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We studied the acclimation, growth, and photosynthetic performance of a novel symbiotic chlorophyte
Desmodesmus sp. 3Dp86E-1 from a White Sea benthic hydroid Dynamena pumila cultivated at a very high (20%
by volume) CO2 level relevant for biomitigation applications. Under the elevated CO2 conditions, a two-fold in-
crease in the rate of the culture growth, which remained balanced in terms of carbon and nitrogen assimilation,
was recorded. The cultivation at 20% CO2 did not disturb the ultrastructure or functioning of the photosynthetic
apparatus of themicroalgae. By contrast, the increase in saturating light intensity, quantum yield and the rates of
oxygen evolution and CO2 fixation were recorded in comparison with cultivation at the atmospheric CO2. The
analysis of photosystem I (PS I) reaction center, P700, reduction revealed an increase in cyclic electron flow
over PS I, a putative source of the extra ATP for themaintenance of cell pH homeostasis. This suggestionwas sup-
ported by a characteristic expansion of the thylakoid lumen observed on electron micrographs. Carbonic
anhydrase inhibitors blocked the capability of the microalga to maintain a favorable culture pH at 20% CO2 sug-
gesting the involvement of these enzymes in CO2 tolerance. It is emphasized that the robustness of photosynthet-
ic carbon assimilation together with the efficient channeling of the photosynthates to the biosynthesis of the
structural cell components is crucial for acclimation to and efficient growth under very high carbon dioxide
levels. These capabilities make the symbiotic microalgae particularly suitable for employment in the advanced
CO2 biomitigation technologies.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The build-up of greenhouse gasses, especially CO2, in the atmo-
sphere is considered to be among the gravest environmental hazards
and challenges to mankind [1]. The advent and rapid development of
the microalgae-based approaches to CO2 biomitigation [2] re-fuelled
the interest to CO2-tolerant microalgae. Still, the development of viable
processes for CO2 bioremoval e.g., fromflue gas is, inmany cases, limited
by the lack of a suitable organism. The overwhelming majority of
drase; Car, carotenoid(s); CCM,
lorophyll(s); DW, dry weight;
g; P700, primary electron donor
TM,stromaandthylakoidmem-
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vchenko).
photosynthetic microorganisms except for a few extremophile species
evolved, among other adaptations, sophisticated carbon concentrating
mechanisms (CCM) to copewith the limiting CO2 concentration charac-
teristic of the contemporary atmosphere [3]. After exposure to in-
creased CO2 such organisms suffer from the stress induced by a rapid
acidification of cytoplasm and stromaof the chloroplast which is delete-
rious to photosynthesis, let alone the general disturbance of the cell me-
tabolism [4]. Although microalgal species withstanding moderately
high (b10%1) CO2 levels are relatively widespread, the organisms capa-
ble of growth at very high (≥20%) CO2 levels (designated as ‘extremely
CO2 tolerant’) are much scarcer and possess special adaptations such as
prompt CCM shutdown, efficient H+ pumps in the tonoplast, and in-
creased generation of ATP via cyclic electron flow over photosystem I
(PS I) [4,5]. Assuming that microalgae from symbioses with animals
1 Here and below, volume percentages of carbon dioxide in the gas mixture used for
sparging of the microalgal cultures are mentioned.
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from subarctic seas could be naturally more tolerant to elevated CO2,
e.g., due to their host respiration and/or encountering prolonged
dark seasons, we turned our attention to the chlorophyte Desmodesmus
sp. 3Dp86E-1 isolated in our laboratory from the marine hydroid
Dynamena pumila (White Sea, Russia) [6,7]. Recently, we found this or-
ganism to be capable of thriving at awide range of CO2 levels up to 100%
[8]. The Desmodesmus sp. was also characterized by a remarkable plas-
ticity of the assimilatory and storage cell compartments [9].

After the preliminary studywith pure carbon dioxide [8], it was con-
cluded that this strain has a potential for CO2 biomitigation but it was
not assessed under a more practically relevant condition. Since the ma-
jority of point sources yieldsmore diluted CO2 (ranging from 4 to 15% to
35% for natural gas-burning power plant and cement factory waste
gases, respectively) [2,10], we performed a further investigation at a
fixed CO2 level of 20%. To assess the potential of this microalga for CO2

biomitigation applications and obtain a deeper insight into its mecha-
nisms of CO2 tolerance, we compared its growth, ultrastructure, and
photosynthetic performance under the atmospheric CO2 level and an el-
evated (to 20%) CO2 level. As far as we know, this is the first detailed re-
port on CO2-tolerance of symbiotic microalgae.
2. Materials and methods

2.1. Strain and cultivation conditions

A strain Desmodesmus sp. 3Dp86E-1 (referred to below as
Desmodesmus sp.) isolated from the association with the hydroid
Dynamena pumila sampled in Rugozerskaya Guba at Kandalaksha Bay
of White Sea (66° 34′ N, 33° 08′ E) as described by Gorelova et al. [7]
was used in this work. The microalga was identified as Desmodesmus
sp. (GenBank IDs: JQ313132 and KJ463405) and deposited to the
microalgal culture collection of Timiryazev Institute of Plant Physiology
(IPPAS) under ID IPPAS S-2014.

The initial cultures were grown in flasks on BG-11 medium [11] at
40 μmol PARphotons·m−2·s−1. The cultureswere kept at the exponen-
tial phase by daily dilution with the medium. At the beginning of each
experiment, cells were harvested by centrifugation (1200 ×g for
5 min), washed twice in fresh BG-11 medium, and resuspended in the
same medium. For batch-cultivation experiments, the cultures were
started at an initial chlorophyll (Chl) concentration and biomass con-
tent of 25mg·L−1 and 0.4 g·L−1, respectively. For turbidostat-mode ex-
periments, the cultures were initiated and maintained at OD678 = 1.0
(ca. 0.35 g·L−1 biomass dry weight) by daily dilution with BG-11
medium.

