
Ribulose�1,5�bisphosphate carboxylase/oxygenase

(Rubisco), the key enzyme of carbon fixation in the dark

reactions of photosynthesis, features a remarkably low

affinity for CO2 (Km= 80�300 μM) [1, 2]. It is conceivable

that this trait is inherited from the primordial photosyn�

thetic organisms that lived under a reductive atmosphere

with high CO2 content [3�5]. The CO2 level in the mod�

ern Earth atmosphere (0.04%)1 is, under most circum�

stances, limiting for photosynthesis [1, 2]. Nevertheless,

photosynthesis proceeds efficiently, in the absence of

stresses and limitations, even at the atmospheric CO2

level. This is possible due to the functioning of carbon�

concentrating mechanisms (CCM) increasing CO2 con�

centration by 103 in the vicinity the Rubisco catalytic core

[2�4]. Consequently, the overwhelming majority of con�

temporary oxygenic phototrophs including unicellular

algae (referred to below as microalgae) are naturally

adapted to low CO2, hence CO2 levels significantly high�

er than that in the atmosphere are deleterious for these

organisms [7, 8]. A considerable (5% and higher) increase

in CO2 exerts numerous adverse effects (in particular,

Rubisco inhibition) mediated by acidification of the

growth medium and intracellular compartments such as

cytoplasm and stroma of the chloroplast [7, 8].

Only a few microalgal species tolerant to extremely

high CO2 levels have been described to date. Remarkably,

most of them are acidophilic organisms or species with a

high tolerance to acidic pH [8, 9]. Still, the mechanisms

of high�CO2 tolerance of phototrophic microalgae are
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Abstract—The symbiotic unicellular chlorophyte Desmodesmus sp. IPPAS�2014 capable of growth at extremely high CO2

levels prohibitive for most other microalgae is an interesting model for studies of CO2 tolerance mechanisms and a promis�

ing organism for CO2 biocapture. We studied the initial (0�60 min) phase of acclimation of this microalga to an abrupt

decrease in pH of the medium sparged with air/20% CO2 mixture. Acclimation of the culture to these conditions was

accompanied by a sharp decrease in photochemical activity of the chloroplast followed by its recovery with a characteristic

time of 10�50 min. We hypothesize that acidification of the cultivation medium by dissolving CO2 plays a key role in the

observed decrease in the photochemical activity. The possible role of photosynthetic apparatus tolerance to abrupt acidifi�

cation in overall high tolerance of symbiotic microalgae to extremely high CO2 levels is discussed.
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scarcely investigated despite their importance for basic

and applied studies. Thus, deciphering of these mecha�

nisms would provide essential rationale for enhancing the

rate of photosynthesis and microalgal culture productivi�

ty by direct injection of CO2, e.g. from flue gases (con�

taining 5�20% CO2) [10, 11].

The symbiotic chlorophyte Desmodesmus sp. IPPAS�

2014 (previously designated as 3Dp86E�1, referred to

below as Desmodesmus sp.) tolerant to extremely high

(20�100%) CO2 levels was recently isolated from a sea

invertebrate and characterized in our laboratory [12�14].

In contrast to most high�CO2 tolerant microalgae

described in the literature, this organism is a mesophilic

species (optimum pH 7.0�7.5). Noteworthy, the microal�

ga is capable of efficient photosynthetic CO2 fixation at

extremely high levels of CO2. This ability makes

Desmodesmus sp. a promising candidate for biomitigation

of CO2, a major greenhouse gas from the flue gases of

power plants and other industrial facilities [11]. The high

CO2 tolerance of Desmodesmus sp. IPPAS�2014 is also

manifested by a long�term (>9 days) preservation of a

high photosystem (PS) II quantum yield during cultiva�

tion at a high CO2 level [12, 14].

Previously, we demonstrated the initial period of the

Desmodesmus sp. cultivation at 20% CO2 was accompa�

nied by a rapid transient decrease in the culture medium

pH and a negligible (<5%) decrease in photochemical

quantum yield with a simultaneous buildup of nonphoto�

chemical quenching (NPQ, up to 0.4) [13, 14]. These

findings suggested an important role of pH dynamics and

tolerance of the photosynthetic apparatus to this stressor

in the overall tolerance to high CO2, especially during the

first minutes from the onset of the high CO2 stress, before

the deployment of other mechanisms of high CO2 accli�

mation [1, 8]. Still, there are no reports on the relation�

ships between the dynamics of photosynthetic apparatus

functioning and pH at the initial stages of CO2 enrich�

ment of the microalgal cultures. In the present work, we

focused on the early (from several minutes to 1 h) phase

of high CO2 acclimation of Desmodesmus sp. cultures to a

very high (20%) CO2 level in the AGM to reveal the role

of pH and functioning of the photosynthetic apparatus

under these conditions.

