefore,

microalgae bioassays are performed in the laboratory on

small populations and these ecotoxicological tests provide

useful information on the effect of pollutants on aquatic

plants [4].

The use of unicellular microalgae in the assessment of

risks of chemical compounds has advantages compared to

higher plant since algae cells exhibit high growth rates and

have bigger surface contact to pollutants. Furthermore,

response to different toxic pollutants varies between algae

cell species [3]. In microalgae bioassay, the toxicity tests

are simple and economical. However, it is decisive to have

a strict and standard procedure in laboratory methods, for

use in general environmental hazard evaluations.

Knowledge on time-related metabolic responses of an

organism to chemical compounds may significantly con-

tribute to understanding of toxic actions [15]. Physiological

tests provide a prospective quantification of the effects of a

toxic substance on algal cell communities [20]. However,

photosynthesis can be considered the most important

physiological process for natural ecosystems, as it provides

the primary biomass production upon which all the trophic

chain is based.

Photosynthesis is the process by which light energy is

absorbed by light-harvesting complexes and transferred as

excitation energy from water to NADPH, via the oxygen-

evolving complex, Photosystem II (PSII) and Photosystem

I (PSI) [12]. However, photosynthesis can be affected by

environmental stress and is one of the most sensitive pro-

cesses for pollutants’ effect. The sensitivity of photosyn-

thetic processes towards environmental stress can be used

for the development of bioanalytical tools to evaluate the

toxicological risk of contaminants in the environment.

Indeed, the analysis of changes in Chlorophyll (Chl) a flu-

orescence kinetics provides detailed information on the

structure and function of the PSII [1, 29, 32].

Chl a fluorescence is emitted by photosynthetic organ-

isms on a dark-to-light transition and is characterized by a

polyphasic fluorescence increase. Chl a fluorescence tran-

sient depends on the redox state of the PSII reaction cen-

tres. The fluorescence intensity increases quickly from a

minimum fluorescence intensity (Fo) to a maximum fluo-

rescence intensity (FM) and with two intermediate steps

labelled as J (FJ) and I (FI). This OJIP transient was

divided into three phases (O–J, J–I and I–P) and these

phases reflect three different reduction processes of the

electron transport chain [25]. The O to J rise is called the

photochemical phase [25] and contains information on

antenna size and connectivity between PSII reaction cen-

tres [33]. The J to P rise is called the thermal phase [8]. The

J to I rise can be associated with the reduction of the PQ

pool [34] and I to P rise is associated with electron flow

through PSI [25–27].

Microalgae play an important role in aquatic ecology as

primary producers. They display high growth rates com-

pared to macroalgae and higher plants, and furthermore

they are able to acclimatize to different culture factors [7].

However, their growth rates are affected by several envi-

ronmental parameters, e.g. light intensity, temperature and

the nutrient composition of the culture medium. Indeed,

each species has optimal conditions that must be specified

to optimize their productivity. It has been reported that in

limited-volume culture, ageing algal cells showed a

decrease in chlorophyll content and carbohydrate, and also

a decline in photosynthesis and respiration [7]. Ageing

algal cells are of interest as a model system for studying

physiological changes occurred in many species of algae

following their growth. For instance, in algal bioassay, it is

necessary to target the responses of algal cells in control

condition to obtain a high reproducibility. However, it is of

interest to take into account the importance of the expo-

nential phase of algal growth in the assessment of risks of

chemical compounds when photosynthesis capacity is used

as a physiological parameter.

With the aim of developing a rapid method for deter-

mination of the maximum photosynthetic capacity of algal

populations, this paper work was carried out to study the

changes on the photosynthetic electron transport in ageing

algal cells of Scenedesmus obliquus (S. obliquus) compared

with the better understood Chlorella vulgaris (C. vulgaris)

[18].

Materials and Methods

Biological Material

The microalga Chlorella vulgaris and Scenedesmus obli-

quus were obtained from the Canadian Phycological Cul-

ture Center (CPCC, University of Waterloo, Canada). The

algal cells were cultured in sterilized TAP medium (Tris-

Acetate-Phosphate). The algal cells were grown under

continuous and constant light intensity (100 lmol m-2 -

s-1, SYLVANIA GRO-LUX Wide Spectrum light F40/

GRQ/AQ/WS) at 20 ± 2 �C. The stock culture was aerated
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with bubbling air. In this experiment, the growth of each

algal species was assessed over 20 days. The algal biomass

was measured by changes in optical density at 750 nm

using a Perkin-Elmer Lambda 40 UV/VIS spectropho-

tometer.