The cells were grown in complete BG-11 medium in glass columns
(6.6 cm internal diameter, 1.5 L volume) in a temperature-controlled
water bath at 27 °C and constant bubbling with air or 20% CO2:80% air
mixture prepared and delivered at a rate of 300 mL·min−1 (STP) using
a PC-controlled gas mixer UFPGS-4 (Sovlab, Novosibirsk, Russia). Air
passed through a 0.22 μm bacterial filter (Merck-Millipore, Billerica,
MA, USA) and pure (99.999%) CO2 from cylinders were used. A continu-
ous illumination of 50, 150 and 250 μmol PARphotons·m−2·s−1 (for the
daily-diluted cultures) or 480 μmol PAR photons·m−2·s−1 (for the
batch cultures) by a white light-emitting diode source as measured
with a LiCor 850 quantum sensor (LiCor, Lincoln NE, United States) in
the center of an empty column was used.

Growth estimationwas based on the content of Chl (see below) and
dry weight measurements. Dry weight (DW) was determined gravi-
metrically as described in [12]; briefly, 5-mL samples were diluted
sevenfold with double-distillated water, vigorously mixed, and filtered
through pre-weighed 25-mm GF/F glass fiber filters (Whatman,
Maidstone, UK). The filters were dried in a microwave oven to constant
weight. Nitrate content of the medium was checked during the experi-
ments using the Merckoquant 1.10020.001 nitrate assay kit (Merck,
Darmstadt, Germany).
To estimate the effect of carboniс anhydrase (CA) inhibitors on the
dynamics of culture pH, the inhibitors acetazolamide (AZA) or
ethoxyzolamide (EZA) [13] (Sigma, St. Louis, MO, USA) were added to
the cultivation medium to a final concentration of 10−4 M at the
time of inoculation. The culture pH was measured with a bench-top
pH-meter (Hanna Instruments, Ann Arbor, MI, USA).

Under the specified conditions, at least three independent experi-
ments were carried out for each treatment repeated in duplicate col-
umns. The average values (n = 6) and corresponding standard errors
are shown unless stated otherwise.

2.1.1. Determination of C and N content in biomass
Carbon (C) and nitrogen (N) content in the biomasswas determined

using a Vario EL Cube CNS (carbon, nitrogen, and sulfur) element
analyzer (Elementar, Hanau, Germany) calibrated with a certified
acetanilide standard (Elementar) according to themanufacturer's spec-
ifications. The CO2 assimilation rates were calculated basing on the ele-
mental C content in the biomass and the biomass accumulation rate as
described by de Morais and Costa [14]:

F ¼
DWt−DWt0

� �
�ωC � V �MCO2

MC

t−t0

where F is the average accumulation of fixed CO2 per unit time; DWt is
the biomass concentration (g·L−1) at time t and DWt0

is the biomass
concentration at inoculation (t0);ωC is the fraction of carbon in the bio-
mass (g g−1); V (L) is the volume of cell suspension;MCO2

(g mol−1) is
the molar mass of CO2; and MC (g mol−1) is the molar mass of carbon.

2.1.2. Electron microscopy
The microalgae samples for TEM were fixed in 2% (w/v) glutaralde-

hyde solution in 0.1 М sodium cacodylate buffer at room temperature
for 0.5 h and then post-fixed for 4 h in 1% (w/v)ОsО4 in the same buffer.
The samples, after dehydration through graded ethanol series including
anhydrous ethanol saturated with uranylacetate, were embedded in
araldite. Ultrathin sectionsweremadewith an LKB-8800 (LKB, Bromma,
Sweden) ultratome, stainedwith lead citrate according to Reynolds [15]
and examined under JEM-100B or JEM-1011 (JEOL, Tokyo, Japan)
microscopes.

All quantitative morphometric analyses were done on sections
through the cell equator or sub-equator; at least 10 samples from each
treatment were examined. Linear sizes as well as subcellular structure
area were measured on the TEM micrographs of the cell ultrathin sec-
tions (n=20)using ImageJ software (NIH, Bethesda,MA, USA). The sig-
nificance of the difference of the means was tested by Student's t-test
using Origin software (OriginLab, Northampton, MA, USA). For the
sake of clarity, the area of chloroplast except for the starch grains (SG)
and pyrenoid is referred to below as the ‘stroma and thylakoid
membranes’ (STM).

2.1.3. Pigment and fatty acid extraction and analysis
Cellswere pelleted by centrifugation, transferred to a glass–glass ho-

mogenizer with a chloroform–methanol (10 mL, 2:1, v/v) mixture and
extracted to remove all pigments. The lipid fraction including Chl was
separated according to [45]. The chloroform phase was used for further
pigment and lipid analysis. Chl a and bwere quantified using absorption
coefficients for chloroform [16].

After completion of the pigment analysis, the chloroform was evap-
orated and the lipid residuewas dissolved inmethanol. Fatty acidmeth-
yl esters were prepared by transesterification of the lipids by refluxing
for 1.5 h inmethanol containing 5% conc. sulphuric acid [17] in the pres-
ence of 0.01% 2,6-di-tert-butyl-4-methylphenol, as an antioxidant and
heptadecanoic acid (C17:0) as an internal standard. Methyl esters
were extracted with n-hexane and immediately used for GC analysis.
The fatty acid methyl esters were separated and identified according
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to retention times of standards (Sigma, St. Louis, MO, USA) and by char-
acteristic mass spectra obtained with an Agilent 7890 gas chromato-
graph equipped with a 30-m HP5MS UI capillary column coupled with
an Agilent 5970 mass-selective detector (Agilent, Santa Clara, CA,
USA). Helium at a flow rate of 1 mL min−1 was used as a carrier gas.

2.1.4. Variable chlorophyll fluorescence measurements
Routinely, the induction curves of Chl fluorescence were recorded

and analyzed using a Fluorpen FP100s portable Pulse Amplitude
Modulated fluorometer (Photon Systems Instruments, Drasov, Czech
Republic) as described earlier [18]. Non-photochemical quenching
(NPQ)was calculated asNPQ=Fm/Fm′− 1 [19]. For on-line estimation
of photosynthetic activity of the microalgal cells, a custom-made auto-
matic flow-through system was used including a time-resolving fluo-
rometer (developed at the Faculty of Biology of Moscow State
University), a peristaltic pump (77914-10, Cole-Parmer, USA), a flow
cell and the custom-made software controlling both the pump and fluo-
rometer; for the detailed description of the flow-through system, see
[20].