MATERIALS AND METHODS

Cultivation conditions. Desmodesmus sp. was initially

isolated from the White Sea hydroid Dynamena pumila

[15]. The microalga was cultivated as described earlier

[16] in 600 ml of BG�11 medium [17, 18] in 1.5�liter glass

columns (internal diameter 6.6 cm) at 27°C and constant

illumination with white LED lamps (480 μmol pho�

tons/m2/s) of photosynthetically active radiation, PAR)

as measured with a LiCor 850 (LiCor, USA) quantum

meter, sparging with air or air–20% CO2 mixture (AGM)

delivered by a computer�controlled gas mixer UFPGS�4

(Sovlab, Russia) at a rate of 300 ml/min. In certain exper�

iments, the cells were resuspended, before sparging with

AGM, in BG�11 medium containing 20 mM Hepes

(pH 7.0 ± 0.1).

pH was measured with a combined glass electrode

and a PB11.1 pH meter (Sartorius, Switzerland).

Pigment extraction and assay. Pigments were extract�

ed after Folch [16]. Total chlorophylls (Chl) were assayed

spectrophotometrically using equations reported by

Wellburn [19].

Parameters of Chl fluorescence (ChlF) were meas�

ured with a FluorPen FP 100S portable PAM�fluorome�

ter (Photon System Instruments, Czech Republic). A 10�,

20�, or 500�ml aliquot of the microalgal cell suspension

(25 mg/liter of Chl) was dark adapted for 15�20 min and

sparged, under dim light, with AGM containing 20% CO2

(300 ml/min). While sparging (50 min), the cell suspen�

sion pH was monitored and samples were taken for ChlF

measurements. For the latter, 400 μl of the cell suspension

were placed in a glass cell (2�mm pathlength) and the fast

ChlF rise (OJIP) was immediately recorded. From the

OJIP traces, the following parameters were derived: Fo,

Fm, and Φ max
PSII = (Fm – Fo)/Fm (for details, see [20]).

Six replications of each experiment were carried out.

Averages ± s.d. are presented in the figures.

RESULTS

Sparging of Desmodesmus sp. cell suspension with

AGM containing 20% CO2 brought about a rapid (the

characteristic time varied depending on the suspension

volume, from several dozens of seconds to several min�

utes) decrease in Φ max
PSII (Figs. 1a and S1; Figs. S1�S3 are

given in the Supplement to this paper on the site of this

journal http://protein.bio.msu.ru/biokhimiya and

Springer site Link.springer.com). This process was

accompanied by quenching of the ChlF maximum, Fm

(Figs. 1b and S2) and of the “dark” ChlF minimum, Fo

(Figs. 1c and S3) with similar kinetics. Thus, in a 20�ml

suspension aliquot at the AGM flow rate of 300 ml/min,

Φ max
PSII reached its minimum – 82% of the initial value (77�

85%) within approximately 10 min. The Fm also

decreased to its minimum (50�73% of the initial value)

after 10�13 min of the sparging with the AGM. The high�

er the volume of the sparged suspension aliquot, the lower

the rate of ChlF quenching was. The decrease was fol�

lowed by a relatively slow rise of Φ max
PSII, Fm, and Fo.

A decrease in pH of the culture medium occurred

along with decreases in Φ max
PSII and Fm in the suspension

aliquots sparged with the AGM (Fig. 1d). The rate of the

pH decrease also depended inversely on the suspension

aliquot volume in the range 10�500 ml. In similar experi�

ments with BG�11 medium buffered with 20 mM Hepes

at pH 7.0, the studied parameters (pH, Φ max
PSII, and Fm) dis�
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played no significant changes throughout the observation

period (Fig. 1, a and b).

Comparison of the dynamics of cell suspension pH

and its ChlF induction (ChlFI) parameters revealed that

photochemical quantum yield Φ max
PSII as well as the maxi�

mum ChlF, Fm, remain nearly stable over a broad range of

pH (from neutral to alkaline; Figs. 2a and 2b). Decrease

in pH below 7.0 induced quenching of ChlF and a

decrease in photochemical quantum yield.