Chlorophyll a Fluorescence Transient

Chl a fluorescence OJIP measurements were conducted at

room temperature with a portable fluorimeter (Plant Effi-

ciency Analyser, built by Hansatech Instruments Ltd.

King’s Lynn Norfolk, UK). The algal cells in Erlenmeyer

flask were kept in dark for 15 min before the Chl a fluo-

rescence measurements were started. This to allow the PSII

reaction centres to open (re-oxidize) and the electron

transport chain to be fully oxidized [32]. Then 5 ml of algal

culture was uniformly placed on glass fibre filter (Millipore

#AP20 013 00) using low-pressure filtration to avoid

physiological stress effects. The measurement consisted of

a single strong 1 s light pulse (3500 lmol photons

m-2 s-1, peak 650 nm) provided by an array of six light-

emitting diodes in the Plant Efficiency Analyser instrument

[32].

Chl a Fluorescence Parameters

From the OJIP transient measured during the 1 s of illu-

mination of dark adapted samples, several expressions and

fluorescence parameters leading to a description of a pho-

tosynthetic sample in a given physiological state were

calculated [33]. In this study, FV/Fo = kP/kN, uPo = FV/

FM = kP/(kP ? kN), wEo (= 1-VJ), the antenna size of PS

II as ABS/RC, the performance index PIabs and the quan-

tum yield of reduction of end acceptors (RE) of PSI as

uRo = REo/ABS parameters were analysed [22].

uPo corresponds to the maximum yield of primary

photochemistry of PSII, or in other words it corresponds to

the efficiency by which an absorbed photon will be trapped

by PSII reaction centres [16]. The FV/Fo parameter corre-

sponds to the relative contribution of the trapping flux to

the total de-excitation fluxes of excited chlorophyll [14].

The absorption of photons (ABS) per active reaction centre

(RC) (ABS/RC ratio) parameter showed change in antenna

size.

wEo (=1-VJ) is the fraction of electrons transported

beyond QA
- per exciton trapped by the open reaction cen-

tres (RC) of PSII. It is the probability that the energy of a

trapped exciton is used for electron transport beyond QA.

PIabs is defined as the capability or potential to do work

and it provides quantitative information about the vitality

state of the photosynthetic organisms [33].

PIABS is expressed as [co/(1-co)].[uPo/(1-uPo)].[wEo/

(1-wEo)] and co/(1-co) is estimated by the JIP test as equal

to the ratio of reaction centres and the light absorbance flux

(RC/ABS).

Finally, the quantum yield of reduction of end acceptors

(RE) of photosystem I (PSI) is expressed as

uRo ¼ REo=ABS ¼ uPo � wEo � dRo
dRo ¼ REo=ETo ¼ 1� VIð Þ= 1� VJð Þ:

Vt is defined as (Ft - Fo)/(FM - Fo) and this expression

can be taken as a measure of the fraction of the primary

quinone electron acceptor of PS II in its reduced state [QA
-/

QA (total)].

dRo is the efficiency with which an electron can move

from the reduced intersystem electron acceptors to the PS I

end electron acceptors.

All fluorescence parameters derived from Chl a fluores-

cence transient were analysed by JIP test model. This JIP

test uses the theory of energy fluxes in biomembranes to

calculate several phenomenological and biophysical

expressions for a given physiological state [30].

The experiments were done in five replicates for each

measurement. Means and standard deviations were calcu-

lated for each measure.

Results and Discussion

Figure 1 shows the growth rate of C. vulgaris and S.

obliquus population. The time biomass growth consists of

an exponential phase followed by a stationary phase. C.

vulgaris cells reached the stationary phase in 15 days from

Fig. 1 Optical density at 750 nm of C. vulgaris and S. obliquus

cultured in sterilized TAP medium (Tris-Acetate-Phosphate) under

100 lmol m-2 s-1 continuous and constant light intensity and at

20 ± 2 �C. The arrows represent the time when the Chl a fluorescence

measurements were performed. Experiments were carried out five

times
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inoculation, while S. obliquus grew exponentially 10 days

to reach stationary phase.

The measurement of in vivo Chl a fluorescence transient

was used to evaluate the overall photosynthetic perfor-

mance in different growth phases of C. vulgaris and S.

obliquus (Fig. 2). The shape of the OJIP fluorescence

transients recorded in ageing algal cells during stationary

phase (15 and 20 days after inoculation) of both species

differed from those recorded in the exponential phase of

cell growth (3 and 6 days after inoculation). The decrease

of fluorescence levels at phases J and I is explained by the

inhibition of the electron transport at the donor side of

PSII, which results in the accumulation of P680?, a strong

fluorescence quencher [12]. It has been recognized that Chl

a fluorescence transitions FJ (fluorescence intensity at

2 ms), FI (fluorescence intensity at 30 ms) and FM (max-

imal chlorophyll fluorescence intensity) are dependent on

photosynthetic electron transport of PSII reaction centres,

reduction of PSII primary electron acceptor QA and PQ

pool [27]. Therefore, fluorescence yield of the rapid fluo-

rescence induction was quenched and the photosynthetic

electron transport appeared to be affected. However,

growth phases of algal cells may affect the conversion of

light energy into photosynthetic electron transport and

change the rapid rise of Chl a fluorescence OJIP [33].

