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1 INTRODUCTION

Symbiotic single�celled phototrophic organisms
representing green algae (Chlorophyta, Chloro�
phyceae), especially those from animals of subarctic
seas, remain almost unelucidated in comparison with
free�living chlorophytes. Nevertheless, these organ�
isms are of considerable interest due to their high tol�
erance to adverse conditions (e.g. extremely high or
low light, nitrate or CO2 levels) which is scarcely found
in free�living microalgae (MA) and hence for poten�
tially high significance for biotechnology [1, 2]. Then,
symbiotic MA comprise a suitable model for studies of
carbon assimilation and partitioning between MA cell
compartments under abiotic stresses [3]. It is hypoth�
esized that the peculiar physiology of the symbiotic
MA is related with the conditions they encounter in

1  The article was translated by the authors.

their animal host body and harsh conditions of the
high�latitude habitats as well [2, 4]. On the other hand,
it is not clear yet to which extent these physiological
peculiarities are defined by the symbiotic nature of the
MA. In this connection, the studies of closely related
symbiotic MA from different animal hosts are of par�
ticular interest.

Earlier, a number of chlorophyte strains was iso�
lated in our laboratory from benthic invertebrates of
White Sea [5, 6]. The MA strains isolated from differ�
ent animals and assigned to the genus Desmodesmus
turned to be closely related [4]. From these strains,
only Desmodesmus sp. 3Dp86E�1, the symbiont of the
hydroid Dynamena pumila, was studied in detail so far.
We investigated the responses of its photosynthetic
apparatus, pigment and lipid metabolism to high light
and nitrogen starvation [1, 3]. In particular, the
stresses slowing down the cell division disturbed the
balance between photosynthetic carbon fixation and
utilization of the photosynthates for the synthesis of
the cell building blocks. Consequently, in Desmodes�
mus sp. 3Dp86E�1, as in free�living chlorophytes, an
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enhancement of the biosynthesis of reserve lipids,
mainly triacylglycerines (TAG) as well as expansion of
cell compartments storing carbon�rich reserve com�
pounds took place [3, 7–9].

In the present work, we for the first time compared
the stress responses of closely related symbiotic repre�
sentatives of the genus Desmodesmus isolated from tax�
onomically distant benthic invertebrates (hydroids,
polychaetes, sponges). We demonstrated that all the
strains studied exert a considerable physiological and
ultrastructural plasticity allowing to cope with the
combined stress imposed by high light and nitrogen
starvation though the strains differed by the magnitude
and rate of the responses to the stressors.

MATERIALS AND METHODS

The green MA isolated from benthic animals from
White Sea served as objects in this work (Table 1) [4].
Cells of the MA were cultivated as described earlier [1,
3] in 600 mL of complete BG�11 medium (+N) or
nitrogen�lacking BG�110 (–N) [10], in 1.5�L glass col�
umns (6.6 cm internal diameter) at 27°C and continu�
ous illumination with white LED lamps (480 µmol
photons/(m2 s) PAR) as measured by a quantum sensor
LiCor 850 (LiCor, United States) and constant bub�
bling with air (0.3 L/(L culture min)). In different
experiments, the initial culture density, expressed as
chlorophyll (Chl) content, was 5 or 25 mg/L Chl.

The pre�cultures were grown in 750 mL flasks with
250 mL of BG�11 medium at 27°C and 40 µmol pho�
tons/(m2 s) PAR in a shaker (120 rpm). To impose
nitrogen deficiency, cells were pelleted by centrifuga�
tion, triple�washed with BG�110 medium, re�sus�
pended in the same medium and cultivated as described
above. The culture growth was recorded as accumula�
tion of biomass and Chl, cell dry weight was determined
gravimetrically [3]. The residual nitrate and orthophos�
phate contents in the culture liquid were checked using
ion�exchange HPLC on an ICS1600 chromatograph
(Thermo Dionex, United States) with a conductomet�
ric detector, analytic column IonPac AS12A (5 µm; 2 ×
250 mm) and AG12A guard column (5 µm; 2 × 50 mm).
Inorganic anions were isocratically eluted with a car�
bonate buffer (2.7 µM Na2CO3 + 0.3 µM NaHCO3;
flow rate 0.3 mL/min) at 30°C.