2.1.5. Oxygen evolution P–I curve recording
P–I curves of the photosynthetic oxygen evolution were recorded at

27 °C using a Clark-type electrode and a computer controlled LED illumi-
nator (Chlorolab 3, Hansatech, King's Lynn, UK) in the irradiance range
of 0–640 μmol photons·m−2·s−1. A linear fit of the increase in dissolved
oxygen concentration was used to estimate oxygen evolution rate.

2.1.6. P700 redox kinetics analysis
The rates of linear and cyclic photosynthetic electron transport were

estimated bymeans of photoinduced P700 turnover kinetics [21] record-
ed in vivo on a dual-wavelength (830 nm/900 nm) time-resolving
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Fig. 1. Changes in (a) biomass concentration as well as (b) total fatty acids, (c) chlorophyll
sp. 3Dp86E-1 batch-cultivated at the atmospheric (0.04%; closed symbols) or elevated (20%; o
photometer built at the Faculty of Biology at Moscow State University.
The measurements were carried out with a suspension of the algae
cells (20 μg mL−1 Chl) in a thin (1 mm pathlength) cuvette. Briefly, a
couple of light emitting diodes generated a modulated dual-
wavelength beam (830 nm and 900 nm switched at 2 kHz in a
counter-phase) that is directed toward the front wall of the cuvette. A
large area photodiode (Hamamatsu S1337-1010BQ) behind a long-
pass filter (Schott RG-830, 3 mm) served as a detector of the 830 nm/
900 nm light transmitted through the sample. The amount of oxidized
P700 was monitored every 0.5 ms via the difference in the intensities
of light transmitted at 830 nm and 900 nm.

To oxidize P700, a 5 ms flash of actinic light was used (700 nm LEDs,
10,000 μmol photons·m−2·s−1). During this flash, a gradual increase in
830-nm absorbance was observed due to the P700+ accumulation. After
cessation of the actinic illumination, the process of P700+ reduction
started resulting in a corresponding decay of the P700+ signal. These ex-
perimental P700+ decays designated here as P700

+ (t) were fitted in
SciDAVis software (scidavis.sourceforge.net) by a sum of two decaying
exponents as follows:

Pþ
700 tð Þ ¼ A0−A1 � 1−e−

t
τ1

� �
−A2 � 1−e−

t
τ2

� �

where 0 b τ1 b τ2 and A0, A1, A2 N 0.
The actinic light was switched off at the moment t = 0; the first

50 ms of the decay were fitted.
To estimate a cyclic electron flow around PS I, the P700 turnover ki-

netics were recorded for untreated samples as well as for samples pre-
treated with DCMU (added to the algal cell suspension to final concen-
tration of 5 · 10−6 M and incubated for 10 min) [22].
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Table 1
Lipid fatty acid composition of Desmodesmus sp. 3Dp86E-1 cells batch-grown at different
CO2 levels.

Fatty acid % of total fatty acids

0 days 9 days;
air

9 days;
20% CO2 + air

Myristic (14:0) 1.7 0.7 0.5
Palmitic (16:0) 20.4 28.9 21.1
Palmitoleic (Δ7–16:1) 5.6 7.0 5.2
Hexadecadienoic (Δ10, 13–16:3) 1.9 1.2 2.6
Hexadecatrienoic (Δ7, 10 , 13–16:3) 2.9 3.8 4.0
Hexadecatetraenoic (Δ4, 7, 10, 13–16:3) 8.8 3.1 7.9
Stearic (18:0) 1.9 1.7 1.4
Oleic (Δ9–18:1) 14.4 28.5 16.1
Linoleic (Δ9, 12–18:2) 12.7 5.6 11.1
α-Linolenic (Δ9, 12, 15–18:3) 25.7 15.9 27.1
Minor (b1% TFA) fatty acids 3.9 3.6 3.0
18:1/18:3 ratio 0.56 1.79 0.59
Unsaturation index 175 124 178

The percentages of fatty acids exhibitingmajor changes are in bold. In all cases studied, SD
did not exceed 5% of the corresponding mean value.
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3. Results

3.1. Growth and biomass composition changes in the course of cultivation

The kinetics of biomass accumulation and changes in its composition
as well as the medium pH and ultrastructural changes were followed in
the batch cultures. During the first six days of cultivation, the
Desmodesmus sp. cultures aerated with the gas mixture containing
20% of CO2 (designated as ‘high-CO2’ cultures) accumulated biomass
(in terms of culture dry weight, DW per unit volume) nearly two
times faster in comparison with the cultures grown at the atmospheric
CO2 level (referred to below as ‘low-CO2’ cultures). The average biomass
accumulation rates comprised 0.67 and 0.30 g DW day−1 L−1, respec-
tively (Fig. 1a). Starting from the 7th day, the growth rate of the ‘high-
CO2’ cultures declined, obviously manifesting an onset of the stationary
phase (Fig. 1a, curve 2); this was not the case in the ‘low-CO2’ cultures
(Fig. 1a, curve 1).

The trend of changes in total fatty acid (TFA) content in the
Desmodesmus sp. cell lipids depended on the CO2 concentration in the
gas mixture used for aeration of the suspension (Fig. 1b). Thus, the
TFA DW percentage declined sharply during the first two days of culti-
vation in the ‘low-CO2’ cultures (Fig. 1b, curve 1). By contrast, the
‘high-CO2’ cultures displayed a small increase in TFA DW percentage
followed, after the first two days of cultivation, by a steady decline
(Fig. 1b, curve 1). After the 6th day, TFA DW percentages of the cultures
became similar and did not change significantly thereafter.
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Although the same fatty acids (FA) were represented in all treat-
ments, their proportions were altered (Table 1). The ‘low-CO2’ cultures
displayed, after nine days of cultivation, a 1.5–2 fold increase (relative to
the day 0) in saturated palmitic (16:0) and mono-unsaturated oleic
(18:1) FA characteristic of reserve lipids. At the same time, a sharp de-
cline was recorded in polyunsaturated FAs, particularly those from the
C18 family typically found in chloroplast membrane glycolipids,
resulting in a marked increase of the 18:1/18:3 FA ratio. By contrast,
the cells of the ‘high-CO2’ cultures retained essentially the same propor-
tions of saturated, mono- and polyunsaturated FAs in their lipids (hence
displaying the similar 18:1/18:3 values).

