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INTRODUCTION

Photosynthesizing microorganisms in their natural
habitats experience sharp fluctuations of temperature
and irradiance and often suffer from deficiency of
mineral nutrients, nitrogen in particular [1, 2]. Under
these conditions, symbiotic associations of photoau�
totrophs with heterotrophic and nitrogen�fixing
microorganisms or animals might be advantageous
[3]. At the same time, symbiotic relationships may
affect the tolerance of microalgae to extremely high
light intensities and nitrogen deficiency, and may
modify the responses of pigment apparatus and lipid
metabolism to these environmental factors [4].

In free�living Chlorophyta species, diverse stres�
sors induce coordinated synthesis of non�membrane

lipids, namely triacylalycerols (TAG) that are depos�
ited in the cytoplasm of algal cells in the form of lipid
globuli increasing significantly in size and number
under nitrogen starvation and high irradiance [2]. Tri�
acylalycerols are supposed to function as a sink for
photoassimilates that cannot be utilized under adverse
conditions. The availability of the sink shortens the
time the components of chloroplast electron�trans�
port chain spend in the reduced state. As a result, this
diminishes the steady�state concentration of reactive
oxygen species lowering thereby the risk of oxidative
damage to microalgal cells [2, 5].

The algae living in symbiotic associations are less
likely to be subjected to nitrogen deficiency and excess
irradiation stresses because the host organism supplies
nitrogen to its photosymbionts and screens them from
intense irradiation [6, 7]. One cannot rule out that this
protection impairs the stress tolerance of symbiotic
microalgae. In view of this suggestion it is important to
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compare cell responses to high irradiance and nitrogen
deficiency of free�living and symbiotic microalgae
exhibiting high potential in storage lipid accumula�
tion; such algae have been recently isolated from
White Sea invertebrates [8]. Elucidation of this issue is
also important for testing the suitability of these
microorganisms for intensive culture. In addition,
these microalgae have a high potential for application
in biotechnology, namely for production of polyun�
saturated fatty acids and carbon dioxide biomitigation.

In this work we investigated the unicellular chloro�
phyte 3Dp86E�1 isolated from the hydroid Dynamena
pumila L. (1758) and identified as Desmodesmus sp.
(GenBank accession no. JQ313132) [8, 9]. Our pre�
liminary studies showed that, even in the absence of
nitrogen deficiency, this microalga accumulates high
quantities of fatty acids (FA) in acyl lipids – up to 50%
of cell dry weight at the late stationary phase (after cul�
turing for 25 days or longer). The main goal of this
work was to investigate the effects of irradiance and
nitrogen availability on the culture growth and the
dynamics of FA, chlorophyll (Chl), and carotenoid
(Car) contents. Particular attention was paid to the
relationships between the changes in the above param�
eters and optical properties of Desmodesmus sp. cell
suspensions grown under various conditions. 

MATERIALS AND METHODS

Culturing conditions. The microalga Desmodesmus
sp. 3Dp86E�1 (for the sake of brevity, further referred
to as Desmodesmus) was grown as described previously
[10]. The cells were cultured on full BG�11 medium and
nitrogen�free BG�110 medium [11] in glass column (6.6
cm internal diameter, 1.5 L volume) under continuous
PAR illumination of moderate (110 μE/m2 s) or high
(480 μE/m2 s) intensity by white light�emitting diode
source. The light intensity was measured with a LiCor
850 quantum sensor (LiCor, United States). The cul�
ture was continuously bubbled with air; the tempera�
ture was kept at 27°С. In different experiments the
inoculum with chlorophyll content of 5 or 25 mg/L
was used. Nitrogen�starvation was induced as follows:
the microalgal cells were pelleted by centrifugation,
washed three times with sterile BG�110 medium,
resuspended in the same medium, and cultured under
conditions specified above. 

Extraction and pigment analysis. The cells were
sedimented by centrifugation (3000 g, 15 min) and
homogenized in a chloroform–methanol (2 : 1) mix�
ture using a teflon–glass homogenizer. The homoge�
nate was incubated for 1 h at 4°С, and water was added
in the amount of one�fifth of the homogenate volume.
The mixture was stirred and centrifuged for rapid
phase separation (3000 g, 15 min). The extraction was
repeated until no color remained in the pellet. The
chloroform extracts were combined, evaporated if
necessary using a Laborota rotary evaporator
(Heidolf, Germany), and used for further analysis.