Photosynthetic pigments were extracted from the
microalgal cells with chloroform�methanol mixture
(2 : 1, v/v), Chl a and b, as well as total carotenoids
(Car) were assayed in the chloroform fraction spectro�

photometrically [1, 3]. The fatty acid profile of the
microalgal cell acyl lipids was resolved by GC/MS as
described previously [1, 3]. The samples for electron
microscopy were prepared and examined as described
elsewhere [3].

For each combination of strain and cultivation
conditions, at least two independent experiments were
carried out, each in triplicate. Unless stated otherwise,
averages and corresponding standard errors are pre�
sented on the figures.

RESULTS AND DISCUSSION

Biomass Accumulation Kinetics during Cultivation 
in the Complete and the Nitrogen Lacking Media

The kinetics of growth and relationships between
final biomass concentration and starting culture density
or nitrogen availability were strain�specific (Fig. 1). The
highest growth rate without a detectable lag or an onset
of stationary phase by the 17th day of cultivation was
recorded in the 1Hp86E�2 strain grown in the nitrogen�
replete medium (Fig. 1c, curves 1, 2). The strains
2Cl66E and 1Pm86B (curves 1, 2 in Figs. 1a and 1b)
displayed a lower growth rate; final biomass accumula�
tion on the 17th day of growth was 2–2.5 times lower
than in 1Hp86E�2. At the same time, in all cultures
grown in full BG�11 medium, neither nitrogen nor
phosphorus was exhausted for 17 days of cultivation. On
the other hand, relatively low growth rate of these
strains may be explained by CO2 limitation due to bub�
bling with atmospheric air and/or lower efficiency of
mineral nutrient uptake from the medium.

The effects of nitrogen starvation on the kinetics of
biomass accumulation differed significantly in differ�
ent symbiotic strains Desmodesmus studied. Expect�
edly, the incubation in the nitrogen�free medium
brought about the decline in biomass accumulation
rate and, in all cases, to the earlier (on the 3rd–
6th day, on an average; see curves 3, 4 in Figs. 1a–1c)
onset of stationary phase. Notably, the kinetics of biom�
ass accumulation by the nitrogen�starving 2Cl66E and
1Pm86B cultures initiated at the high density was
commensurate to that recorded in the cultures grown
in complete medium (cf. curves 2 and 4 in Figs. 1a
and 1b). The decline in growth rate induced by nitro�
gen starvation was more pronounced in the cultures
initiated at the low density (curves 1 and 3 in Figs. 1a
and 1b), whereas in 1Hp86E�2 this effect was obvi�
ously independent of the initial density (curves 3, 4 in

Table 1. The origin of the Desmodesmus strains used in this work and the loci used for their molecular identification [4]

Strain, origin (host species)
Locus, GenBank ID

rbcL ITS1�5.8S rRNA�ITS2

2Cl66E, the hydroid Coryne lovenii (M. Sars, 1846) KJ463407 JQ313131.1
1Pm66B, trochophore larvae of the polychaete Phyllodoce maculata (L., 1767) KJ463406 JQ313134.1
1Hp86E�2, the sponge Halichondria panicea (Pallas, 1766) KJ463408 JQ313133.1
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Fig. 1c). Regardless of growth kinetics, no manifesta�
tion of the cell lysis was noticed in any culture.

Normally, nitrogen starvation slows down and,
eventually, ceases the cell division. Nevertheless, the
cell mass (and hence the culture biomass) of nitrogen�
starving cells often increases, predominantly due to
accumulation of the reserve compounds carbohy�
drates and/or lipids [8, 11] earlier described in symbi�
otic Desmodesmus representatives [1, 3]. As the previ�
ously studied strain Desmodesmus sp. 3Dp86E�1, the
cultures started at the low density displayed low biom�
ass accumulation under nitrogen starvation conditions
(see Fig. 1 in [1]). Probably, the cells in this case are
exposed to a severe stress which might be detrimental
to the biosynthesis of lipids as was the case the nitro�
gen�starving chlorophyte Parietochloris incisa [12].

