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Abstract—To assess the biodiversity of symbiotic dinoflagellates (SD) in hydrocorals, we compared the
molecular species compositions of four SD lipid classes such as diacylglyceryl-3-O-carboxyhydroxymethyl-
choline (DGCC), digalactosyldiacylglycerol (DGDG), monogalactosyldiacylglycerol (MGDG), and sulfo-
quinovosyldiacylglycerol (SQDG) in Millepora dichotoma and M. platyphylla collected in shallow waters of
Vietnam. A statistical analysis showed significant differences in the SD lipid composition between the hydro-
coral species. These differences were influenced rather by the lipid molecules of outer membrane (DGCC
and DGDG) than by the lipids of chloroplast and thylakoid membranes in SD (MGDG and SQDG). As for
the fatty acid (FA) composition of lipid molecules that allow discrimination of hydrocoral SDs, the medium-
chain FA 18:4 was characteristic of M. dichotoma, while the long- and very-long-chain FAs (20:5, 22:6, and
28:8) were characteristic of M. platyphylla. Thus, two different Millepora species hosted different SD groups,
which had similar thylakoid lipidomes, different lipid profiles of outer membrane, and different activities in bio-
synthesis of n-3 polyunsaturated FAs. The lipidomic approach has shown that the M. dichotoma population is het-
erogenic, and about 10% of its colonies can be infected with SDs that are common for M. platyphylla.
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INTRODUCTION
Investigations of coral reefs focus mainly on scler-

actinian corals, whereas hydrocorals of the genus Mil-
lepora are relatively poorly studied but important com-
ponents of the reef ecosystem. In shallow tropical seas,
Millepora species form conspicuous colonies on coral
reefs and may be locally abundant reef-framework
builders [1]. The Millepora species are hydrozoans
(Hydrozoa), belonging to the phylum Cnidaria
together with scleractinians (Anthozoa), which pro-
duce skeleton composed of calcium carbonate. Simi-
larly to scleractinians, Millepora hydrocorals obtain
their food partly from autotrophic sources, endocellu-
lar symbiotic dinoflagellates (SD) referred to as zoo-
xanthellae that carry out photosynthesis [2]. Seasonal
elevations in sea water temperature can induce a loss of
SDs by host animal; this phenomenon, termed as
“coral bleaching”, has resulted in large-scale mortality
of coral colonies to date [3]. Different SD species show
different thermal resistance [4], and, therefore, data

on composition of SD communities in hydrozoan
coral species are crucially important for predicting
coral mortality risk and effective management of shal-
low-water ecosystems.

Several SD genera such as Symbiodinium, Brevio-
lum, and Cladocopium (formerly Symbiodinium of
clade A, B, and C, respectively) have been identified in
Millepora hydrocorals using molecular markers (ITS-
rDNA) [2, 5, 6]. The differences in the pattern of fatty
acids (FA), lipid classes, and lipid molecular species
between SDs isolated from different coral species were
described earlier [4, 7, 8]. We supposed that lipid anal-
yses can help us to estimate the SD biodiversity in Mil-
lepora hydrocorals.

Photosynthetic organisms, including SDs, contain
specific lipid classes such as betaine lipid, diacylglyc-
eryl-3-O-carboxyhydroxymethylcholine (DGCC),
and three glycolipids: digalactosyldiacylglycerol
(DGDG), monogalactosyldiacylglycerol (MGDG),
and sulfoquinovosyldiacylglycerol (SQDG) [9]. These
lipid classes are not synthesized in hydrocoral animals’1 The article is published in the original.
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tissues and can be recognized in total lipids of holobi-
ont without isolation of pure SD fractions [10]. The
chemical structures of the molecular species of
DGCC, DGDG, MGDG, and SQDG have recently
been identified in the Millepora hydrocorals [11]. To
study the SD biodiversity of hydrocorals, we com-
pared the lipid molecular species profiles of SDs
between two hydrocoral species, Millepora dichotoma
and M. platyphylla, collected from the same place in
shallow waters of Vietnam. The effect of each lipid
class and molecular species on the differences between
SDs was examined.

MATERIALS AND METHODS

Colonies of the hydrocorals Millepora dichotoma
Forskål, 1775 and M. platyphylla Hemprich & Ehren-
berg, 1834 (Cnidaria: Hydrozoa: Anthoathecata: Mil-
leporidae) (84 colonies of each species) were collected
at a depth of 2–4 m from the same place of a reef in
Nha Trang Bay, South China Sea (12°17′ N, 109°14′ E).
To obtain total lipids, polyps were washed out of each
colony with pressure water and suspended. Then the
suspension of polyps was extracted with a mixture of
chloroform and methanol as described previously
[12]. Total lipids of each colony were evaporated under
reduced pressure, dissolved in chloroform, and stored
at –80°C.

Total lipids were separated by high-performance
liquid chromatography, and lipid molecular species
were identified by high resolution tandem (ion trap-
time-of-flight) mass spectrometry both in positive
and negative modes with electrospray ionization as
described previously [13]. MGDG molecular species
were eluted between 2.5 and 4 min; DGCC, between
9.5 and 13.5 min; SQDG, between 9.8 and 12.2 min;
DGDG between 11 and 14 min. Identification of each
molecular species was performed manually based on
the MS/MS fragmentation of molecular ions as
described previously [8, 14]. The total abundance of
each lipid class and the relative abundance of certain
lipid molecular species within each lipid class were
calculated according to Rosset et al. [4].