The total content of Chl and Car was determined
spectrophotometrically using coefficients of Wellburn
[12]. In some experiments the pigment composition
was analyzed using high�performance liquid chroma�
tography [13].

Analysis of FA composition of acyl lipids. The chlo�
roform phase of the extracts was evaporated to dryness
and transmethylated by incubating with 2% H2SO4 in
methanol for 1.5 h at 80°С. Fatty acid methyl esters
obtained in this way was analyzed by gas–liquid chro�
matography according to Cohen et al. [14]. Heptade�
canoic (margaric) acid was added as an internal stan�
dard. Fatty acid methyl esters were identified by
means of co�chromatography with pure substances
(Sigma, United States) and by equivalent carbon
chain length [15].

Spectral measurements. Absorption spectra of pig�
ment extracts and cell suspensions were recorded with
a Hitachi 150�20 spectrophotometer (Japan)
equipped with a 150�mm integrating sphere; the
recorded spectra were scattering�corrected according
to Merzlyak et al. [16].

Experiments were performed in triplicate. Data in
the figures are the means with corresponding standard
errors unless indicated otherwise.

RESULTS

Culture Growth

When the BG�11 medium was inoculated with a
low density inoculum (5 mg Chl/L), the growth rate of
Desmodesmus sp. 3Dp86E�1 was approximately
0.15 g/(L day) irrespective of illumination intensity.
The biomass accumulation by the 14th day of cultur�
ing was 1.75 g/L of dry wt (Fig. 1a, curves 1, 2). When
the BG�11 medium was inoculated with a high�den�
sity inoculum (25 mg Chl/L), the growth rate was
higher (0.30 g/(L day); Fig. 1a, curve 3). The biomass
accumulation reached ca. 3 g/L of dry wt by the 14th
day of growth. Under moderate light intensity, the
growth rate on media inoculated at high cell density
(data not shown) was identical to those on media inoc�
ulated at low cell density (Fig. 1, curves 1). 

When the alga was cultured under moderate light
(110 μE/(m2 s) PAR) on BG�110 medium, the growth
rates were close to those on the complete medium
(Figs. 1a, 1b, curves 1). At the same time, in cultures
exposed to high�intensity light (480 μE/(m2 s) PAR),
the growth rates were lower in nitrogen�starved cul�
ture than in the nitrogen�sufficient one (Figs. 1a, 1b,
curves 2, 3). These distinctions were more pro�
nounced in the culture inoculated at low initial cell
density (5 mg Chl/L) than in the culture with high ini�
tial cell density (25 mg Chl/L).
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Content of Fatty Acids in Acyl Lipids

As shown in Fig. 2a for the Desmodesmus cells
grown in the complete BG�11 medium, the dry wt
percentage of FA in acyl lipids increased ca. three
times by the 4th day of growth as compared to the
inoculum and then remained constant at about 10% of
cell dry weight, irrespective of light intensity and inoc�
ulum density. 

Unlike the pattern of FA changes recorded in the cells
grown on nitrogen�replete medium, the dynamics of FA
content in Desmodesmus cells grown in BG�110 medium
depended on irradiance and initial culture density. In
the algal culture started from 5 mg Chl/L and grown
under moderate irradiance, the content of esterified
FA increased insignificantly (to about 15% of dry wt
on the 14th day; Fig. 2b, curve 1). In the culture started
at the same inoculum density but grown under high
light conditions the content of FA in cell lipids
reached the 30% of dry wt level already on the 3rd day
of growth, but then it declined to 25% and remained
almost constant thereafter (Fig. 2b, curve 2). Under high
irradiance the cultures started at high�density inoculum
(25 mg Chl/L), the content of acyl lipids increased
slowly reaching the plateau at 20% of dry wt by the 7th
to 8th day of culturing (Fig. 2b, curve 3).

According to Figs. 2c and 2d, the highest volumet�
ric FA content (250 mg/L) was observed upon grow�
ing the culture from high�density inoculum at high
irradiance (Fig. 2c, curve 3). For cultures grown under
other conditions, the change pattern and the highest
volumetric FA content (amounting to ca. 180 mg/L)
were similar (Figs. 2c, curves 1, 2 and Fig. 2d). It should
be noted that, in the cells grown in BG�110 medium,
the accumulation of FA in lipids ceased by the 10th day
of culturing (Fig. 2d), whereas the algal cells grown on

complete medium continued to accumulate acyl lipids
even after 12 days of growth (Fig. 2c).