Analysis of the relationships between the sharp

decrease in the ChlF parameters with pH decrease is

more straightforward when Φ max
PSII or Fm is plotted vs. an

empirical function of pH, 1/(pH – 6.1), making the rela�

tionships between the parameters close to linear (insets in

Figs. 2a and 2b). Noteworthy, the data points “Fm vs.

1/(pH – 6.1)” in Fig. 2b form two distinct linear trends

with different slopes, likely belonging to the cultures of

different ages. It is conceivable that the culture prehisto�

ry (time of cultivation at and hence degree of acclimation

to high CO2) affects the effective tolerance of the culture

to the elevated CO2 level. Another manifestation of the

difference between these cultures was the difference in the

minimum values of ChlFI parameters (Φ max
PSII, Fm, F0; Figs.

S1�S3).

Fig. 1. Kinetics of high CO2�induced changes in (a) photochemical quantum yield of PS II,  Φ max
PSII/Φ max

PSII
,0, and (b) maximum chlorophyll flu�

orescence, Fm/Fm
0, in cells of Desmodesmus sp. IPPAS S�2014 in the standard (open symbols) or HEPES�buffered BG�11 medium (closed

symbols) as well in (c) “dark” fluorescence of chlorophyll, F0/F0
0, and (d) cell suspension pH. Different symbols correspond to different series

of measurements. Aliquot designation: 1) 10 ml; 2) 20 ml; 3) 500 ml (mean ± s.e., n = 3�5).
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As shown in Figs. 1 (a�c) and S1�S3, the suspension

pH determines the decrease in the ChlFI parameters only

in the first 10�12 min. After this time, the cells seem to

develop a response enabling recovery of the ChlFI param�

eters to the level typical of intact cells, although the pH of

the medium is still low. In other words, at this stage of

acclimation to high CO2 level the ChlFI parameters do

not depend on the external pH in the studied range of pH,

and therefore only the data for the first 10 min are plotted

in Fig. 2 (a and b).

We also modeled the acidification of the cell suspen�

sion resulting from its sparging with CO2�enriched AGM

by addition of HCl. The cultures acidified with HCl dis�

played relationships of Φ max
PSII, Fm, and pH (Fig. 2, c and d)

similar to those documented in the cells treated with high

CO2 (Fig. 2, a and b), suggesting that pH is the main fac�

tor promoting the changes in ChlFI observed under our

experimental conditions.

DISCUSSION

Effects of culture CO2 enrichment on microalgal

photosynthesis depends, among other factors, on the rate

of CO2 supply to the culture (depending in turn on CO2

concentration in the AGM and its flow rate). As a rule, a

Fig. 2. High CO2� (a, b) and HCl�induced (c, d) changes in (a, c) PS II photochemical quantum yield, Φ max
PSII/ Φ max

PSII
,0, and (b, d) maximum

chlorophyll fluorescence, Fm/Fm
0, as a function of the cell suspension pH. Different symbols correspond to different series of the measure�

ments. Straight lines in the insets are the linear best�fit functions, y = 1 + Bx, where B is the slope (see table).
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moderate enrichment commensurate to the rate of CO2

fixation by the microalgal cells is beneficial for photosyn�

thesis due to relief of the limitation by inorganic carbon

[2, 7]. Further enrichment leads to dissolving of the

excess CO2 in water (up to 1.45 g/liter at 20°C) resulting

in the formation of carbonic acid and hence to a decrease

in the medium pH. Still, free�living phototroph microor�

ganisms seldom encounter environments saturated with

inorganic carbon (cyanobacteria of soda lakes can serve as

a notable exception [21]).

In microalgal cultures whose growth and photosyn�

thesis are limited by mineral nutrient availability and/or

other stresses, the pH of the cultivation medium is deter�

mined by the equilibrium of the dissolved inorganic car�

bon species and hardly depends on the physiological

activity, which is low in the stressed cells [13]. In contrast,

vigorously growing cultures rapidly take up (nitrate)

nitrogen and inorganic carbon from the medium, result�

ing in its alkalization [4, 22, 23]. Activity of enzymes such

as extracellular carbonic anhydrases (CA) splitting HCO3
–

into CO2 and OH– can augment this process [4, 5].

Indeed, the growth of the Desmodesmus sp. pre�cul�

tures in air�sparged medium enriched with nitrate was

accompanied by a considerable increase in pH (to 10�11

and higher; Figs. 1 (a�d) and 2a, see also [14]). It is like�

ly that this phenomenon results from the extracellular CA

activity [1, 3], this being confirmed earlier using specific

CA inhibitors and by the finding of known homologs of

extracellular CA of Chlamydomonas reinhardtii among the

genes expressed in Desmodesmus sp. [14].