Further, a decrease in FM and an increase in Fo (level of

fluorescence when all the primary quinone acceptors QA

are in the oxidized state) were observed in the OJIP tran-

sients of the two algal species in ageing algal cells and then

a decrease in FV/Fo = kP/kN (Fig. 2). In C. vulgaris, ageing

algal cells affect the conversion of light energy into pho-

tosynthetic electron transport and then change the Chl

a fluorescence rise. Indeed, transitions J, I and P were

distinguishable for C. vulgaris at 5, 6 and 9 days after

inoculation, respectively. However, the fluorescence yield

of the rapid fluorescence induction was quenched at 15 and

20 days after inoculation (Fig. 2). The suppression of the

J–I phase of fluorescence rise kinetic showed a weakened

electron donation from the oxidizing side [11]. On the

other hand, in ageing algal cells of S. obliquus the sup-

pression of the J–I phase occurred at 9 days after inocu-

lation. These change in S. obliquus indicated a strong

inhibition of electron transport from water splitting system

toward PQ pool [23].

The increase of Fo observed in both algae species in

Fig. 2 has been attributed to physical separation of the PSII

from associated pigment antennae, resulting in an inhibi-

tion of electron transfer on the reductant side of PSII [6].

Furthermore, an increase of Fo has been reported to

phosphorylation of light-harvesting complexes of PSII

(LHCII) that caused dissociation of LHC from PSII in

order to protect plants from excessive light [21]. In a

previous study, Tóth et al. [34] showed that an increase of

Fo was related to an accumulation of reduced plasto-

quinone (PQ) and this accumulation of reduced PQ was

found to induce LHCII phosphorylation in response to

abiotic stresses [21]. Indeed, LHCII are important in

energy redistribution between PSII and PSI for performing

optimal photosynthesis.

The decrease of FM observed in C. vulgaris at 15 and

20 days after inoculation (Fig. 2) could be due to a strong

inhibition of the PSI acceptor side [25]. However, the state

transitions could represent a process that can explain this

decrease of FM. Schansker et al. [26] reported that a

smaller PSII antenna size could slow down the reduction of

the PQ pool and also would result in a lower FM level.

However, a lower FM level was not observed in S. obliquus

compared to C. vulgaris. But this can be explained by a

significant increase of Fo. Furthermore, the suppression of

the I–P phase of fluorescence rise kinetic already from the

Fig. 2 Change of Chl a fluorescence yield at FJ, FI and FM transition

of C. vulgaris and S. obliquus measured during ageing algal cells.

Experiments were carried out with five measurements
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9 days after inoculation indicates a decrease in PSI activity

[25].

Changes in the fluorescence parameters derived from

OJIP transient in ageing cultures are presented in Fig. 3.

During ageing algal cells, a decrease of the maximum yield

of primary photochemistry of PSII (FV/FM) was observed.

FV/FM declined by 62 and 71 % after 20 days, respec-

tively, in C. vulgaris and S. obliquus compared to the

values of the first measurement (3 days after inoculation).

As seen in Fig. 3, after 20 days, FV/Fo decreased by 84 and

89 %, respectively, in C. vulgaris and S. obliquus com-

pared to the values calculated on the third day after inoc-

ulation. The decrease in FV/Fo reflects a decrease in the

relative contribution of the trapping flux to the total de-

excitation fluxes of excited chlorophyll and may indicate as

well a blocking of electron transport after QA
- [14].