Chromatographic analysis did not reveal qualita�
tive changes in FA composition of acyl lipids (see [8]
for details) in Desmodesmus cells grown under exam�
ined conditions. However, we noted specific quantita�
tive changes in FA during nitrogen deficiency stress
(Fig. 3, open symbols). This was manifested in a three�
fold decrease in the content of α�linolenic acid (18:3),
from 30.1 to 10% of total FA, on the background of the
increase in the oleic acid (18:1) content from 9.7 to
30.8%. Because of these changes, the ratio of
18:1/18:3 fatty acids in acyl lipids increased during the
first 7 days of culturing by an order of magnitude (from
0.3 to 3.0) and remained constant later on. This was
not the case in the algal cells were cultured in the com�
plete medium (Fig. 3, dark symbols). The proportions
of other FA in acyl lipids changed insignificantly (data
not shown). 

Content of Chlorophylls and Carotenoids

Figure 4 shows the dynamics of Chl and Car con�
tent and the pigment ratio in the suspension of Des�
modesmus cells. For all cultures grown on the com�
plete medium, the total Chl content increased along
with the buildup of biomass; the cell growth and Chl
accumulation slowed down after 12 days of culturing
(Figs. 1, 4a). In all nitrogen�starved cultures the Chl
content decreased significantly by the 14th day as
compared to that of inoculum (Fig. 4b).

According to HPLC data, lutein and β�carotene
prevailed among Car species in Desmodesmus
microalga. In addition, we observed the xanthophylls
of the violaxanthin cycle (violaxanthin, antheraxan�
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Fig. 1. Growth of Desmodesmus sp. 3Dp86E�1 cultures initiated at different inoculum densities on (a) the complete nutrient
medium (BG11) and (b) in the absence of nitrogen (BG110) at various light intensities.
(1) 110 μE/(m2 s), inoculum density 5 mg Chl/L; (2) 480 μE/(m2 s), inoculum density 5 mg Chl/L; (3) 480 μE/(m2 s), inoculum
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thin, zeaxanthin) and neoxanthin that are typical of
Chlorophyta [17]. Under our experimental condi�
tions, no qualitative changes in Car profile were
observed.

In the cells grown in BG�11 medium under moder�
ate light intensity, the Car content changed synchro�
nously with that of Chl (Figs. 4a, 4c, curve 1). As a
consequence, the Car/Chl ratio remained almost
unchanged as compared to that in the inoculum
(Fig. 4e, curve 1). In the cells grown at high light
intensity in BG�11 medium, the rate of Car increase
was higher than that of Chl (Fig. 4e, curves 2, 3). In the
culture initiated by low�density inoculum, the
Car/Chl ratio stopped increasing on the 10th day of
cultivation (Fig. 4e, curve 2), while in the culture
grown at high irradiance from high�density inoculum,
this ratio continued to increase because of the ongoing
reduction in Chl content (Fig. 4e, curve 3).

During culture growth in BG�110 medium, the Car
content declined along with Chl content but at a sub�
stantially lower rate (cf. Figs. 4b and 4d). Conse�
quently, the Car/Chl ratio in nitrogen�starved cells
increased considerably (fivefold) despite the decrease

in absolute Car content. Under nitrogen deficiency
the highest Car/Chl ratio was found the in cultures
derived from low�density inoculum and grown under
high irradiance (Fig. 4f, curve 2), whereas the lowest
ratio was observed in the cultures derived from high�
density inoculum and grown at the same (high) irradi�
ance (Fig. 4f, curve 3).

Relationships of the Changes in Pigment and FA 
Content and Cell Suspension Absorbance 

The absorption spectra of Desmodesmus cell sus�
pensions obtained after light�scattering correction
(Fig. 5) contained the band of Chl a absorption peak�
ing at 678 nm and a shoulder at 650 nm attributed to
Chl b. The absorption of cell suspensions in the blue–
violet spectral region was determined by Chl a (main
peak at 440 nm) and carotenoids (the maximum at ca.
485 nm). The increase in the amplitude in the blue–
green spectral region after normalization to the long�
wavelength band of Chl absorption is obviously due to
the increase in photoprotective Car content [13, 17].
Thus, normalized spectra provide information on
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adaptive responses of photosynthetic apparatus in
microalgae exposed to stresses.