The Changes in Photosynthetic Pigment Composition

In spite of cultivation under high light conditions,
the Desmodesmus spp. 2Cl66E and 1Pm86B cells
grown in the complete medium exhibited a less pro�
nounced decline in Chl (Figs. 2 and 2b, curves 1 and 2)
in comparison with those grown in the nitrogen�free
medium (Figs. 2a and 2b, curves 3 and 4). These cul�
tures were characterized by synchronous changes in
Car (data not shown) and Chl contents resulting in a
nearly constant Car/Chl ratio (Figs. 2d and 2e,
curves 1 and 2). Accordingly, these cultures might not
exhibit the changes in pigment composition character�
istic of high�light stress [13].

By contrast, cells of 1Hp86E�2 demonstrated a
rapid decline in Chl content during the first 3 days of
cultivation in spite of relatively high cell division rate
and regardless of the initial culture density (Fig. 2c,
curves 1 and 2). A decline in Car synchronous with
that of Chl was also detected in the 1Hp86E�2 cells,

resulting in a slight change of Car/Chl ratio during the
first 14 days of cultivation; only in the course of last
3 days of the experiment, a significant increase in
Car/Chl ratio was detected (Fig. 2f, curves 1 and 2).

A profound and synchronous drop of Chl and Car
content in the cells can be an indication of the reduc�
tion of photosynthetic apparatus, a characteristic high�
light acclimation response of chlorophytes [14–16].
This suggestion was further supported by the data about
fatty acid (FA) composition and ultrastructure obtained
for the same cells (see below).

Nitrogen starvation brought about a sharp decline
in Chl in the first 3–6 days of cultivation in all strains
studied; after the 7th day, the decline in Chl proceeded
at a slower rate (Figs. 2a–2c, curves 3 and 4). At the
same time, the Car degradation rate was generally
lower than that of Chl (Figs. 2d–2f, curves 3; Figs. 2d
and 2e, curves 4) excepting the 1Hp86E�2 initiated at
the high density (Fig. 2f, curve 4). A similar kinetics of
Chl degradation in 1Hp86E�2 suggests the involve�
ment of this pigment in acclimation of the photosyn�
thetic apparatus in this MA albeit the dynamics of
changes in Car/Chl ratio in the nitrogen�starving cells
of 1Hp86E�2 initiated at the high density was essen�
tially the same as in the nitrogen�sufficient cells of this
strain (cf. curves 1–3 and 4 in Fig. 2f).

The Characteristic Changes in Content 
and Composition of Acyl Lipid Fatty Acids

The strains studied in this work differed significantly
in the dynamics of content and composition of cell lipid
FA (Fig. 3, Table 2). According to the changes in FA
content, lipid content of the Desmodesmus spp. 2Cl66E
and 1Pm86B cells grown in the complete medium was
nearly constant (Figs. 3a and 3b, curves 1 and 2),
whereas in the case of 1Hp86E�2 it declined (Fig. 3c)
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along with Chl content (Figs. 2a and 2b, curves 1 and 2).
Accordingly, in all these cases FA content shows a
strong (r > 0.9) correlation with Chl content suggesting
a vigorous biosynthesis of structural lipids, chloroplast
membrane lipids in particular, in these culture cells.
This suggestion is compatible with the relatively high
proportion of α�linolenic acid (Δ9,12,15�18:3; ALA)
typical of phototrophic eukaryote glycolipids [8, 17], in
the cell lipid FA composition (Table 2).