According to the data presented in Fig. 3, the decrease of

the fraction of active reaction centres (manifested as an

increase of ABS/RC) was observed over the growth phases

of algal cells. For example, active reaction centres

decreased by 3.6 and 3.4 times, respectively, in C. vulgaris

and S. obliquus compared to the values in the first mea-

surement. The change wEo (1 - VJ) parameter which is

related to the balance between efficiency and inefficiency

of the dark reactions after QA
- significantly declined by 37

and 65 %, respectively, in C. vulgaris and S. obliquus after

20 days. This result indicated that in ageing algal cells for

both species the redox reaction after QA was inhibited due

to interruption of electron flow from QA to QB. The per-

formance index PI is used to quantify the PSII behaviour

Fig. 3 Changes in the relative

contribution of the trapping flux

to the total de-excitation fluxes

of excited chlorophyll (FV/Fo),

the maximum quantum yield of

PSII (Fv/Fm), the absorption of

photons (ABS) per active

reaction centre (RC) (ABS/RC),

electrons transported beyond QA

per exciton trapped by the

reaction centres (RC) of PSII

(wEo), the performance index

(PI) and the quantum yield of

reduction of end acceptors (uRo)

of photosystem I. The mean and

SD from five samples are given
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and as measures of the performance up to the reduction of

PSI end electron acceptors. Here, PI parameter deceased

later in stationary phase (after 20 days) by 98 and 99 %,

respectively, in C. vulgaris and S. obliquus compared to PI

calculated during the exponential phase (after 3 days). The

change in the quantum yield with which electrons reduce

the PSI end electron acceptors (uRo) (fluorescence

parameters related to PSI activity) is shown in Fig. 3. This

fluorescence parameter decreased in ageing algal culture.

Such results indicated that in ageing algal cells electron

flow at the PSI acceptor side was affected. uRo parameter

decreased later in stationary phase (after 20 days) by 72

and 83 %, respectively, in C. vulgaris and S. obliquus.

The growth phase of algal cells also has been found to

have a significant impact on photosynthetic response of

both algae species. This is consistent with the work of

Kulandaivelu and Senger [17]. These authors have

reported that S. obliquus cultures when grown

heterotrophically for 10 or 30 days showed 85 and 98 %

loss of their photosynthetic capacity, respectively. Ear-

lier, Samuelsson and Öquist [24] reported that when the

algal culture gradually reached the stationary growth

phase, the rate of photosynthesis decreased. The loss of

activity in ageing cultures might be caused by the

depletion of certain of the nutrient substances and the

increase of metabolic toxins in the culture medium [28].

Fig. 4 Energy pipeline model

of phenomenological fluxes (per

cross-section, CS) in ageing

algal cells. The value of each

parameter is presented with

relative changes in width of

each arrow. TR/CS, trapped

energy flux per cross-

section. ET/CS, electron

transport flux per cross-

section. DI/CS, dissipated

energy flux per cross-

section. Active reactions centres

(RCs) are shown as open circles

and inactive RCs are closed

circles
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Moreover with increasing algal cell biomass, light

availability may become a limiting factor, causing chan-

ges in photosynthetic parameters. Indeed, the small

availability of light might cause a decrease of the electron

flow in photosynthesis [28]. It is worth to note that the

results presented here show that the sensitivity of Chl

a fluorescence change depends on growth phase for both

algae species and the maximum photosynthetic perfor-

mance was reached during the exponential growth phase

and then gradually decreased during stationary growth

phase. In a previous study, fingerprints of excitation

spectra of Chl fluorescence were used to differentiate

‘spectral groups’ of different groups of microalgae

in vivo and in situ [2]. Here, comparison of the growth

phase in both algae species was also described by

dynamic energy pipeline of the photosynthetic appara-

tus [31, 33] (Fig. 4). This energy flux model deals with

the phenomenological energy fluxes (per cross-section).

ETo/CS indicates electron transport in a PS II cross-sec-

tion and is related to the re-oxidation of reduced QA. A

decrease in ETo/CS due to inactivation of reaction centre

was observed in both species [10]. Indeed, the number of

active reaction centres (RC/CS) decreased (indicated as

open circles in Fig. 4) and the damage, for example, at

15 days after inoculation was drastic in C. vulgaris

compared to S. obliquus. This is evident from the larger

changes in the sizes of DIo/ABS and ETo/CS and an

increase in inactive centres. In fact, an increase in the

number of inactive RCs is associated with the increased

efficiency of dissipation energy as heat (DIo/ABS). This

increase in DIo/ABS indicates the efficiency of non-

photochemical de-excitation processes. It is of interest to

mention that while the number of active RCs was higher

in S. obliquus, the efficiency of ETo/CS was efficient in

C. vulgaris. In other words, regulation of PSII in C.

vulgaris is accomplished by lower active RCs.

In conclusion, change in PSII photochemistry during

algal growth phases differed among both species in ageing

algal cells. Significant reduction of the studied fluorescence

parameters and the change in the Chl a fluorescence rise

were observed in S. obliquus compared to C. vulgaris. In

limited-volume culture, C. vulgaris presents the best pho-

tosynthetic growth behaviour. However, different mecha-

nisms might be attributed to the reduction of the

photosynthetic growth behaviour.
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