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ABSTRACT

We report on common and strain-specific responses to nitrogen (N) starvation recorded in four closely related symbiotic
Desmodesmus strains from taxonomically very distant animals (hydroids, a sponge and a polychaete) dwelling in the White
Sea. A number of common for the studied strains and free-living microalgae as well as some specific patterns of
acclimation to the N starvation were documented. The common responses included a slowdown of cell division, a
reduction of photosynthetic apparatus and a vast expansion of storage subcompartments of the cell. Although these
responses were qualitatively similar to those known in free-living chlorophytes, in the studied strains they occurred in a
strain-specific manner. The specific N-starvation responses comprised formation of chloroplast envelope membrane twirls,
thinning of the appressed thylakoid membranes and a loss of the luminal depositions and channeling of the fixed carbon to
cell wall polysaccharide layer. Desmodesmus sp. from a hydroid featured a unique, among the studied strains, capability of
‘emergency’ degradation of Rubisco, apparently to salvage the N contained in this protein. The obtained results are
discussed in view of the remarkable physiological plasticity of the symbiotic Desmodesmus spp. and their survival under the
harsh conditions of the subarctic sea habitat.
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INTRODUCTION

Symbiotic phototrophic microorganisms possessing oxygenic
photosynthesis attract increasing attention of researchers since
these organisms and symbioses they form with different hosts
including invertebrates (photosymbioses) represent interesting

model systems for studies in the ecology and stress physiology
of photosymbioses. Most of the photosymbioses with inverte-
brates described so far in the literature were discovered in tropic
and subtropical seas,whereas those from subarctic seaswith ex-
tremely volatile environment such asWhite Sea remain scarcely
elucidated (Trench 1993; Lee, Lee and Lee 2001; Taylor et al. 2007;
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Usher 2008; Venn, Loram and Douglas 2008; Gorelova et al. 2009,
2013b).

Studies of nitrogen (N) starvation responses of the microal-
gae coexisting with marine animals are of special interest since
peculiar adaptations of the N acquisition and/or metabolism are
expected to arise in the photobiont in such a symbiosis. This
expectation was based mainly on different aspects of animal
host vital activity (e.g. anatomy, development stage, nutrition or
light exposure) and its expectedly different metabolic patterns,
which can result in different availability of nitrogen to their pho-
tobionts.

Free-living microalgae in the oligotrophic marine environ-
ment often encounter N deficiency. Their well-documented re-
sponses to the N-starvation stress include, apart from cessation
of cell division, a reduction of photosynthetic apparatus [decline
in chlorophyll (Chl) content and decomposition of thylakoids],
induction of the biosynthesis of carbon-rich reserve compounds
(carbohydrates and lipids). N-starvation effects in their symbi-
otic counterparts are much scarcely known. Symbiotic microal-
gae in hospite might receive extra N via excreted products of
their host Nmetabolism (Wilkerson andTrench 1986; Berner and
Izhaki 1994). Then, additional N supply could be provided by N-
fixing (cyano)bacteria from the same association (Gorelova et al.
2009). Accordingly, the symbiotic microalgae might be less tol-
erant and/or exert more diverse responses to N deficiency. In
addition, the interest to the physiology of starvation as a fac-
tor efficiently inducing lipid biosynthesis inmicroalgae has been
refueled by the recent boom of the research on third generation
biofuels from microalgae (Skjånes, Rebours and Lindblad 2013;
Vı́tová et al. 2015; Zhou et al. 2015).

Previously, we isolated a number of strains of microalgae
from taxonomically distant White Sea benthic invertebrates,
four of these strains we identified using specific ultrastructural
and gene sequence markers as belonging to the genus Desmod-
esmus (Gorelova et al. 2012, 2015b). Distinct stress responses of
lipid and pigment metabolism as well as in the cell organiza-
tion to N starvation on the background of high irradiance (480
μmol PAR photonsm–2 s–1) effects were documented in these or-
ganisms and detailed in our previous works (Solovchenko et al.
2013, 2015; Gorelova et al. 2015a). As in many free-living species,
a sharp decline in the biomass accumulation as well as Chl and
carotenoid (Car) contents on the background of the enhanced
fatty acid (FA) accumulation was detected in all strains stud-
ied. The ultrastructural study revealed the reduction of photo-
synthetic apparatus and an increase in the proportion of cell
volume occupied by oil bodies (OB) and starch grains as well
as an increase in the cell wall (CW) thickness (Gorelova et al.
2015a; Solovchenko et al. 2015). While this experimental de-
sign is biotechnologically relevant, it hardly elucidates the N-
starvation responses of the symbiotic Desmodesmus under the
irradiances more similar to those of their natural habitat (∼150
μmol PAR photons m–2 s–1 on an average; Il’yash, Belevich and
Matorin 2013).

In this work, we focused on the specifics of N-starvation re-
sponse of four closely related symbiotic Desmodesmus strains
isolated from symbioses with taxonomically very distant an-
imals (hydroids, sponges, polychaetes) from a subarctic sea.
We assumed that almost identical photobionts harbored by
very different hosts should be highly suitable for comparison
of possible host effect(s) on the photobiont and, in particular,
on its stress acclimation. We followed the changes in the cul-
ture growth, photosynthetic pigments and cell lipid FA com-
position as well as in the cell ultrastructure. We aimed at dis-
tinguishing common and specific responses of the symbiotic

Desmodesmus strains to N starvation under environmentally rel-
evant irradiances.