Previously, we demonstrated that sparging of the

Desmodesmus sp. suspension with the AGM containing

20% CO2 caused a decrease in the cultivation medium pH

by 2�3 units after 2�6 h of cultivation [13, 14], but the

dynamics of pH during the first minutes of sparging with

the AGM with elevated CO2 remained unknown. Solving

this problem seems to be important since the initial peri�

od after onset of high�CO2 stress is decisive for either sur�

vival (in case of high CO2 tolerant organisms) or death (in

case of intolerant microalgae) of the cells. A high physio�

logical plasticity with regard to pH might allow the cell to

buy some time for essential rearrangements of its metab�

olism and engagement of high�CO2 acclimation mecha�

nisms [1, 4, 8].

As shown in Fig. 1d, the first minutes of acclimation

to AGM with elevated CO2 can be accompanied by even

more profound decrease in pH. Thus, the pH of the cell

suspension aliquot equal to the working volume of the

photobioreactor used in this study sparged with the 20%

CO2 AGM at the same flow rate decreased 5�6 units to

mildly acidic values within 10 min (Fig. 1d). In smaller

aliquots, the same level of acidity was attained in 1�2 min.

Later, the pH of the cultivation medium reached an equi�

librium value of 6.5, which is close to that for BG�11

medium under our experimental conditions [13] and did

not change significantly until the end of the observation

period (1 h in this study). Later (within 1�2 days) this

parameter leveled at pH 7.5�8.0 under the conditions

identical to those used in the present work [3, 14]. This

observation might be considered as further evidence of

the high CO2 tolerance of Desmodesmus sp. Notably, the

rate and the magnitude of the initial pH decrease after

turning on sparging with 20% CO2 AGM were inversely

related with the degree of the pre�culture alkalization [13,

14].

In the microalgal cell suspensions sparged with the

20% CO2 AGM, we observed ChlF quenching and a

decrease in PS II photochemical quantum yield taking

place along with the initial decrease in pH (Figs. 1 (a�c)

and S1�S3). Similar dynamics of PS II quantum yield in

response to cultivation in the presence of a high CO2 level

was recorded in the marine CO2�tolerant microalga

Chroococcum littorale [24]. Such an effect on ChlF

quenching might be related with several “targets” for low

pH in the microalgal cell. One involves the Calvin cycle

or, more specifically, the functioning of Rubisco. The

optimum pH for this enzyme is in the mildly alkaline

range, and an acidic environment deteriorates its activity

[25]. It is likely that vulnerability of the photosynthetic

apparatus at relatively low pH (6.0�6.5) stems from acid�

ification of the cell compartments due to a rapid flow of

CO2 into the cell occurring independently of membrane

transport systems. This is possible since this non�charged

molecule constitutes nearly 62% of the dissolved inorgan�

ic carbon species at pH 6.0. This mechanism of weak acid

action was demonstrated earlier in experiments with

membrane lipid bilayers [26] and fluorescent probes [27].

Accordingly, acidification of the medium during its sparg�

ing with CO2�enriched AGM promotes acidification of

the cell interior and eventually lowers the pH of the

chloroplast stroma, resulting in partial inhibition of

Rubisco. A consequence of this is a reduction of the

NADPH and ATP consumption, decrease in electron

sink from the photosynthetic electron transport chain

(ETC), and over�reduction of its electron carriers. This

process eventually results in a decrease in PS II photo�

synthetic quantum yield, ΦPSII.

The second “target” of low pH can be the system of

energy�dependent (pH�dependent) quenching of ChlF

[28]. Namely, acidification of the thylakoid lumen arising

in illuminated chloroplasts with limited ETC perform�

ance triggers an array of protective responses lowering the

Treatment/y

CO2

HCl

ФPSII
max/ФPSII

max,0

–0.043 ± 0.003

–0.042 ± 0.007

x

1/(pH – 6.1)

1/(pH – 6.1)

Fm/Fm
0

–0.182 ± 0.005

–0.207 ± 0.017

Slopes (B) of linear regression, y = 1 + Bx, approximat�

ing the relationships “ChlFI parameters vs. pH”
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excitation pressure on PS II (e.g. protonation of PsbS

protein and activation of violaxanthin deepoxidase). If

the CO2�mediated acidification affects the pH of the

internal cell compartments including the thylakoid

lumen, it might upregulate the reactions of pH�depend�

ent quenching as well as mimicking the effect of high light

intensity. This suggestion is supported by a decrease in Fm

and Φ max
PSII observed in the dark�adapted cells in this work.