In all cultures studied, a similar pattern of the changes in total Chl
and Car contents was recorded (Fig. 1c). The pigment contents
expressed per unit cell DW declined synchronously during the initial
two days of cultivation, as it is expected under high PAR irradiance,
resulting in a Car/Chl ratio remaining nearly stable during the first six
days of cultivation (Fig. 1d). Only after six days of growth at the elevated
CO2 level, a three-fold increase in Car/Chl ratio was observed in the
‘high-CO2’ culture because the Chl content in this culture declined
more rapidly than that of Car at advanced stages of cultivation.
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To reveal the effect of cultivation at the elevated CO2 level on the
carbon-to-nitrogen (C/N) ratio of the Desmodesmus sp. cells, we follow-
ed the content of elemental C and N in the biomass (Fig. 2). Generally,
higher C and lower N percentages and correspondingly higher C/N ra-
tios were characteristic of the ‘high-CO2’ cultures in comparison with
the ‘low-CO2’ cultures. At the 2nd day of cultivation, a transient increase
Fig. 4. The cell ultrastructure of (a, f) the initial culture ofDesmodesmus sp. 3Dp86E-1 and the ce
elevated to 20% CO2 level. Ch, chloroplast; ChE, chloroplast envelope; CW, cell wall; N, nucleus
grain; SL, trilaminar sporopolleniniс layer of cell wall. Arrows point to the thylakoids with exp
Scale bars: 0.5 µm (a-e), 0.2 µm (f-h).
in N percentage of the cell DW took place regardless of CO2 concentra-
tion (Fig. 2b), also apparent as the drop in the C/N ratio (Fig. 2c). After
the 2nd day of cultivation, a linear increase in C percentage accompa-
nied by an opposite trend in N percentage was recorded in the ‘low-
CO2’ cells; the latter proceeded at a lower rate resulting in a steady
increase of C/N ratio (see curve 1 in Fig. 2a–c). The ‘high-CO2’ cells
lls batch-grown for (b, d) two or (c, g, e, h) nine days at (b, c, g) the atmospheric or (d, e, h)
; OB, oil body; P, pyrenoid; Pg, plastoglobuli; PL, polysaccharide layer of cell wall; S, starch
anded lumen. Arrowheads point to the electron-dense matter filling the thylakoid lumen.
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exhibited similar trends of changes in C and N biomass percentages; the
changes proceeded at a higher rate than in the ‘low-CO2’ cells but
slowed down after the 6th day of cultivation (see curve 2 in Fig. 2a–c).

3.2. Characteristic changes of the culture medium pH

Normally, growth of the Desmodesmus sp. in BG-11 medium at the
atmospheric CO2 level was accompanied by a rapid alkalization of the
growth medium in the batch cultures (Fig. 3, curve 1). After initiation
of the culture under the ‘high-CO2’ conditions, the culture medium pH
dropped to the level of 6.0 within 2 h (Fig. 3, curve 2) and remained es-
sentially unchanged for the next 2 h of cultivation. It should be noted
that the steady-state pH level reached within ca. 1 h in the column con-
taining un-inoculated BG-11medium aerated at a rate of 300mLmin−1

with the 20% CO2 in air at the level of 6.0 (not shown). After 6 h of cul-
tivation, a steady increase in pHwas recorded in the ‘high-CO2’ cultures,
which reached a steady-state level of pH7.8 by the 9th day of cultivation
(Fig. 3, curve 2).

Since the alkalization of the growth medium is considered to be an
indicator of extracellular carbonic anhydrase(s) (CA) operation in
microalgae [3,23], we attempted the cultivation of the Desmodesmus
sp. in the presence of acetazolamide (AZA) or ethoxyzolamide (EZA),
the inhibitors of CA [13]. In the presence of 10−4 M of either inhibitor,
the characteristic alkalization of the medium did not take place, and
the culture retained the pH of the BG-11 medium freshly inoculated
with theDesmodesmus sp. cells (cf. curves 1, 3 and 5 in Fig. 3).Moreover,
the monotonous increase in the pH typically taking place at the ad-
vanced growth stages in the ‘high-CO2’ cultures did not occur (cf. curves
2, 4 and 6 in Fig. 3) and the pH of the culture medium remained at
the steady-state level characteristic of un-inoculated 20% CO2-sparged
BG-11 medium.
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3.3. Ultrastructural responses of the cells to the different CO2 levels

The ultrastructure of the cells comprising the initial cultures
(Fig. 4a, f) as well as of the ‘low-CO2’ cells grown at high irradiance
(Fig. 4b, c, g) was typical of the microalga under investigation (for de-
tailed description, see [6,9]). Briefly, cultivation under high irradiance
at the atmospheric CO2 level was accompanied by common high light-
stress responses including a decline in stroma and thylakoidmembrane
(STM) proportions in the chloroplast (from 88 ± 2% to 68 ± 3%) and
protoplast (46 ± 2% to 0.32 ± 2%) area (along with a decline in the de-
gree of stacking, Fig. 4c, g) whereas the chloroplast area per se did not
change significantly (Fig. 5a). At the same time, a considerable increase
in starch grains (SG) (Figs. 4c and 5b) and cytoplasmic oil bodies (OB)
was recorded (Figs. 4c and 5c). These processes occur on the back-
ground of a considerable increase in the protoplast area which was
more pronounced in the ‘high-CO2’ cells (from 6.77 ± 0.34 μm2 to
9.40 ± 0.62 μm2) than in the ‘low-CO2’ cells (from 6.77 ± 0.34 μm2 to
7.03 ± 0.43 μm2).