MATERIALS AND METHODS
Microalgae and cultivation conditions

Four Desmodesmus sp. strains isolated from associations with
the benthic invertebrates obtained from Rugozerskaya Guba at
Kandalaksha Bay of White Sea (66◦ 34′ N, 33◦ 08′ E) were stud-
ied: 1Hp86E-2 from the sponge Halichondria panicea (Pallas, 1766);
1Pm66B from trochophore larvae of the polychaete Phyllodoce
maculata (L., 1767); 3Dp86E-1 and 2Cl66E from the hydroids Dy-
namena pumila (L., 1758) and Coryne lovenii (M. Sars, 1846), respec-
tively.

The cells were grown in complete or N-free BG-11 medium
(Stanier et al. 1971) in 1.5 L glass columns (6.6 cm internal diam-
eter) under continuous illumination of 110 μmol PAR photons
m−2 s−1 by a white light emitting diode source. The irradiance
was measured with a LiCor 850 quantum sensor (LiCor, United
States) in the center of an empty column in a temperature-
controlled water bath at 27◦C and constant bubbling with air
(300 mL min−1). The pre-cultures were grown in conical flasks
on BG-11 medium at 40 μmol PAR photons m−2 s−1 in an Innova
44R (New Brunswick, USA) shaker (120 rpm).

At the beginning of each experiment, the pre-culture cells
were harvested by centrifugation (1200 × g for 5 min), triple-
washed in fresh N-free BG-11 medium, and resuspended in the
corresponding (complete or N-free) medium to obtain a suspen-
sion with OD of 0.8 at 678 nm (the red Chl maximum).

The residual nitrate and orthophosphate contents in the
culture liquid were checked using ion-exchange HPLC on an
ICS1600 chromatograph (Thermo Dionex, USA) with a conduc-
tometric detector, analytic column IonPac AS12A (5 μm; 2 × 250
mm) and AG12A guard column (5 μm; 2 × 50 mm). Inorganic an-
ions were isocratically eluted with a carbonate buffer (2.7 μM
Na2CO3 + 0.3 μM NaHCO3; flow rate 0.3 ml min−1) at 30◦C.

Under the specified conditions, at least three independent
experiments were carried out for each strain, each in duplicate
(n = 6). The average values and corresponding standard errors
are shown unless stated otherwise.

Electron microscopy and micromorphometry

The microalgae samples for transmission electron microscopy
(TEM)were prepared following the standard protocol: fixed in 2%
(w/v) glutaraldehyde solution in 0.1 M sodium cacodylate buffer
at room temperature for 0.5 h, and then postfixed for 4 h in 1%
(w/v) OsO4 in the same buffer. The samples, after dehydration
through graded ethanol series including anhydrous ethanol sat-
urated with uranylacetate, were embedded in araldite. Ultrathin
sections were made with an LKB-8800 (LKB, Sweden) ultratome,
stained with lead citrate according to Reynolds (1963), and ex-
amined with JEM-100B or JEM-1011 (JEOL, Tokyo, Japan) micro-
scopes.

The quantitative morphometric analyses were carried out
using an approach previously developed in our laboratory
(Gorelova et al. 2015a). Briefly, the organelles were counted on
the sections through the cell equator or subequator (at least ten
samples from each treatment were examined). Frequencies of
the structures were calculated as total section number percent-
age of cell sections containing the structure of interest. Linear
sizes (CW, and its layer thickness, as well as thickness of the ap-
pressed membrane pairs and the lumen width) were measured
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Figure 1. Biomass accumulation in the cells of the symbiotic Desmodesmus spp. strains grown in complete (closed symbols) or N-free (open symbols) medium. The
strain name is indicated in each panel.

on the TEMmicrographs of the cell ultrathin sections (n= 20) us-
ing ImageJ software (NIH, Bethesda MA, USA). The significance
of the mean difference was tested with Student’s t test using
Origin software (OriginLab, Northampton MA, USA).

Pigment and FA analysis

Cells were pelleted by centrifugation, transferred to a glass-
glass homogenizer and extracted with a chloroform-methanol
(10 mL, 2:1, by vol.) mixture. The lipid fraction including Chl and
Car was separated according to Folch, Lees and Sloane-Stanley
(1957). The chloroform phase was used for spectrophotometric
pigment assay with an Agilent Cary 300 spectrophotometer (Ag-
ilent, Santa Clara CA, USA) and equations by Wellburn (1994).
The FA profile of the microalgal cell acyl lipids was resolved by
GC/MS as described preciously (Gorelova et al. 2015a). Briefly, af-
ter the pigment assay, the chloroform was evaporated and the
lipid residue was dissolved in methanol. Fatty acid methyl es-
ters were prepared by transesterification of the lipids by reflux-
ing for 1.5 h in methanol containing 5% (w/v) sulfuric acid in
the presence of 0.01% 2,6-di-tert.-butyl-4-methylphenol, as an
antioxidant and heptadecanoic acid (C17:0) as an internal stan-
dard. Methyl esters were extracted with n-hexane and immedi-
ately used for GC analysis. The FA methyl esters were separated
and identified according to retention times of standards (Sigma,
St. Louis MO, USA) and by characteristic mass spectra obtained
with Agilent 7890 gas chromatograph equipped with HP5MS UI
capillary column coupled with Agilent 5970 mass-selective de-
tector (Agilent, Santa Clara CA, USA). Helium at a flow rate of 1
mL min−1 was used as a carrier gas.