We compared the scattering�corrected absorption
spectra of Desmodesmus cell suspensions grown under
different conditions normalized to the long�wave�
length maximum of Chl absorption. We found that the
synchronous increase in Chl and Car content during
cell growth in BG�11 medium (Fig. 4) was accompa�
nied by only insignificant changes in the shape of nor�
malized absorption spectra, irrespective of light inten�
sity (thin lines in Figs. 5a–5c). Similar trends were
observed for cultures initiated from low�density inoc�
ulum and grown under high light (Fig. 5a, thick lines).

By contrast, a marked increase in normalized
absorbance in the blue spectral region was evident
under high light conditions (Figs. 5b, 5c, thick lines).
This effect was more pronounced in cultures grown
from low�density inoculum, as compared to cultures
obtained from high�density inoculum (Figs. 5b, 5c,
thick lines). Accordingly, the rise of normalized absor�
bance in the blue region was significantly higher in
these cultures than in the cultures grown on the com�
plete medium. Analysis of standard deviation revealed
that normalized absorbance exerted the highest varia�
tion at 425, 450, and 480 nm (Fig. 5).

Comparing the changes in normalized absorption
spectra and FA content, one can see that these param�
eters were tightly related in nitrogen�depleted cultures
but not in the cultures grown on nitrogen�sufficient
media. Figure 6 shows the plots of normalized absor�
bance at 480 nm (in the peak of Car absorption, Fig. 5)
as a function of FA content in lipids. For example,
under moderate irradiance the increase in lipid con�
tent in biomass was accompanied by a linear (r2 =
0.82) increase in the OD480/OD678 absorbance ratio
(Fig. 6a), whereas under high irradiance a similar plot
followed the exponential trend (Fig. 6a).

The absorbance ratio OD480/OD678 for cultures
grown under moderate irradiance was also linearly
related with the FA content as calculated per unit vol�
ume of the culture (Fig. 6b). Under high irradiance,
this relationship also turned to be exponential; how�
ever, the exponential parameters differed substantially
depending on the initial culture density. On complete
medium, the OD480/OD678 ratio varied insignificantly
and was not related to the FA content (Fig. 6, dark
symbols). 

DISCUSSION

Analysis of growth curves of green microalga Des�
modesmus isolated from association with the White
Sea hydroid polyp Dynamena pumila suggests that the
growth rates under intense culture conditions depend
largely on the availability of nitrogen in the culture
medium. The shortage of nitrogen decreased the cul�
ture growth rate and accelerated the onset of station�
ary. By contrast, under nitrogen�sufficient conditions
the stationary phase was not attained within 14 days of

culturing (Fig. 1). This effect was apparent at high
irradiance whereas at moderate irradiance it was less
pronounced (cf. curves 1–3 in Figs. 1a, 1b). In its nat�
ural habitat Desmodesmus is associated with the
hydroid polyp within a multicomponent microbial
association with other phototrophs, as well as with
heterotrophic and nitrogen�fixing bacteria [3, 9, 18].
One may think that the existence within such associa�
tion could explain, at least in part, the comparatively
low tolerance of Desmodesmus to nitrogen deficiency
in the medium.

The investigated Desmodesmus responded to nitro�
gen starvation with accumulation of acyl lipids simi�
larly to numerous free�living species. Under our
experimental conditions this response exerted a direct
relationship with irradiance (Fig. 2, see also [2, 5]).
Although the dry weight percentage of FA in the Des�
modesmus cells grown on BG�11 medium at high irra�
diance was low, the volumetric FA content of these
cultures was high (Fig. 3c) due to higher rates of bio�
mass accumulation Fig. 1a).

The change patterns of pigment and acyl lipid con�
tent recorded in the Desmodesmus from the White Sea
hydroid were similar to that in nitrogen�deprived free�
living Chlorophyta (e.g. Parietochloris incisa [19, 20],
Chlorella sp. [21], etc.). Specifically, nitrogen defi�
ciency suppressed the synthesis of membranal galacto�
lipids simultaneously inducing the synthesis of storage
lipids, primarily triacylglycerols (TAG) [1] deposited
in cytoplasmic oil bodies. The formation of oil bodies
in stressed Desmodesmus was previously confirmed
with electron microscopy [22].
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The up�regulation of TAG biosynthesis is believed
to provide a sink for excessive photoassimilates that
cannot be utilized for growth and cell division under
nitrogen deficiency due to overall inhibition of protein
synthesis. This pathway protects the algal cell from
damage by reactive oxygen species readily increasing
upon overreduction of electron carriers in the chloro�
plast electron�transport chain in the absence of sink(s)
for the photoassimilates [5]. 