In the first 9 days of cultivation, nitrogen starvation
induced a sharp increase in total FA contents in the
cells of 2Cl66E, at more advanced stage of cultivation
the increase in FA occurred more slowly. Then, a
decline in FA content at the 14th day of cultivation was
observed in the cultures initiated at the low density
(Fig. 3a, curves 3 and 4). The dynamics of FA in the
cells of 1Pm86B depended largely on the starting den�
sity of the cultures (Fig. 3b). Thus, the cultures initi�
ated at low (5 mg/L Chl) density demonstrated a sharp
increase of FA within the first 9 days followed by as
sharp a decrease in FA (Fig. 3a, curve 3). On the con�
trary, in the cells of the cultures started at high
(25 mg/L Chl) density were characterized by a monot�
onous increase in FA content (Fig. 3b, curve 3) pro�
ceeding at a rate similar to that in the cells of 2Cl66E.

Notably, only a transient rise of FA content occurred
in the nitrogen�starving 1Hp86E�2 cells during 6–
9 days of cultivation; the dynamics of FA content in the
nitrogen�sufficient and nitrogen�starving 1Hp86E�2
cells was similar (Fig. 3c). As a consequence, the cells of
this strain possessed the lowest lipid content as mani�
fested by their FA, presumably, due to accelerated lipid
catabolism necessary to satisfy the increased energy
demand of the rapidly growing culture.

The stress responses of the symbiotic Desmodesmus
cultures were further characterized by following the
FA composition reflecting the stress�induced changes
in the lipid metabolism of the MA. Thus, it was shown
earlier that an increase in the ratio of oleic acid
(Δ9�18:1; OA) and ALA reflects the accumulation of
reserve lipids (TAG) on the background of chloroplast
membrane glycolipid degradation taking place in dif�
ferent MA under stress [8]. A similar dynamics of the
OA/ALA ratio in the studied Desmodesmus strains
(Figs. 3d–3f) may indicate a similarity of the acclima�
tory rearrangement of the lipid metabolism in the cells
of 2Cl66E and 1Pm86B (Figs. 3d and 3e; Table 2).

The cells of 1Hp86E�2 were characterized by dis�
tinct changes in the OA/ALA ratio (Fig. 3f). Thus, the
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OA/ALA ratio increased sharply by the 3rd day of culti�
vation even in the cultures grown in full medium regard�
less their density (Fig. 3f, curves 1 and 2). Remarkably,
the magnitude of the changes in OA/ALA ratio in less
dense 1Hp86E�2 cultures was similar to that in 2Cl66E
and 1Pm86B (Fig. 3f, curve 3). By contrast, in the
denser cultures, this ratio increased rapidly (within
3 days) to its maximum (Fig. 3f, curve 4) and did not
change significantly thereafter. The analysis of FA com�
position revealed that a sharp decline in ALA exerted
the key contribution to the observed changes on the
OA/ALA ratio (Table 2). Taking into account the high
growth rate of 1Hp86E�2 cultures and retention of the
significant amount of photosynthetic pigments in the
cells, one may think that the observed changes in the
FA profile are related with an elevated cell tolerance to
the combination stress imposed by nitrogen starvation
and high light.

A strong correlation between the nitrogen starva�
tion�induced changes in Car/Chl and OA/ALA ratios
found in the cells of 2Cl66E and 1Pm86B (inserts in

Figs. 3d–3e), Desmodesmus sp. 3Dp86E�1 [1] and a
number of other chlorophytes [18] lacked in the cells of
1Hp86E�2 (Fig. 3f). The lack of the correlation can be
considered as an additional evidence of essentially dif�
ferent dynamics of the pigment and lipid metabolism in
1Hp86E�2 in comparison with other studied MA.

The Stress�Induced Ultrastructural Rearrangements 
in the Cells of the Symbiotic Microalgae

According to the results of the comparative electron
microscopy investigation, the cells of Desmodesmus
grown under our experimental conditions possessed the
typical ultrastructural organization (Fig. 4) [4]. Since
the strains 2Cl66E and 1Pm66B exhibited similar
responses to high light and nitrogen starvation, the
strains 1Hp86E�2 and 1Pm66B displaying contrasting
stress responses were selected for the detailed ultra�
structural investigation.