RESULTS
Culture growth, pigment composition and cell lipid
FA profile

Under our experimental conditions, the studied strains of sym-
biotic Desmodesmus spp. differed in their growth rate (Fig. 1).
Thus, in the 1Hp86E-2 and 2Cl66E cultures grown in the N-
replete medium dry weight (DW) content linearly increased at
an average rate of 0.17 g L–1 d–1 (Fig. 1a and d, closed symbols),
whereas in 1Pm86E and 3Dp86E-1 grown under the same condi-
tions the rate of DW accumulation was ca. two times lower (0.09
g L–1 d–1; Fig. 1b and c, closed symbols). It is difficult to pinpoint
the exact reason of this difference, which might stem from a

strain-specific growth capability under the conditions employed
in this work. Expectedly, the N-starving cultures displayed a de-
cline in accumulation of biomass as DW (to 0.04–0.07 g L–1 d–1;
Fig. 1, open symbols) in comparison with the N-sufficient cul-
tures.

The trends of the changes in Chl (Fig. S1, Supporting In-
formation, closed symbols) and Car (data not shown) contents
recorded in the N-sufficient cells reflected a proportional in-
crease in these pigments resulting in almost constant Car/Chl
ratio (Fig. 2, closed symbols) typical of green microalgae grown
under favorable conditions.

The exposure to N starvation triggered a similar decline in
Chl in all studiedmicroalgae, which proceededmore rapidly dur-
ing the first seven days of cultivation (Fig. S1, Supporting Infor-
mation, open symbols). The decline in Car content occurred at
a slower rate (not shown) in comparison with Chl resulting in a
dramatic (2–4 fold) rise of Car/Chl ratio in all studied microalgal
strains (Fig. 2, open symbols).

Typically for N-starving microalgae, an increase in total FA
content of the cell lipids per unit DWwas recorded in N-starving
Desmodesmus spp. studied in the present work (Fig. S2, Support-
ing Information). However, the magnitude of this effect was dif-
ferent depending on the strain. Thus, a profound increase in
FA was recorded in 1Hp86E-2 and 1Pm86E, although with a dif-
ferent kinetics (Fig. S2a and c, Supporting Information, open
symbols). The highest increase in FA was detected in the N-
starving cells of 2Cl66E (Fig. S2d, Supporting Information, open
symbols), whereas in 3Dp86E-1 the increase in FAwas the small-
est (Fig. S2b, Supporting Information, open symbols).

A characteristic signature of stress-induced changes in lipid
metabolism is the increase in the oleic (�6–18:1, OA) to α-
linolenic (�6, 9, 12–18:3, ALA) FA in the cell lipids (Pal et al. 2011;
Solovchenko et al. 2013). In view of these facts, we followed the
OA/ALA ratio in this work (Fig. S3, Supporting Information). In-
terestingly, even N-sufficient cultures of the studied strains dif-
fered in the OA/ALA ratio: the cells of 1Hp86E-2 demonstrated
a significant increase of this ratio (Fig. S3a, Supporting Informa-
tion, closed symbols), whereas in the rest cells it remained, after
a small decline, nearly constant (Fig. S3b–d, Supporting Infor-
mation, closed symbols). The increase in OA/ALA ratio observed
during cultivation in the N-free medium was also strain specific
(Fig. S3, Supporting Information, open symbols). In particular,
the kinetics of the changes in OA/ALA ratio differed from that
of total FA accumulation, all cases except 1Hp86E-2 (cf. Figs S2a
and 3a, Supporting Information).
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Figure 2. Changes in carotenoid-to-chlorophyll ratio in the cells of the symbiotic Desmodesmus spp. strains grown in complete (closed symbols) or N-free (open symbols)
medium. The strain name is indicated in each panel.

The ultrastructure of Desmodesmus spp. cells

In the present work, we focused on the ultrastructural responses
of the symbiotic Desmodesmus spp. cells to N starvation on the
background of more ecologically relevant light fluxes of 110
μmol PAR photons m−2 s−1. Under our experimental conditions,
the cells grown in the N-replete medium retained the typical
ultrastructure (Figs S4 and 5, Supporting Information), similar
to that documented in the pre-culture cells grown in flasks in
same medium at 40–80 μmol PAR photons m−2 s−1 (Gorelova
et al. 2015b). Importantly, the cultivationmode exerted no visible
effect on the strain-specific features of CWand the epistructures
as well as on organelles including chloroplast membrane appa-
ratus and morphology of the pyrenoid. In view of these circum-
stances, the ultrastructure of the cells grown in BG-11 medium
was chosen as a baseline for further comparison.