Remarkably, the cells of the Desmodesmus sp. cultivated at the ele-
vated CO2 level retained, under our experimental conditions, their ultra-
structural integrity and did not show destructive changes in the cell
organelles (Fig. 4d, e, h). In the ‘high-CO2’ cells, the chloroplast area in-
creased significantly in comparison with the ‘low-CO2’ cells (6.40 ±
0.44 μm2 vs. 3.42± 0.26 μm2, respectively) by the end of cultivation pe-
riod (see also Fig. 5a). A similar trendwas recorded for the STM propor-
tion of the protoplast area, which increased significantly (from 46± 2%
to 67 ± 2%), whereas the STM proportion of the chloroplast remained
essentially the same (88 ± 2 vs. 81 ± 2%). Notably, the absolute STM
area declined slightly in the ‘low-CO2’ cells by the 9th day of cultivation
(from 3.06 ± 0.18 μm2 to 2.28 ± 0.20 μm2); the opposite trend was re-
corded in the ‘high-CO2’ cells (an increase from 3.06 ± 0.18 μm2 to
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5.12 ± 0.34 μm2). The chloroplast retained the lobed shape and highly
osmiophilic envelope (Fig. 4e, h). By the 9th day of cultivation, the chlo-
roplast of the ‘high-CO2’ cellswas packedwith granal thylakoids of a dif-
ferent structure (Fig. 4h)which occasionally resembled that of the ‘low-
CO2’ cells (4–5-nmwide lumenfilledwith an electron-densematter, see
Fig. 4f, g). However, the overwhelming majority of the ‘high-CO2’ cells
possessed the thylakoids lacking the electron-dense depositions in the
lumenwhichwasup to 25-nmwide (Fig. 4h); the thylakoidmembranes
in this case were thinner than in the ‘low-CO2’ cells (5.4 ± 0.3 nm vs.
8.1 ± 0.4 nm).

The ‘high-CO2’ cells were characterized by a lower accumulation of
the intracellular storage inclusions such as starch grains (SG) and cyto-
plasmic oil bodies (OB) than in the ‘low-CO2’ cells. In particular, the ac-
cumulation of SG and OB declined by 20–25% and 70–75%, respectively
in the ‘high-CO2’ cells in comparisonwith the air-grown cells (Fig. 5b, c).
An opposite trend was displayed by the polysaccharide layer of the
cell wall (CW) which represents a sizeable sink for the photosynthates
in the studied Desmodesmus sp. [9]. Thus, the CW thickness of the
‘high-CO2 cells’ increased 4–5 times in the course of cultivation
(Fig. 5d); the dominant contribution to the thickening of the CW was
made by the polysaccharide layer which became, by the 9th day of cul-
tivation, 63% thicker than in the ‘low-CO2’ cells (0.127 ± 0.003 μm vs.
0.078 ± 0.003 μm).

It should be also noted that in all cases studied the cells possessed
vacuoles with polymorphic depositions of different electron densities
(Fig. 4). At the earlier cultivation stages, the ‘high-CO2’ cells possessed
larger vacuoles than the ‘low-CO2’ cells, judging from the total vacu-
ole area on the sections (3.70 ± 0.40 μm2 vs. 1.08 ± 0.12 μm2).
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However, by the end of cultivation (day 9), the vacuole area de-
creased dramatically and became similar in both CO2 treatments
(0.44 ± 0.08 μm2 vs. 0.66 ± 0.14 μm2). Another interesting observa-
tion was the retention of pyrenoid, the site of subcellular localization
of the bulk of Rubisco [24], the key enzyme of CO2 fixation, in the
‘high-CO2 cells’ (Fig. 4d, e).

3.4. Photosynthetic performance and CO2 assimilation

To estimate the condition of the photosynthetic apparatus of the
Desmodesmus sp. grown at different CO2 levels wemeasured the poten-
tialmaximumquantum yield of photosystem II (PS II Qy) as variable Chl
fluorescence (Fv/Fm, Fig. 6a) at three different (from the linear part of
the P–I curve, sub-saturating, and saturating) irradiances (see also
Fig. 6b). To obtain comparable results, daily-diluted culturesmaintained
at OD678 = 1.0 were used in these experiments. Generally, in all cases
studied, the PS II Qy remained relatively high and did not drop below
0.6 (as measured in a dark-adapted state). The comparison of the PS II
Qy revealed no significant difference between the ‘low-CO2’ and ‘high-
CO2’ cells, except for the domain of saturating irradiances. Thus, at
250 μE m−2 s−1 a sizeable decline in the PS II Qy was detected in the
‘low-CO2’ (but not in the ‘high-CO2’) cultures.

The analysis of the P–I curves recorded as photosynthetic oxygen
evolution rate vs. irradiance (Fig. 6b) was in agreement with the PS II
Qy estimations via chlorophyll fluorescence measurements. At the irra-
diances above the super-saturating level (N200 μEm−2 s−1), there was
a decline in O2 evolution rate by the ‘low-CO2’ cells, probably related
with photoinhibition and/or energy-dependent non-photochemical
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quenching. By contrast, the P–I curve of the ‘high-CO2’ cells did not re-
veal a decline in photosynthetic O2 evolution even at irradiances
above 600 μE m−2 s−1 reflecting probably the lower degree of CO2 lim-
itation in this case. Accordingly, a high irradiance of 480 μEm−2 s−1was
chosen for the batch cultivation experiments in thiswork taking into ac-
count the higher density of these cultures (OD678 N 2).

To obtain a closer approximation to the photosynthetic performance
of the ‘high-CO2’ cultures, we also followed the operational PS II Qy

(via Fv′/Fm′ measured on-line, in light-adapted state) and non-
photochemical quenching (NPQ) in real time after increasing the CO2

level from the atmospheric to 20% (Fig. 6c). It was found that, under
the batch-cultivation conditions, the operational PS II Qy, after a slight
decline, stabilized at the level of 0.59–0.63. Accordingly, NPQ leveled
off, after an initial increase to the value of 0.4, and leveled off within
1–2 h.