In the both strain cells grown in the complete
medium at the high light intensity, chloroplast
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remained the largest cell organelle regardless of the
initial culture density. Most of the thylakoids formed
elongated granae, the number of stromal thylakoids
organized in parallel to each other tended to increase
as, in the case of 1Hp86E�2, did the number of plasto�
globuli interconnected with tubules wrapped in lipid
monolayers (Fig. 4f). The thylakoids of granae and
stroma possessed a narrow (4–5 nm) lumen with
osmiophylic depositions (Fig. 4g). The thickness of
paired membranes of the stacked thylakoids was con�
stant (16.5 ± 0.3 nm in 1Pm66B; 15.3 ± 0.01 nm in
1Hp86E�2).

Mitochondria in contact with the chloroplast
envelope as well as numerous polyribosomes, Golgi
apparatus dyctiosomes and vesicles were commonly
found in the cytoplasm (Fig. 4h). Vacuoles differing
in their size and the amount and nature of their con�
tents of non�uniform electron density were also
revealed (Figs. 4d and 4e). Obviously, this fact can be
related with the simultaneous presence of vacuoles
with different (reserve or lytic) function. Our prelim�
inary investigation of a closely related symbiotic
strain Desmodesmus sp. 3Dp86E�1 revealed that sim�
ilar reserve vacuoles might harbor a part of cell nitro�
gen reserve [19]. The interthylakoid starch grains and
oil bodies (OB) were scarce, dominated by the
pyrenoid sheath starch grains. The cell wall displayed
the typical architecture (including the polysaccha�
ride and sporopolleninic layers with epistructures)
and thickness (0.101 ± 0.012 and 0.076 ± 0.006 µm
at 7th day of cultivation for 1Pm66B and 1Hp86E�2,
respectively).

It is essential that, in the most of the cells studied,
nitrogen starvation did not disturb the ultrastructural
integrity until the end of the observation period but
induced a profound rearrangement of cell organelles
and accumulation of the carbon�rich reserve com�
pounds. The latter process was accompanied by the
increase in size and number of cytoplasmic OB, inter�
thylakoid starch grains in the chloroplast; this was not
the case in the pyrenoid sheath starch grains (Fig. 5).
The Golgi apparatus dyctiosomes and vesicles became
considerably less frequent; the number of polyribo�
somes and ribosomes decreased in the cytoplasm of
1Pm66B but not in 1Hp86E�2 (Fig. 5e).

Nitrogen starvation brought about the reduction of
the chloroplast lamellae system in the both strains
studied, the osmiophylicity of the chloroplast enve�
lope was retained and the number of plastoglobuli
increased. Pyrenoid present less frequently but no
signs of the pyrenoid decomposition were revealed.
The cells of the same culture as well as the strains stud�
ied differed in the thylakoid structure. Thus, in the
majority of 1Pm66B cells, the thylakoid structure was
similar to that characteristic of the intact chloroplasts
(Fig. 5f) albeit the thickness of the paired membranes
of the stacked thylakoids decreased to 14.9 ± 0.3 nm.
In the minor part of the cell population, the thylakoid
lumen expanded (to 8–10 nm, occasionally to 20 nm)
and was devoid of osmiophylic depositions whereas
the thylakoid granae membranes remained parallel to
each other (Fig. 5g). Similar changes in the thylakoid
ultrastructure were recorded in the majority of the
1Hp86E�2 cells regardless of the initial culture density

Table 2. Typical changes in cell lipid fatty acid composition in the symbiotic Desmodesmus strains after 17 days of cultivation
in BG�11 (+N) or BG�110 (–N) medium (initial culture density 25 mg Chl/L; total FA percentages are specified)