The N-sufficient cells of all strains possessed lobe-shaped
chloroplasts occupying most of the cell volume and pyrenoids
with the fine-grained stroma lacking intrapyrenoidal thylakoids
and surrounded by large starch grains. A high degree of thy-
lakoid stacking was revealed (2–20 thylakoids per stack). In the
1Pm66B, 3Dp86E-1 and 1Hp86E-2 cells, the thylakoids formed
elongated granae and the stromal thylakoids were scarce. The
strain 2Cl66E cells differed by larger regions of the thylakoid-free
stroma and shorter thylakoid stacks connected with elongated
stromal thylakoids (Fig. S4b and c, Supporting Information). In
all of the studied microalgae, the thylakoid lumen was narrow
with a layer of the osmiophilic matter of uneven thickness (Figs
S4c, g and 5d, g, Supporting Information). A few small plas-
toglobuli and starch grainswere located between the chloroplast

thylakoids. The chloroplast envelope membranes were highly
osmiophilic (Figs S4 and 5, Supporting Information). A character-
istic feature of the studied microalga was the membrane twirls
(Fig. S5c–e, Supporting Information). On the ultrathin sections,
the membrane twirls were, as a rule, tightly associated with
the chloroplast envelope representing an extension of its outer
membrane; occasionally, the twirls were isolated in the cyto-
plasm or connected to vacuoles.

The N-sufficient cells of the studied Desmodesmus sp. were
characterized by the presence of cytoplasmic OB, small in size
and number. These structures displayed no specific pattern of
localization; theywere encountered near the chloroplast, in con-
tact with the vacuoles or isolated in the cytoplasm. Remark-
ably, we did not observe developed endoplasmic reticulum on
the cell ultrathin sections. Following the common architectural
pattern of Desmodesmus, the CW of the studied strains featured
the polysaccharide and sporopolleninic layers (Fig. S4e, Support-
ing Information). The maximum strain-specific CW thickness
(Table 1) was attained by 7 to 12th day of cultivation. Remarkably,
the polysaccharide layer, which was more variable and exerted
the dominant contribution to the CW thickness in all cases was
studied.

Changes in the assimilatory and storage compartments
of the cell under the N-starvation stress

A conspicuous response of microalgal cells to N starvationman-
ifesting itself as the changes in ultrastructure was the increase
in different storage subcompartments (Figs 3–5). In the studied
microalgae these subcompartments were represented by starch

Table 1. Thickness of the cell wall and its layers of the Desmodesmus spp. cells grown in complete (+N) or N-free (−N) medium.

Thickness, nm

Cell wall Polysaccharide layer Sporopollenin layer

Strain +N −N +N −N +N −N

1Pm66B 97.9 ± 6.9a,c 149.2 ± 3.3d 70.3 ± 6.2a,c 106.3 ± 2.5d 27.6 ± 0.9b,c 42.9 ± 1.3d

1Hp86E-2 81.4 ± 2.8a,b 214.6 ± 8.4d 47.4 ± 1.9a,b 169.5 ± 7.7d 34.0 ± 1.2 45.1 ± 1.3d

3Dp86E-1 98.4 ± 3.1a,c 180.9 ± 3.7d 63.1 ± 2.9a,c 142.3 ± 3.7d 36.2 ± 0.9a 37.6 ± 0.8
2Cl66E 135.1 ± 8.1c 180.5 ± 7.3d 102.4 ± 8.3c 140.5 ± 6.7d 32.7 ± 0.9b 40.1 ± 1.6d

The superscript letters denote the means significantly (α < 0.01, paired t-test) different from (a) 2Cl66E, (b) 3Dp86E-1 or (c) 1Hp86E-2 grown in the complete BG-11

medium. The significantly different means obtained for the same strain grown in the complete and N-free medium are labeled with (d).
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Figure 3. The ultrastructure of the symbiotic Desmodesmus spp. (a–e) 1Pm66B and (f,g) 1Hp86E-2 grown in the N-free medium: (a, b, f) survey micrograph view of the
cells; (c) the region of the chloroplast; (d) the chloroplast envelope with the membrane twirls; (e) the oil bodies fusion; (f) central part of the cell; (g) the region of the
chloroplast with local thylakoid fragmentation and the contact of the chloroplast envelope with the oil body. Ch, chloroplast; ChE, chloroplast envelope; CW, cell wall;
GT, granal thylakoids; N, nucleus; OB, oil body; P, pyrenoid; Pg, plastoglobuli; PL, polysaccharide layer of cell wall; S, starch grain; SL, sporopollenic layer of cell wall; V,
vacuole. Double-headed arrows point to the membrane twirls. Black arrows point to the thylakoid stacking regions. White arrows point to the thylakoid lumen with
the osmiophilic matter. Arrowheads point to the osmiophilic aggregations in the OB periphery. Asterisk point to the site of the thylakoid fragmentation. Scale bars: a,
b, e, f—0.5 μm; c, d, g—0.1 μm.
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Figure 4. The ultrastructure of the symbiotic Desmodesmus sp. 3Dp86E-1 grown in the N-free medium. (a, c–e) The regions of the chloroplasts; (b) survey micrograph

of the cell. ChE, chloroplast envelope; GT, granal thylakoids; OB, oil body; P, pyrenoid; Pg, plastoglobuli; S, starch grain. Double-headed arrows point to the clusters of
plastoglobuli. Black arrows point to the thylakoid stacking regions. White arrows point to the thylakoid lumen with or without the osmiophilic matter. Asterisk points
to the site of the thylakoid fragmentation. Scale bars: a, c-e—0.1 μm; b—1 μm.

grains and plastoglobuli in the chloroplast, OB in the cytoplasm
as well as by polysaccharide layer of the CW (Table 1).