To gauge the CO2 bioremoval potential of Desmodesmus sp., we cal-
culated the CO2 fixation rates basing on the rate of incorporation of car-
bon into the biomass derived from the biomass accumulation rate and
its elemental carbon content (Fig. 7). The obtained results were largely
in accord with the estimates of the photosynthetic activity obtained
with different approaches such as Chl fluorescence (Fig. 6a) or oxygen
evolution (Fig. 6b) except for a decline in carbon incorporation rate at
the supersaturating irradiance. Thus, under light-limited conditions
(50 μEm−2 s−1) the rate of CO2 fixation did not depend on the amount
of carbon dioxide available hence the ‘low-CO2’ and ‘high-CO2’ cells did
not differ in CO2 fixation rate (Fig. 7a). The CO2 fixation rate of the ‘low-
CO2’ did not increase along with the irradiance (or even decreased at
250 μE m−2 s−1), obviously because this culture was, judging from its
P–I curve, limited by CO2. One cannot also exclude an effect of
photoinhibition in this case. On the contrary, the ‘high-CO2’ culture illu-
minated at a saturating level of 150 μE m−2 s−1 was capable of CO2 fix-
ation at a rate ca. 30% higher than that recorded in the ‘low-CO2’ culture
at the same irradiance. Moreover, a decline in CO2 fixation rate induced
by supersaturating irradiance of 250 μE m−2 s−1 in the ‘high-CO2’ cells
was not as sharp as the decline observed in the ‘low-CO2’ culture. In
view of these findings, it was not surprising that the ‘high-CO2’ culture
displayed a higher capacity for CO2 assimilation (up to 25 mmol of
CO2 per liter culture volume per hour) at 250 μE m−2 s−1. At the
same time, the CO2 removal rate by the ‘low-CO2’ culture at the opti-
mum irradiance (150 μE m−2 s−1) appeared to be only slightly lower
(Fig. 7b).
3.4.1. Estimation of the cyclic electron flow over PS I via P700 redox kinetics
Most of the currently known CO2-tolerant microalgal species are

characterized by an increased cyclic electron flow over photosystem I
(PS I) generating additional ATP [25] which is thought to satisfy the
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increased energy demand for the cell pH maintenance under elevated
CO2 conditions [4]. In the present work we attempted to estimate the
relative contribution of fast cyclic electron flow over PS I to the total
photosynthetic electron transport under increased CO2 via registration
of the PS I reaction center redox kinetics [26]. As could be seen from
Fig. 8, the fastest component of the P700+ signal decay (τ1) in the time do-
main of 0.5 ms or less was poorly resolved, although the amplitude of
this component (A1)was determinedwith sufficient accuracy. Probably,
it corresponds to the amount of electrons donated to P700+ immediately
from PS I-bound and unbound plastocyanin [27,28].

The second component of the decay featured a time constant (τ2) of
ca. 15ms, and it can reflect the reduction of P700+ both by linear and fast
cyclic electron flow [29,30]. Remarkably, in the DCMU-treated samples
the amplitude A2 never turned to zero indicating the significant contri-
bution of the cyclic electron transport to the total electron flow in the
‘low-CO2’ cells (Fig. 8) [22]. Accordingly, we assumed that in the
DCMU-untreated samples the amplitude A2 was a proxy of the amount
of electrons donated to PS I from both linear and cyclic electron flows,
whereas in the DCMU-treated samples A2 was indicative of the electron
amount donated predominantly from the cyclic electron transport
(Fig. 8). As could be seen from Fig. 8, the contribution of the fast cyclic
electron flow increased by 30–50% in the ‘high-CO2’ cells in comparison
with the ‘low-CO2’ cells.
4. Discussion

Selection of an organism with a suitable level of CO2 tolerance is a
prerequisite for the development of a robust microalgae-based process
for continuous bioremoval of carbon dioxide from waste gasses [2,5].
Arguably, high CO2 tolerance is less critical for on-demand CO2

biomitigation although these systems would also benefit from robust-
ness offered by extreme CO2 tolerant strains. Ideally, such an organism
should be able to cope with high and fluctuating CO2 levels to relieve
the need for strictmaintenance of the CO2 percentage in the gasmixture
fed to a photobioreactor. It should be also capable of the rapid and
steady biomass accumulation to provide for the robust assimilation of
CO2. Recently, we isolated the chlorophyte Desmodesmus sp. 3Dp86E-1
from a benthic hydroid dwelling in a subarctic sea [6,7]. This microalga
seemed to meet both of these prerequisites presumably due to its natu-
ral adaptation to elevated CO2 levels generated by its animal host respi-
ration, especially during polar nights [8]. In addition, it should be noted
that, despite its origin froma subarctic sea, thisDesmodesmus strain pos-
sessed the optimum growth temperature near 27 °C suggesting a broad
thermal tolerance of this microalga. In the present work, we attempted
to estimate its potential at a biotechnologically relevant CO2 level of 20%
and obtain a mechanistic insight into its exceptional CO2 tolerance.
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4.1. Desmodesmus sp. 3Dp86E-1 responds to very high CO2 with
accelerated accumulation of biomass

As could be seen from the kinetics of biomass accumulation (Fig. 1a),
themicroalga under investigation not only survives at the very high CO2

level but also doubles the biomass accumulation rate. Generally, the
microalgal biomass obtained under the conditions employed in this
work was characterized by relatively low FA content (Fig. 1b) although
in the beginning of cultivation the ‘high-CO2’ cells displayed a transient
increase in FA. It should be noted that the ‘high-CO2’ cultures accumu-
lated biomass with high percentages of valuable polyunsaturated FA
such as α-linolenic acid (Table 1) probably due to accumulation of
chloroplast structural lipids (see also Figs. 4 and 5a). Accordingly, the
biomass of theDesmodesmus sp. grown at the high CO2 could be consid-
ered as a feedstock suitable for production of feed additives albeit its FA
content is too low for conversion to biodiesel. On the other hand, we
demonstrated earlier that nitrogen-starving Desmodesmus sp. cultures
illuminatedwith the same intensity as used in thiswork can accumulate
FA in its lipids up to 30% of its cell DW [31]. In viewof this fact, this strain
ofDesmodesmus sp. can still yield biomass suitable for biodiesel produc-
tion e.g., using a two stage-cultivation approach (accumulation of bio-
mass in the nitrogen-replete medium followed by the induction of
lipid biosynthesis in the nitrogen-lacking medium).
4.2. High irradiance and elevated CO2 are conductive for the balanced
growth of Desmodesmus sp. 3Dp86E-1