FA

2Cl66E 1Pm66B 1Hp86E�2

+N –N +N –N +N –N

0 17 0 17 0 17 0 17 0 17 0 17

16:0 20.8 20.0 20.8 21.3 16.7 19.4 16.7 20.9 14.7 21.0 14.7 20.9

Δ9�16:1 3.5 4.4 3.5 3.4 4.0 4.2 4.0 3.3 5.8 6.5 5.8 4.1

16:3 2.0 2.2 2.0 3.6 3.6 3.0 3.6 4.4 4.4 5.0 4.4 6.3

18:0 3.1 1.2 3.1 2.7 3.1 1.6 3.1 3.3 2.5 2.6 2.5 3.2

Δ9�18:1* 27.4 36.9 27.4 42.5 28.4 35.5 28.4 39.0 32.7 43.5 32.7 41.9
Δ9,12�18:2 13.3 10.0 13.3 15.3 13.8 14.2 13.8 16.6 16.8 11.2 16.8 14.3

Δ9,12,15�18:3* 23.3 18.6 23.3 8.5 24.5 15.4 24.5 8.0 14.7 4.5 14.7 4.9
20:0 3.1 2.4 3.1 1.3 2.9 3.1 2.9 2.6 4.6 3.1 4.6 2.2

Δ11�20:1 3.5 4.2 3.5 1.5 3.0 3.7 3.0 1.9 3.8 2.8 3.8 2.3

UI** 1.4 1.3 1.4 1.1 1.5 1.3 1.5 1.1 1.3 1.0 1.3 1.1

18:1/18:3 1.2 2.0 1.2 5.0 1.2 2.3 1.2 4.8 2.2 9.8 2.2 8.6

The values for the freshly inoculated cultures (day 0) and those after 17 days of cultivation are shown.
  * The FA displaying the most profound changes in the course of the experiment.
** Unsaturation Index.
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(Figs. 5e, 5h, and 5i). At the same time, the membrane
osmiophylicity within the stack became irregular; the
paired membrane thickness declined to its minimum
(10.2 ± 0.02 nm). The lumen (up to 10–15 nm wide)
was non�uniformly filled with a substance of an inter�
mediate electron density. It is currently accepted that,
in higher plants, the thylakoid membrane thickness
declines, in particular, during photoacclimatory re�
arrangement of the PS II light harvesting complexes
and non�photochemical quenching induction [20]. It
is possible to think that similar processes involving
rearrangements and partial reduction of photosys�
tem(s) take place in nitrogen�starving cells of MA.

The heterogeneity of the response of MA to the same
stresses (high light and nitrogen starvation) was also
documented in comparison with Desmodesmus sp.
3Dp86E�1. The reduction of the chloroplast lamellae
system and Chl content decline in this strain, grown
under the same conditions as in this work, was accom�

panied by a dramatic (up to 20–57 nm) lumen expan�
sion and a decrease of photosynthetic activity [3].

Under our experimental conditions, the studied MA
strains also differed in their accumulation of carbon�
rich reserve compounds. The 1Pm66B cells contained,
as a rule, 2–6 medium or large (>1 µm in diameter)
merging OB (Fig. 5a). The OB were larger than the
intherthylakoid starch grains but were significantly out�
numbered by the latter. The cells of 1Hp86E�2 exerted
a considerable heterogeneity in the type of their pre�
dominant reserve compound (Figs. 5b–5d). Interthyla�
koid starch grains were the predominant reserve prod�
uct in the majority of the cells, whereas OB occupied
only a small part of the cell section. Only occasionally,
numerous OB merging to form chain�like structures
dominated the cell volume (Fig. 5b).