The plastoglobuli of different osmiophilicity often formed
clusters. The chloroplast envelope membranes as well as the
membrane twirls retained their osmiophilicity, although the lat-
ter became less frequent in comparison with the N-sufficient
cells (Fig. 3d). In all cells studied, the OB were located in close
proximity to the outer membrane of the chloroplast envelope
or a membrane twirls. Fine-grained electron-dense aggrega-
tions were often revealed in the OB periphery (Figs 3a, b, g, 4b
and 5a–c).

The CW was another cell structure displaying spectacular
changes under our experimental conditions: all studiedmicroal-
gae responded to the N starvation by a considerable increase in
the CW thickness in a strain-specificmanner (Table 1). Thus, the
cells of 2Cl66E demonstrated a modest increase (by 34%) in the
CW thickness whereas in 1Hp86E-2 the increase was as high as
264%; in the cells of 1Pm66B and 3Dp86E-1 this response was in-
termediate (52% and 84%, respectively). In all cases, the expan-
sion of the polysaccharide CW layer made the dominant con-
tribution to overall increase of the CW thickness whereas the
thickening of the sporopolleninic layer wasmuch smaller; in the
3Dp86E-1 cells it did not take place at all (Table 1).

The studied microalgae demonstrated a strain-specific pat-
tern, the N starvation-induced reorganization of the thylakoids.
Thus, in most of 1Pm66B and 3Dp86E-1 N-starving cells the

thylakoidswere similar to that of the cells grown in the complete
medium (Figs 3c, d and 4). Occasionally, the loss of the electron-
dense luminal depositionswas recorded togetherwithmoderate
expansion of the lumen (Table 2). The cells of 1Hp86E-2 featured
mostly typically organized thylakoids, albeit the stromal regions
with fragment thylakoids were also encountered in this strain
(Fig. 3g) as well as in the case of 3Dp86E-1 (Fig. 4e). Remarkably,
the three strains mentioned above displayed, when exposed to
N starvation, a considerable decline in the thickness of the ap-
pressedmembrane pairs and the inter-thylakoid gap, whichwas
especially pronounced in the case of 1Hp86E-2 (Table 2). Thiswas
not the case in 2Cl66E; ca. 50% of the cells of this strain displayed
a decline of the luminal depositions and a profound uneven ex-
pansion of the lumen so that the granae thylakoid membranes
becamenonparallel (Table 2; Fig. 5). It should be emphasized that
no thylakoid fragmentation was revealed in the cells of 2Cl66E,
although large regions of the stroma devoid of thylakoids were
encountered.

Another interesting N-starvation response of the studiedmi-
croalgae was comprised by strain-specific retention of pyrenoid,
the structure containing the bulk of Rubisco in the cell (McKay,
Gibbs and Vaughn 1991). Generally, pyrenoid was less frequent
in the thin sections of the N-starving than of N-sufficient cells.
On the other hand, only the cells of 2Cl66E regularly showed
distinct signs of the pyrenoid decomposition: 30% of the stud-
ied pyrenoids revealed different stages of lysis from marginal to
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Figure 5. The ultrastructure of the symbiotic Desmodesmus sp. 2Cl66E grown in the N-freemedium: (a–c) surveymicrograph of the cells with different stages of pyrenoid

lysis; (d) complete loss of the pyrenoid with retention of its sheath starch grains; (e–g) variable loss of the thylakoid luminal osmiophilic matter depositions and a
profound uneven expansion of the lumen. E, epistructures; Ch, chloroplast; ChE, chloroplast envelope; CW, cell wall; GT, granal thylakoids; M, mitochondrion; N,
nucleus; OB, oil body; P, pyrenoid; Pg, plastoglobuli; R, ribosomes; S, starch grain; V, vacuole. Black arrows point to the thylakoid stacking regions. White arrows point
to the thylakoid lumen. Scale bars: a–d—0.5 μm; e–g—0.1 μm.

almost complete loss of the stroma whereas the sheath starch
grains retained their characteristic morphology (Fig. 5a–d).

DISCUSSION

Symbiosis, as an integral life form, is characterized by a common
homeostasismaintainedwith participation of all components of
the symbiosis. Symbioses e.g. sponges respond to the changes in
their environment by changes in body shape, feeding, balance
of hetero- and photoautotrophy, growth rate and reproduction
as well as by changing the abundance and metabolic activity of
the microsymbionts (Usher et al. 2004; Wilkinson 1992; Lee, Lee
and Lee 2001). Accordingly, the condition andmetabolic status of
the photobiont is important for the maintenance of the symbio-
sis, especially under stressful conditions. At the same time, the

reports on subarctic invertebrate-algal symbioses and the corre-
sponding photobionts are virtually lacking in the available liter-
ature. Therefore, we carried out a comparative study of closely
related symbiotic microalgae from taxonomically different ani-
mal hosts.