In the batch cultivation experiments initiated at a high cell densi-
ty (OD678 ~ 1.0) we employed an irradiance of 480 μEm−2 s−1 which
did not induce pronounced photoinhibitory effects in the daily-
diluted ‘high-CO2’ cultures but was in super-saturating domain for
the ‘low-CO2’ cultures (Fig. 6b). In the microalga under investigation
(Figs. 4, 5b–c) as well as in a large number of othermicroalgal species
(see e.g., [12,18]) cultivated at the atmospheric CO2 level similarly
high irradiances displace the C/N ratio of the biomass toward in-
creased C contents and promote reserve carbohydrate and lipid
[32] biosynthesis even in the absence of nutrient limitation [33]. In
view of these facts, one can expect to see a further increase in C/N
ratio and expansion of storage subcompartments (SG and OB) in
the algal cells subjected to a combination of high irradiance and ele-
vated CO2 facilitating excessive carbon fixation. Surprisingly, we did
not observe such an effect in Desmodesmus sp. 3Dp86E-1 under our
experimental conditions. On the contrary, only a limited increase in
C biomass percentage and hence in C/N ratio took place (Fig. 2).
Then, there was a little difference in SG abundance between ‘low-
CO2’ and ‘high-CO2’ (Fig. 5b) whereas OB occupied a significantly
smaller part of the ‘high-CO2’ cells in comparison with the ‘low-
CO2’ cells (Fig. 5b).

The only observed indication of a possible accumulation of the ex-
cessively fixed carbon in the ‘high-CO2’ cells of the Desmodesmus sp.
was comprised by a steady increase in the CW thickness (Figs. 4, 5d,
see also [9]). Generally, the average cell wall thickness value is charac-
teristic of a heterogeneous population comprised by cells of different
ages. As was shown previously [9], the average CW thickness of the
newly divided ‘low-CO2’ Desmodesmus sp. cells was 0.057 ± 0.002 μm,
which increased to 0.220 μm in mature cells. Remarkably, the thicken-
ing of the cell wall in the ‘high-CO2’ cells takes place in the vigorously di-
viding cells further emphasizing the significance of the cell wall
polysaccharides as a sink for the excessive photosynthates under the
‘high-CO2’ conditions.

An increase in Car content relative to that of Chl, a high light-stress
response typical of microalgae including Desmodesmus sp. 3Dp86E-1
[31,34,35], was observed only at the advanced stages of growth in the
‘high-CO2’ (Fig. 1c, d) and on the background of relatively high photo-
synthetic activity (Fv/Fm N 0.6; see also Fig. 6c) evident rather of suc-
cessful acclimation of the cultures to the high irradiance than of a
pronounced high-light stress.
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4.3. The cultivation at high CO2 does not impair the ultrastructural integrity
of the Desmodesmus sp. 3Dp86E-1 cells

As reasoned above, acclimation to high irradiances is expected to
exert profound effects on photosynthetic apparatus and metabolism of
microalgae; these effects are often increased by combination stresses
such as high light on the background of nutrient limitation, salinity
etc. [34]. On the ultrastuctural level, the high light-acclimation effects
are usually apparent as a decline in the chloroplast size, controlled de-
composition of the thylakoids and granae as well as formation and ex-
pansion of the storage structures (plastoglobuli in the stroma of the
chloroplast and/or cytoplasmic OB) [36–38]. Such ultrastructural rear-
rangements were observed in the Desmodesmus sp. cells grown at the
atmospheric CO2 level (Figs. 4 and 5) and are described in detail else-
where [9]. By contrast, the cultivation of the Desmodesmus sp. at the el-
evated CO2 level under the experimental conditions employed in this
work did not induce observable deteriorative changes to the ultrastruc-
ture of chloroplast. Furthermore, a considerable increase in the size of
chloroplast and its photosynthetic membrane apparatus took place in
the ‘high-CO2 cells’ by the end of cultivation (Figs. 4, 5a) whereas the
storage structures (SG and OB) increased only slightly in comparison
with the ‘low-CO2 cells’.

At the same time, there were ultrastructural features specific to the
‘high-CO2’ cells. In particular, we observed a pronounced expansion of
the thylakoid lumen and a decline in the thylakoidmembrane thickness
(Fig. 4h). The thylakoid expansion could be relatedwith the induction of
regulatory and photoprotective mechanisms such as re-distribution of
the absorbed light energy between photosystems by phosphorylation
and migration of an outer light harvesting antenna from PS II toward
PS I [39]. This finding is compatible with the analysis of the redox kinet-
ics of P700, which revealed an increased contribution of cyclic electron
transport over PS I (see below). The decrease of membrane thickness
observed in the thylakoids of the studied ‘high-CO2’ cells resembled
that occurring in the thylakoidmembranes of higher plants at a high de-
gree of NPQ engagement [40] although a similar decrease in the mem-
brane occurred at higher NPQ values than in the ‘high-CO2’ cells of
Desmodesmus sp.

Taking into account the vigorous growth of the ‘high-CO2’ cultures
(Fig. 1a), the retention of the FA characteristic of the chloroplast mem-
brane lipids (Table 1), and a modest increase in C/N ratio (Fig. 2), the
electron microscopy data further support our hypothesis that the
‘high-CO2’ cells were not significantly nutrient-limited and/or stressed
even under the super-saturating irradiance. It is therefore possible to
suggest that the biosynthesis of new cell building blocks, in particular,
components of photosynthetic membranes and the CW, is among the
main sinks of the photosynthates in theDesmodesmus sp. at the elevated
CO2 level.