The cells of 1Hp86E�2 were characterized by tight
contacts between OB and vacuoles filled with a low
electron�density matter. In the region of the contact, a
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Fig. 4. The cell ultrastructure of Desmodesmus spp. (a) 2Cl66E, (b, d) 1Pm66B, and (c, e–h) 1Hp86E�2 in the pre�cultures (a–c)
and after 7 days of cultivation in BG�11 medium (d–h). A survey micrograph of the (a–e) equatorial plane section of the cells,
(f) plastoglobuli, (g) granae thylakoids and (h) a part of Golgi apparatus and polyribosomes. GA—Golgi apparatus, SG—starch
grain, CW—cell wall, M—mitochondrion, OB—oil body, ChE—chloroplast envelope, P—pyrenoid, Pg—plastoglobuli,
R—ribosomes, T—thylakoids, Ch—chloroplast. Asterisk: vacuoles, black arrow: thylakoid stacking region, white arrow: lumen,
double�headed arrow: the lipid monolayer�wrapped tubule connecting plasoglobuli. Scale bar: (a–e, h) 0.5 μm or (f, g) 0.1 μm.
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rupture in the vacuolar membrane and a protrusion of
the OB matrix into the vacuole were often revealed. In
this case, the OB protrusion remained distinctly visi�
ble on the background of the vacuolar cavity due to the
difference in their electron density (Fig. 5d). The con�
tact ultrastructure described in this work is, to a certain
extent, similar to that documented for the mobiliza�
tion of OB in the cells of nitrogen�starved Chlorella
vulgaris cells transferred to the nitrogen�replete
medium [11] or in the cells of germinating higher plant
seeds [21]. The higher occurrence of the OB�vacuole
contacts in the cells of 1Hp86E�2 might reflect the
higher rate of the OB lipid catabolism suggested by the
FA change kinetics recorded in this strain (Fig. 3c).

Nitrogen starvation also triggered a considerable
(1.6–1.8 fold in 1Pm66B; 1.7–2.5 fold in 1Hp86E�2)
increase in the cell wall thickness in studied MA strains.
Build�up of the polysaccharide layer constituting 70–
80% of total cell wall thickness exerted a dominant con�
tribution to the observed cell wall expansion. Previously,

we observed the expansion of cell wall polysaccharide
layer in a closely related strain Desmodesmus sp.
3Dp86E�1 grown under identical conditions [3]. We
hypothesized that the biosynthesis of cell wall polysac�
charides in the symbiotic MA from the genus Des�
modesmus provides a potent sink for the excessive pho�
tosynthates resulting from the imbalance of nitrogen
uptake and carbon fixation under stress.

Heterogeneity of the Stress Responses in the Symbiotic 
Desmodesmus under Abiotic Stress Conditions

According to the results of molecular phylogeny
analysis carried out earlier ([4], see also Table 1), the
symbiotic strains included in the present work form a
monophyletic group with an outstanding branch repre�
sented by 1Hp86E�2. The close relationships between
these organisms are also evidenced by the similarity of
their FA and pigment profiles as well as basic architec�
ture of the cell [4]. On the other hand, the MA from this
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group were isolated from taxonomically very distant
invertebrates (hydroids, sponges, polychaetes). Actual
conditions encountered by the MA in hospite might dif�
fer considerably depending on species�specific pecu�
liarities of the anatomy and physiology as well as genet�
ically determined life span of the animal host. The sym�
biotic multicomponent microbial communities are also
host�specific. These communities might include diaz�
otrophic microsymbionts, which, together with the
exometabolites of the animal host, can supply, at least
partially, the nitrogen demanded by the symbiotic MA
[5, 22]. The illumination conditions are also expected
to differ in different symbioses. Thus, the symbiotic MA
of sponges are incorporated into the host body struc�
tures attenuating the light reaching the phycobiont
cells. In the hydroids, the symbiotic MA often dwell at
the perisarc surface as localized clusters or within the
epibiont biofilm or perisarc matrix [4, 5, 22]. In the case
of polychaete symbiosis, the symbiotic MA were
observed in the transparent polychaete clutch with the
trochophore larvae dwelling in the shallow waters or lit�
toral basins during polar day when solar irradiance
reaches its maximum.

The diversity of nature and intensity of the stresses
inherent in the microenvironment of the symbiotic MA
might facilitate the evolving of different levels of nitro�
gen starvation, high�irradiance or, in general, any other
stress tolerance in closely related MA. However, the
currently available knowledge is not sufficient to judge
with confidence about the possible contribution of the
genetic or ecological and trophic factors (e.g. the sym�
biosis type and composition) into the heterogeneity of
the phycobiont stress responses. In particular, it is so far
difficult to say whether the peculiar stress responses of
the strain 1Hp86E�2 revealed in this work are controlled
by its genetic program or evolved in the specific
microenvironment within the sponge H. panicea. These
circumstances make the MA group studied a highly
suitable model for investigation of physiological, bio�
chemical, and ultrastructural plasticity of the phyco�
bionts forming symbioses with diverse (micro)organ�
isms.