A common component of N-starvation response of the
symbiotic microalgae is similar to that of free-living
microalgae

Collectively, the data on growth kinetics and the photosynthetic
pigment content suggest that the studied symbiotic microal-
gae displayed the N-starvation stress responses common to mi-
croalgae, including free-living species (Cunningham and Maas
1978; Fernandes et al. 2013; Garcı́a-Ferris et al. 1996; Guschina
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Table 2. Ultrastructural features of the chloroplast thylakoids of the Desmodesmus spp. cells grown in complete (+N) or N-free (−N) medium.

Thickness of appressed membrane pair, nm Lumen width, nm

Strain +N −N +N −N

1Pm66B 16.4 ± 0.4 14.8 ± 0.4a 4–5 (8) 4–5 (20b)
1Hp86E-2 14.9 ± 0.03 11.4 ± 0.3a 4–5 (8) 4–5 (8)
3Dp86E-1 15.0 ± 0.3 13.4 ± 0.4a 4–5 (8) 4–5 (15)
2Cl66E 15.9 ± 0.3 16.0 ± 0.5 4–5 (8) 4–20 (32)

aSignificantly different from the value for the corresponding ‘+N’ cell.
bThe upper limit value.

and Harwood 2009; Li et al. 2011; Msanne et al. 2012; Přibyl,
Cepák and Zachleder 2012; Solovchenko 2012). The common re-
sponses consisted of (i) slowdown of cell division, (ii) reduction
of photosynthetic apparatus and (iii) enhancement of biosyn-
thesis of carbon-rich reserves (carbohydrates and/or neutral
lipids). A qualitatively similar response pattern was displayed
by the same microalgae grown under a high irradiance of 480
μmol quanta m–2 s–1 (Solovchenko et al. 2013, 2015; Gorelova
et al. 2015a). Expectedly, the N-starved cultures exerted a sim-
ilar low growth rate regardless of the irradiance (Fig. 1). At the
same time, a certain inter-strain difference in the biomass ac-
cumulation rate was recorded in our present (Fig. 1) and pre-
vious (Solovchenko et al. 2015) experiments, which might be
related with different ability of the strains to accumulate the re-
serve compounds. In N-sufficient cells, a proportional increase
in Chl and Car resulted in almost constant Car/Chl ratio (Fig. 2,
closed symbols) typical of green microalgae grown under favor-
able conditions regardless of the irradiance in the studied range
(Solovchenko et al. 2013, 2015). The exposure to N starvation trig-
gered a decline in Chl on the background of the retention of
Car in all studied microalgae. This resulted in a dramatic rise of
Car/Chl ratio (Fig. 2, open symbols), although it was ∼25% lower
than that recorded under a high irradiance due to a higher rate
of Chl degradation under the high light (Solovchenko et al. 2013,
2015). The kinetics of the N-starvation induced rise of Car/Chl
ratio was similar in all studied strains regardless of the irradi-
ance and close to that recorded in other N-starving microalgae
(Merzlyak et al. 2007; Pal et al. 2011; Solovchenko et al. 2011, 2014).

To compensate for possible differences introduced by imper-
fect culture handling and sampling, we, as in our previous work,
plotted the Car/Chl ratio (Fig. 2) as a sensitive stress marker
of the microalgal cultures, against Chl content as a manifesta-
tion of the actual physiological condition of the microalgal cell
(Solovchenko et al. 2011, 2013, 2014). The dynamics of Car and
Chl in the cells of all strains studied obeys a common expo-
nential law (Fig. 6a) regardless of the cultivation conditions and
absolute pigment contents. This finding is consistent with over-
all similarity, with small exceptions, of the ultrastructural re-
arrangement of the chloroplast thylakoids (Figs 3–5; Table 2). A
similar pattern of pigment changes (more rapid Chl decline un-
der stressful conditions on the background of Car retention) is
typical ofmany othermicroalgal species (Solovchenko et al. 2011,
2013, 2014).

As mentioned above, a characteristic response of microal-
gae to N starvation is the induction of biosynthesis of reserve
carbon-rich compounds e.g. neutral lipids (Přibyl, Cepák and
Zachleder 2014). Arguably, this process provides a sink for the
photosynthates, which cannot be utilized for biosynthesis of the
cell building blocks due to decline of cell division rate under N-
starvation conditions. An increase in total FA content of the cell

Figure 6. Relationships (a) carotenoid-to-chlorophyll ratio vs. chlorophyll con-
tent and (b) oleic-to-linolenic FA content ratio versus carotenoid-to-chlorophyll
ratio in the cells of the symbiotic Desmodesmus spp. strains grown in com-
plete (closed symbols) or N-free (open symbols) medium. Strain designation:
squares—1Hp86E-2, circles—3Dp86E-1, triangles—1Pm66B, diamonds—2Cl66E.
Lines represent the best-fit functions (r2 > 0.95).
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lipids per unit DWwas recorded in N-starving Desmodesmus spp.
studied in the present work (Fig. S2, Supporting Information)
and in the previous experiments carried out at a high irradiance
(Solovchenko et al. 2013, 2015).