The suggestion of the induction of TAG synthesis
in Desmodesmus under stress is evidenced by increase
in content as well as by specific changes in FA compo�
sition (the decline of the unsaturated FA and spectac�
ular increase in the 18:1/18:3 ratio, Fig. 3). Such
changes in lipid metabolism represent a common
response to stressors of various nature including high
light, nitrogen deficiency, salinity, and their combina�
tions. The observed changes in FA composition of lip�
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ids were probably caused by the reduction of granae�
lamellar system in chloroplasts accompanied by the
dismantling of photosynthetic membranes (α�lino�
lenic acid is an essential component of chloroplast
membrane glycolipids, whereas oleic acid is charac�
teristic of neutral lipids (TAG) dominating in the lipid
profile of many microalgal species under stressful con�
ditions [2, 20]). The proposed rearrangement of the
photosynthetic membrane apparatus is further sup�
ported by the decrease in Chl content observed at
nitrogen deficiency (Fig. 4b).

The analysis of the dynamics of pigment composi�
tion in Desmodesmus sp. 3Dp86E�1 did not reveal an
increase in Car level under the stress. Apparently, the
adaptation of this organism to high irradiance under
nitrogen deprivation proceeds mainly through the
decrease in Chl exerting a photodynamic effect under
stress conditions impairing the photochemical utiliza�
tion of absorbed light energy. As it is apparent from the
pigment composition of Desmodesmus, the increase in
Car/Chl ratio in the stressed algae was due to the decline
in Chl, rather than to carotenogenesis (Figs. 4e, 4f, 6)
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taking place in free�living Chlorophyta, e.g., Haemato�
coccus pluvialis [23] and Dunaliella salina [24].

It should be noted that high photon flux densities
(480 μE/(m2 s) PAR) did not trigger adaptive changes
in photosynthetic apparatus of Desmodesmus sp
3Dp86E�1 in the absence of nitrogen deficiency. A
similar lack of adaptive changes was also observed
under nitrogen deficiency at moderate irradiance
(110 μE/(m2 s)). Only the combination of both stress
factors (high irradiance and nitrogen deficiency) was
found to induce biosynthesis of storage lipids (accu�
mulation of esterified FA, Fig. 2) and a drastic reduc�
tion in Chl content (Figs. 4a, 4b). Judging from
absorption spectra of cell suspensions (Fig. 5), this
process was not due to pigment photodestruction and
was not accompanied by accumulation of Chl degra�
dation products.

It is possible that the aforementioned adaptive
mechanisms are simultaneously activated and operate
in synergistic manner. This suggestion is supported by
high correlation between FA content in acyl lipids,
Car/Chl ratio (data not shown), and light absorption
by cell suspensions in the blue–green spectral range
(the latter parameter strongly correlated with Car/Chl
ratio, r2 > 0.95). It should be pointed out that the rela�
tionship depended on the intensity of stress: under
mild stress (moderate irradiance, Fig. 6) the relation�
ship was linear turning to exponential with the
increase in the stress severity (high irradiance, Fig. 6). 

Collectively, the results of this study suggest that
growing of Desmodesmus sp. 3Dp86E�1 under condi�
tions of intense culture is feasible (no signs of photo�
damage were noted even at high light intensity) but is
complicated because of low tolerance of this alga to
combination stresses (e.g. shortage of nitrogen at high
irradiance strongly suppressed the culture growth). In
view of symbiotic nature of Desmodesmus it is quite
possible that mineral media and atmospheric CO2
concentration employed in this work are not optimal
for its growth and, eventually, restrict its adaptive and
biosynthetic potential. This assumption is confirmed
by tolerance of Desmodesmus sp. 3Dp86E�1 to
extremely high CO2 concentrations, which was
observed in preliminary experiments. Further studies
assessing the stress acclimation of microalgae from
associations with animal hosts and other microorgan�
isms are needed to clarify this issue. Particular atten�
tion should be paid to estimating the potential of Des�
modesmus sp. 3Dp86E�1 as a feedstock for biodiesel as
well as its suitability for biosequestration of CO2 from
industrial waste gases and bioremoval of organic pol�
lutants from waste waters [25]. 
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