Taking into account that mass cell death or lysis
were not observed for at least 17 days of the experi�
ment, the biochemical and ultrastructural changes
outlined above reflect, in general, a successful accli�
mation of the studied MA to the modelled stresses.
Nevertheless, the comparison of the biomass accumu�
lation kinetics, the changes in pigment and FA com�
position as well as the cell ultrastructure revealed a
considerable heterogeneity of the MA responses to
nitrogen starvation on the variable background of irra�
diance resulting from changes in the cell density and
pigment content therein.

It is generally accepted that the nitrogen pool in the
MA cell is comprised by (in the order of decrease) pro�
teins, amino acids, inorganic nitrogen, nucleic acids,
and Chl [23]. Under conditions of nitrogen deficiency,
the inorganic nitrogen reserve is consumed first. A fur�

ther nitrogen deficiency promotes the salvaging of
nitrogen�rich cell components such as Rubisco, pho�
tosynthetic pigment�protein complexes and other
proteins and ribosomes [24–27]. Our results and those
of other workers suggest that existence of a strategy for
coping with nitrogen starvation (involving e.g. reduc�
tion of the photosynthetic apparatus and/or channel�
ing the excessive photosynthates to the reserve com�
pounds) common for the studied strains still does not
preclude strain�specific features (cell nitrogen pool
size, the rate and order of its component mobiliza�
tion). Thus, in the 1Pm66B cells the degradation of
ribosomes and vacuoles presumably containing nitro�
gen reserves were salvaged first. By contrast, these
structures were largely retained in the cells of
1Hp86E�2, but the thylakoid membrane degraded
predominantly. The accumulation of different carbon�
rich compounds (carbohydrate�to�lipid ratio) was also
strain�specific.

In spite of the pronounced effects on nitrogen star�
vation on the MA physiology (slow down of the cul�
ture growth, reduction of the photosynthetic appara�
tus, enhancement of the reserve compound biosynthe�
sis obviously providing a sink for the excessive
photosynthates [3, 11]), the cells retained their ultra�
structural integrity and functional photosynthetic
apparatus. Thus, the quantum efficiency of PS II in
their close relative strain 3Dp86E�1 did not drop
below 0.49 during cultivation under the same condi�
tions [3]. Preliminary screening of the studied MA (in
preparation) confirmed the significant retention of
their photosynthetic activity under the nitrogen star�
vation conditions.

As outlined above, the multicomponent symbioses
of White Sea invertebrates with diatoms and chloro�
phytes also include diverse heterotrophic, phototrophic
and diazotrophic (cyano)bacteria [5, 22]. To maintain
the homeostasis and stability of such a complex symbi�
osis, the symbiotic MA need versatile regulation of
metabolism and photosynthetic carbon assimilation.
This prerequisite is especially important for the organ�
isms dwelling in subarctic seas including White Sea
characterized by volatile and mostly adverse environ�
mental conditions. Compliance with such requirements
is indicative of the MA species with outstanding stress
tolerance level, which is found, among the free�living
MA, mostly in extremophile species with high potential
for biotechnology [28]. Thus, earlier we discovered in
Desmodesmus sp. 3Dp86E�1 an extremely high level of
CO2 tolerance making this strain a promising candidate
for biomitigation of this greenhouse gas [2]. In the
present work, the 1Hp86E�2 strain displayed a relatively
high biomass accumulation rate, and the cells of
1Pm66B featured relatively high lipid content. In this
context, it is important to find an optimal combination
of stresses inducing accumulation of the reserve com�
pounds in the MA cells. One may expect that transla�
tional research involving the symbiotic microalgae from
White Sea will not only provide a more deep insight into
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the stress�tolerance of the autotrophs, but also will find
new, biotechnologically significant organisms.
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