Indeed, both these parameters undergo a decrease upon

the activation of pH�dependent ChlF quenching mecha�

nisms.

The impaired sink capacity of the dark carbon fixa�

tion reactions (including that catalyzed by Rubisco) is

expected to impact the operational Φ PSII values under high

light intensity. Furthermore, over�reduction of the ETC

components due to insufficient activity of Rubisco might

promote Fo increase (in this case the observed decrease in

Φ max
PSII would occur predominantly due to increase in Fo on

the background of nearly constant Fm). However, this was

not the case in our work: we observed a considerable

decrease in both Fo and Fm (Fig. 1, b and c). Plausible rea�

sons for this include the migration of light�harvesting

antenna from PS II to PS I, known as state transition of

the photosynthetic apparatus [29]. We described this phe�

nomenon previously in the studied microalga grown at an

elevated CO2 level [12]. State I is characterized by an

increased contribution of cyclic electron flow around PS I.

This facilitates generation of surplus ATP, which can be

spent for maintenance of pH homeostasis, e.g. by pump�

ing protons out of the cell [7, 8].

Close similarity of the photosynthetic activity inhibi�

tion by CO2 enrichment and HCl addition and the

absence of this effect in buffered media strongly supports

the key role of the pH decrease in the cultivation medium

and eventually acidification of the cell compartments in

the initial decrease in the photochemical activity under

high CO2 levels. At the same time, the parameters of

ChlFI do not depend on pH in the (mildly) alkaline

region regardless of treatment with CO2 (forming carbon�

ic acid upon entering the cell) or HCl. This observation is

compatible with current understanding of the dissolved

inorganic carbon speciation in aqueous media. Thus,

alkalization of the medium causes a sharp decrease in the

proportion of CO2, a non�charged species capable of dif�

fusion through the cell membrane. However, attaining a

neutral to mildly acidic pH range results in relatively fast

decrease in the ChlFI parameters, likely stemming from

acidification of the cell interior (see above). Moreover,

the linear functions approximating the relationships

“Fm/Fm
0 vs. 1/(pH – 6.1)” in the cultures treated with CO2

or HCl had very similar slopes (table).

A significant feature of the ChlF quenching pattern

observed in the present work was its non�monotonous

kinetics. As mentioned above, the pH of the cell suspen�

sion sparged with CO2�enriched AGM decreased to 6.5

within several minutes and did not change significantly

during the first hour of the treatment (Fig. 1d). At the

same time, the extent of ChlF quenching reached its

maximum after 10�12 min, then its gradual relaxation

started (Fig. 1, a�c). Thus, Φ max
PSII decreased, on average, by

18% within the first 10�12 min, but 40 min later it had

recovered by 12%. The relaxation of the ChlF quenching

might reflect the engagement of high CO2�tolerance

mechanisms even on such a short time scale. It is also

likely that the photosynthetic apparatus capable of quick

recovery after initial inhibition contributes to tolerance of

the cell to high CO2 levels.

Collectively, the findings of the present work and

those of our previous studies of CO2 tolerance of

Desmodesmus sp. suggest that several mechanisms that

contribute to the high�CO2 tolerance of this organism.

The first is a capability of swift shutdown of the CCM to

avoid excess CO2 in the cell. The second is a rapid activa�

tion of non�photochemical quenching and, possibly,

other photoprotective mechanisms such as state transi�

tion and upregulation of the cyclic electron flow generat�

ing ATP necessary for maintenance of the pH homeosta�

sis of the cell by means of active transport of H+. It is also

likely that the culture pH as well as its cell density

attained by the beginning of elevated CO2 treatment are

important for coping with the initial stress.

To conclude, the extremely high CO2 tolerance of

Desmodesmus sp. IPPAS S�2014 likely results from the

concerted action of a complex of mechanisms mentioned

above. It is conceivable that this complex was acquired

during co�evolution with an animal host emitting CO2 due

to its respiration. The net result of this is the ability of the

microalgal cells to rapidly (with characteristic time of 10�

50 min) recover and maintain physiological pH values in

the chloroplast compartment. In turn, this ensures normal

functioning of both light and dark reactions of photosyn�

thesis. We also suggest that the inability of most microalgal

species to grow in the presence of AGM highly enriched in

CO2 is determined by insufficient performance of the

mechanisms maintaining pH homeostasis of the cell com�

partments as well as by low pH�mediated impairment of

the function of the photosynthetic apparatus.
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