4.4. Photosynthetic performance of Desmodesmus sp. 3Dp86E-1 is higher at
the elevated CO2 level

Inhibition of dark reactions of photosynthesis resulting from de-
activation of Rubisco mediated by acidification of the stromal
compartment is an important deleterious effect of elevated CO2 levels
on microalgae [8]. According to the estimations of photosynthetic
activity via chlorophyll fluorescence or photosynthetic oxygen evolu-
tion (Fig. 6), the microalga under investigation showed no signs of the
inhibition of photosynthesis mediated by CO2-depended acidification
of the cell compartments. On the contrary, the ‘high-CO2’ cells were
less prone to photoinhibition by super-saturating irradiances than the
‘low-CO2’ cells (Fig. 6a and b). Actually, we were unable to achieve a
complete saturation of photosynthesis even at the highest PAR
irradiances available on our equipment (840 μE m−2 s−1). One could
ascribe this effect to relieve of the CO2 limitation under the ‘high-CO2’
condition. At the same time, there was a pronounced gap between O2

evolution rate and the rate of CO2 incorporation into the algal biomass
(cf. Figs. 6b and 7a). It should be taken into account that the CO2 fixation
rates presented in Fig. 7 were calculated from the amount of C incorpo-
rated into the biomass,which could be different from the C flux entering
the Calvin–Benson cycle. At themoment, it is difficult to judgewith con-
fidence about the factors causing this discrepancy. Plausible reasons in-
clude (but are not limited to) vigorous consumption of the
photosynthates for the maintenance of cell homeostasis, decline in the
coupling of proton and electron transfer in the chloroplast, elevated res-
piration rate, or other metabolic rearrangements [41].

In the batch cultures, increasing the input CO2 level to 20% resulted in
the increase of NPQ to 0.4 probably reflecting the acidification of the thy-
lakoid lumen (Fig. 6c). In the absence of a sizeable decline in PS II oper-
ating efficiency, thismay indicate a certain contribution of CO2-mediated
acidification to the overall decline in the lumenal pH. Nevertheless, the
Desmodesmus sp. coped with the CO2-dependent acidification and sup-
ported the sustained CO2 fixation at a rate of ca. 25 mmol h−1 L−1 cul-
ture (Fig. 7). This translates to ca. 23.6 g CO2 day−1 L−1 culture (grown
with daily dilution) which compares favorably with most of the
microalgal strains tested so far for CO2 biomitigation potential [1]. It
should be emphasized in this regard that Desmodesmus sp. retained the
ability to efficiently assimilate CO2 at high irradiances necessary tomain-
tain high cell-density cultures making it especially suitable for cultiva-
tion in closed photobioreactors [42].

4.5. Possible mechanisms of high CO2-tolerance operating in
Desmodesmus sp. 3Dp86E-1

Currently described mechanisms of high CO2-tolerance in
microalgae include, but are not limited to the following: i) the swift
downregulation of CCM, ii) energy-dependent maintenance of cell pH
homeostasis, and iii) increased ability of energy generation to satisfy
the demand of the second mechanism [4,5]. Summarizing the evidence
obtained in this work, one can speculate that several mechanisms can
operate in Desmodesmus sp. 3Dp86E-1 although it is difficult to state
with certainty the involvement of or estimate the contribution by a par-
ticular mechanism.

Thus, we recorded the characteristic changes in culture pH (Fig. 3)
suggesting the operation of, at least, one component of CCM, an extra-
cellular CA enzyme [3]. The proposed involvement of a CA is supported
by the blocking of the pH build-up by the specific CA inhibitors. At the
same time there was no difference in the effects of the inhibitors
targeted predominantly at extracellular CA (AZA) or both extra- and in-
tracellular CA (EZA) [13] suggesting that the contribution of the intra-
cellular CA, should there be any, might be not very significant. It
would not be surprising if the studied microalgae possess a CCM since
it demonstrates a fair growth (Fig. 1a) and CO2 assimilation rate
(Fig. 7) even at the atmospheric CO2 level. On the other hand, the puta-
tive CCMmust feature a remarkable versatility allowing its rapid (with-
in ca. 1 h) shutdown under elevated CO2 conditions. It should be noted
in addition, that the alkalization of the medium presumably resulting
from the operation of putative CA(s) may contribute to the high overall
culture buffer capacity. This capacity may be crucial for the survival of
the microalga before the engagement of other mechanisms of CO2

tolerance.
It is hypothesized that, under elevated CO2 conditions, the cellular

pH homeostasis is maintained with participation of ATP-dependent
proton pumps [19]. Accordingly, coping with the increased CO2 levels
should put an additional strain on the ATP generation by the cell.
Since the acclimation to elevated CO2 often mimicked the manifesta-
tions of high light-induced state transition response of photosynthetic
apparatus, it was suggested that the surplus ATP generated by cyclic
electron flow over PS I is consumed for the maintenance of favorable
pH in the cell [19]. In the case of Desmodesmus sp. 3Dp86E-1 studied
in this work, there were several indications of the increased contribu-
tion of the cyclic electron flow (Fig. 8). Normally cyclic electron flow
comprises, e.g., in Chlamydomonas reinhardtii [43], 6–16% of the linear
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electron flow. The comparison of the P700 reduction rates in the DCMU-
treated and untreatedDesmodesmus sp. cells suggested at least a 50% in-
crease of the cyclic electron flow under elevated CO2 conditions.

A considerable body of indirect evidencewas obtained from electron
microscopy observation. First, there was an appreciable increase in the
vacuole size. Since the vacuolar membrane harbors the H+-pumps in-
volved in the pH homeostasis maintenance and high CO2-acclimation
often increases the vacuolization of the cytoplasm [4,44], it is
conceivable to relate the observed increase in the vacuole size with
the putative activity of the H+-pumps. Then, the cultivation at the ele-
vated CO2 level was accompanied by the expansion of the thylakoid
lumen which is thought to be a manifestation of the migration of a
light harvesting antenna to PS I [39]. This observation is compatible
with other indications of the increased cyclic electron flow elevated
CO2 conditions and its important role in the formation of high
CO2-tolerance in the Desmodesmus sp.

Taken together, the results of the present work support the hypoth-
esis the studied symbiotic chlorophyte is naturally highly adapted to
very high elevated CO2 levels. At the same time, it is characterized by
an exceptional physiological plasticity. In conclusion, the symbiotic
chlorophyte Desmodesmus sp. 3Dp86E-1 is an interesting model for
studies of CO2 tolerance in microalgae and a promising candidate for
CO2 biomitigation applications. Its high CO2 tolerance is obviously
achieved via robust pH homeostasis, rapid acclimation of the photosyn-
thetic apparatus (increase of cyclic electron flow around PSI), the capa-
bility of swift CCM shutdown, and channeling the excessively fixed
carbon to biosynthesis of the structural components of the cells. Finally,
symbiotic microalgae deserve close attention as a promising source of
highly CO2-tolerant isolates for biomitigation applications.
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