The changes in FA profile of the microalgae cell lipids
recorded under our experimental conditions were compatible
with those observed during remodeling of the thylakoid mem-
branes on the background of a vast accumulation of neutral
lipids e.g. in cytoplasmic OB in N-starving microalgal species.
This process manifests itself as a decline in polyunsaturated
long-chain FA typical of chloroplast glycolipids along with an
increase in saturated and monounsaturated FA associated with
reserve lipids (Guschina and Harwood 2009, 2013). It is apparent
as an increase in the oleic (�6–18:1, OA) to α-linolenic (�6, 9, 12–
18:3, ALA) FA ratio in the cell lipids (Pal et al. 2011; Solovchenko
et al. 2013). Therefore we concentrated, apart from the accumu-
lation of total FA in cell lipids, on the analysis of theOA/ALA ratio
changes as a marker of the stress-induced switching of the lipid
metabolism from the biosynthesis of the (thylakoid) membrane
lipids to production of reserve neutral lipids (Guschina and Har-
wood 2009; Pal et al. 2011).

The comparison of the changes in the ‘stressmarkers’ of pig-
ment apparatus (Car/Chl ratio) and lipid metabolism (OA/ALA
ratio; Fig. 6b) revealed a considerable inter-strain differences in
the relationships between acclimatory rearrangements in pig-
ment apparatus and cell lipid FA composition in the studied mi-
croalgae. Only one strain (1Hp86E-2) revealed a considerable in-
crease in the OA/ALA ratio but the changes in the Car/Chl ratio
in its cells were insignificant (Fig. 6b, closed squares), as in other
strains grown in the N-replete medium (Fig. 6b, closed symbols).

Under N-starvation conditions, the studied strains were
characterized by a different coordination of the stress-induced
changes in pigment and lipid composition. Thus, 1Pm86E ex-
hibited a pronounced response of the lipid metabolism and a
moderate response of the pigment apparatus (Fig. 6b, open tri-
angles); an opposite patternwas recorded in 2Cl66E (Fig. 6b, open
diamonds) whereas in 1Hp86E-2 the responses were more or
less proportional (Fig. 6b, open squares). The response 3Dp86E-1
did not follow a certain defined trend. By contrast, more or less
uniform relationships ‘OA/ALA versus Car/Chl’ were recorded
in the cultures of these organisms grown under high light with
the exception of 1Hp86E-2 (Solovchenko 2013, 2015). One may
speculate that the studied algae exhibit a broader variation of N-
starvation responses and higher physiological plasticity at irra-
diances close to that in their natural habitats. By contrast, more
uniform responses of pigment and lipid metabolism under high
light might reflect a lower physiological plasticity under a more
severe combination stress, which is unlikely to be encountered
by these microalgae in nature.

Ultrastructural peculiarities of N-starving cells of
symbiotic Desmodesmus spp.

A number of common traits characterized the ultrastructure of
all of the studied microalgae. Among these was a narrow thy-
lakoid lumen unevenly filled with osmiophilic matter (Figs S4c,
g and 5d, g, Supporting Information) similar to the depositions
of luminal proteins e.g. photosystem II manganese stabilizing
polypeptide as was recorded in the cyanobacteria mutants over-
expressing this protein (Gorelova et al. 2013a). A peculiar fea-
ture of the studied symbiotic microalgae was the membrane
twirls (Fig. S5c—e, Supporting Information) tightly associated
with the chloroplast envelope; its outer membrane might par-
ticipate in the formation of these structures. The twirls did not

resemble stromules encountered in free-living species (Gunning
2005; Velikanov et al. 2011). The membrane twirls also differed
from the myelin-like structures (Aaronson et al. 1971) by the
lack of visible degradation signs, and stress-induced transfor-
mations of the chloroplast envelope also documented in free-
living species (Maeda and Thompson 1986; Yamane et al. 2012).
The twirls likely serve as a depot of the lipid and protein build-
ing blocks, which can be consumed for extension of the chloro-
plast envelope (the latter process was documented earlier in
the cells 3Dp86E-1 N-starving at a high irradiance, see Gorelova
et al. 2015a). Interestingly, the OB in all studied cells were in close
proximity to the outer membrane of the chloroplast envelope or
a membrane twirls. This finding, together with apparent lack of
endoplasmic reticulum, suggests that the chloroplast envelope
is the primary site of OB formation in the studied microalgae.
The chloroplast envelope is thought to be involved in biosynthe-
sis and packaging of the cytoplasmic OB in free-living Chlamy-
domonas reinhardtii (Fan, Andre and Xu 2011; Goodson et al. 2011;
Li et al. 2012; Goold et al. 2015).

All studied microalgae demonstrated the ability to allocate
the assimilated carbon to the biosynthesis of the CW polysac-
charide layer (Table 1). Earlier we found that this is quantita-
tively related with the expansion of other storage subcompart-
ments of the cell (Gorelova et al. 2015a). We hypothesized that
this sink complements other mechanisms of coping with N-
starvation stress, especially in combination with high light ex-
posure (Gorelova et al. 2015a; Solovchenko et al. 2015). At the
same time, the studied strains were different in their pattern
of the engagement of different storage subcompartments, espe-
cially CWpolysaccharide layer (Table 1). Thus, the cells of 2Cl66E
initially possessing the thickest CW, did not show a profound
accumulation of the excessively fixed carbon in the polysac-
charide layer under N starvation. By contrast, 1Hp86E-2 featur-
ing a relatively thin polysaccharide layer under N-replete con-
ditions responded to N starvation by the 3.6 times expansion of
the polysaccharide layer. This response was clearly seen in the
cells grown under a moderate irradiance (present work). How-
ever, in 1Hp86E-2 and 1Pm66B it was not irradiance-dependent
whereas in 3Dp86E-1 itwasmore pronounced under severe com-
bined high light and N-starvation stresses (Gorelova et al. 2015a;
Solovchenko et al. 2015). Remarkably, a dramatic expansion of
the polysaccharide CW layer in 1Hp86E-2 coincided with a lower
FA accumulation. This was not the case in 2Cl66E, which dis-
played a modest (by 37%) expansion of the polysaccharide layer.
At the same time, the formation of OB in 1Hp86E-2 was com-
parable to that of 2Cl66E (Figs 3f and 5a–c). These findings sug-
gest that a considerable part of photosynthetically fixed carbon
was accumulated in the polysaccharide layer of certain microal-
gae studied in this work (1Hp86E-2). To the best of our knowl-
edge, this is not typical for free-livingmicroalgae. The symbiotic
microalgae studied in this work differed considerably in their
capability of channeling the carbon fixed in excess under N-
starvation conditions to the polysaccharide layer of CW.

Reorganization of the membrane apparatus of the chloro-
plast is another common stress response of the symbiotic
Desmodesmus spp. observed in this work as well as in ear-
lier experiments carried out at a high light intensity (Gorelova
et al. 2015a; Solovchenko et al. 2015). The pattern of the thylakoid
membrane reorganization was as well strain-specific: 3Dp86E-
1 demonstrated thylakoid swelling only during high light ex-
posure, whereas in 1Pm66B it was irradiance independent. In
1Hp86E-2, thinning of appressed membrane pairs and the lu-
men expansion were more prominent under high light than
under the irradiance used in this work. The changes in the
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thickness of the appressed membrane pairs were also affected
by the combination stress in 1Hp86E-2 and 1Pm66B (high light
and N-starvation; Solovchenko et al. 2015). Stress-induced ad-
justments of the stacked membrane thickness, lumen width as
well as the size and configuration of the space between the
stacked membranes are also documented in other microalgae
and higher plants (Dietzel et al. 2011; Johnson, Brain and Ruban
2011; Kirchhoff 2013; Nagy et al. 2014). These changes in the thy-
lakoid topology are thought to play amajor role in the regulation
of PS II protein abundance, light energy utilization by and pho-
toprotection of the photosynthetic apparatus. It is important to
note in this regard that the majority of the studied microalgal
cells retained, after the 14-day exposure to N starvation, their ul-
trastructural integrity. Onemay think that the acclimation of the
photosynthetic apparatus under N-starvation conditions is aug-
mented by pronounced rearrangements of the thylakoids docu-
mented in this work.

In addition, strain-specific responses of 2Cl66E included a
unique, among the studied strains, capability of ‘emergency’
degradation of pyrenoid, the structure containing the bulk of
Rubisco in the cell (McKay, Gibbs and Vaughn 1991), apparently
to salvage the N contained in this protein probably to support
more important cellular processes. Obviously, the studied mi-
croalgae differ in rates and/or strategy of consuming available
intracellular N reserves including salvageable proteins e.g. Ru-
bisco. The strain 1Hp86E-2 demonstrated a distinct pattern of
responses to N-starvation; this finding is in accord with the fact
that it represents a standalone branch within the monophyletic
group of the symbiotic Desmodesmus spp. and displays the most
prominent differences in ultrastructure, and lipid FA compo-
sition from the other strains from this group (Gorelova et al.
2015b).

CONCLUSION

Summarizing the findings obtained, one can state that the stud-
ied symbiotic representatives of the genusDesmodesmus demon-
strated a complex pattern of N-starvation responses. These
responses fall, roughly, into two categories: the first one en-
compasses the responses common for all studied symbiotic
strains as well as for free-living microalgae described in the
literature. The second group harbors strain-specific responses
so far not described in free-living microalgae. The first group
included (i) slowdown of cell division and biomass accumula-
tion, (ii) reduction of photosynthetic apparatus and (iii) vast
expansion of OB and starch grain subcompartments of the
cell. Although these N-starvation responses were qualitatively
similar to that known in free-living chlorophytes (Merzlyak
et al. 2007; Goodson et al. 2011; Msanne et al. 2012; Přibyl,
Cepák and Zachleder 2012; Gorelova et al. 2015a), in the stud-
ied strains, they occurred in a strain-specific manner resulting
in a different coordination of the changes in pigment and lipid
metabolism.

The second (specific) group of N-starvation responses in-
cluded (i) formation of chloroplast envelope membrane twirls,
(ii) specific rearrangements of thylakoids (e.g. appressed mem-
brane thinning and loss of the luminal depositions) and (iii)
channeling of the fixed carbon to CW polysaccharide layer.

We believe that all the N-starvation responses mentioned
above contribute to the remarkable physiological plasticity of
the symbiotic Desmodesmus sp. from a subarctic sea. We believe
that further studies of the symbiotic chlorophytes from White
Sea are necessary to elucidate further the stress responses in
these organisms.
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Supplementary data is available at FEMSEC online.
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