Differences in the mean percentage of each lipid
molecular species (n = 84) between M. dichotoma and
M. platyphylla were estimated by one-way analysis of
variance (ANOVA). Raw data were used after being
tested for homogeneity of variances (Levene’s test)
and normality of distribution (Shapiro–Wilk’s test).
To represent differences between SDs of two hydro-
coral species, the variables (lipid molecular species
contents) were included in principal components
analyses (PCA). All statistical analyses were per-
formed using STATISTICA 5.1 (StatSoft, Inc., USA).
A probability level of P < 0.05 was considered statisti-
cally significant. Values are presented as the mean ±
standard error.
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RESULTS
Four lipid classes (DGCC, DGDG, MGDG, and

SQDG), which are specific for SD, were found in total
lipids of M. dichotoma and M. platyphylla. The pres-
ence of 14 molecules of DGCC, 13 molecules of
DGDG, 11 molecules of MGDG, and 22 molecules
of SQDG in the hydrocoral lipidome was confirmed
by high-resolution tandem mass spectrometry [11].
The major molecular species (>5% of each lipid class)
of SDs from both hydrocorals are listed in Table 1. We
found significant differences (one-way ANOVA, P <
0.05) in the mean percentages of all DGCC mole-
cules, most of DGDG and MGDG molecules, and
two SQDG molecules between M. dichotoma and
M. platyphylla (Table 1). There were no significant dif-
ferences (P > 0.05) in the mean contents of DGDG
18:4/18:5, MGDG 16:2/18:2, SQDG 14:0/16:0, and
SQDG 16:0/16:0.

The effect of all molecular species of each lipid
class on the SD diversity was assessed by PCA. The
M. dichotoma and M. platyphylla specimens were well
discriminated on the basis of all DGCC or DGDG
molecular species (Figs. 1a, 1b). A particularly dis-
crimination was observed, when all MGDG molecu-
lar species were used as variables (Fig. 1c). The two
hydrocorals could not be discriminated on the basis of
all SQDG molecular species (Fig. 1d).

The major lipid molecules of SDs (Table 1) were
used as variables for PCA to confirm the difference
between SDs of the two hydrocorals. As shown in
Fig. 1e, the M. dichotoma and M. platyphylla speci-
mens were clearly separated into two regions of the
two-dimensional space formed by PC 1 and PC 2,
which together accounted for 43.68% of the total data
variance. The separation of the M. dichotoma and
M. platyphylla specimens was generated in PC 1,
strongly influenced by DGCC, DGDG, and MGDG
variables (Fig. 1f). The factor loading values on PC 1
were positive for DGCC 18:0/28:8 (0.79), DGDG
18:5/20:5 (0.70), DGDG 18:4/20:5 (0.73), DGDG
18:4/22:6 (0.74), DGDG 20:5/22:6 (0.56), and
MGDG 18:4/18:5 (0.78) but negative for DGCC
16:0/18:4 (–0.82), DGCC 18:0/28:7 (–0.75), DGDG
18:4/18:4 (–0.78), and MGDG 18:4/18:4 (–0.84).
Other variables generated the separation in PC 2
inside each region formed by the species (Figs. 1e, 1f).
The factor loading values on PC 1 were consistent with
our data shown in Table 1 and confirmed that SDs of
M. dichotoma were reach in DGCC 16:0/18:4, DGCC
18:0/28:7, DGDG 18:4/18:4, and MGDG 18:4/18:4,
but poor in DGCC 18:0/28:8, DGDG 18:5/20:5,
DGDG 18:4/20:5, DGDG 18:4/22:6, and DGDG
20:5/22:6 vs. SDs of M. platyphylla.

The PCA results (Fig. 1f) showed that nine speci-
mens of M. dichotoma got in the region of M. platy-
phylla. The percentages of some major molecular spe-
cies of these unusual M. dichotoma specimens were
similar to those of M. platyphylla specimens (Table 1).
 No. 4  2021
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Table 1. Comparison of contents of the major molecular species (% of each lipid class, mean ± SE, n = 84, one-way
ANOVA) in the hydrocorals Millepora dichotoma and M. platyphylla

DGCC, diacylglyceryl-3-O-carboxyhydroxymethylcholine; DGDG, digalactosyldiacylglycerol; MGDG, monogalacto-
syldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol.
Asterisks indicate significant differences (P < 0.05) between the hydrocoral species. Each molecular species was used as a 
variable for the principal components analysis shown in Fig. 1e; the factor coordinates of the variables for PC 1 are pre-
sented.

Lipid class Lipid molecular 
species

Content, % of lipid class
F1,166 P

Factor 
coordinatesM. dichotoma M. platyphylla

DGCC 16:0/18:4* 8.6 ± 0.6 0.7 ± 0.1 158.07 0.0000 –0.819
14:0/22:6* 5.4 ± 0.5 6.9 ± 0.5 4.92 0.0278 0.261
16:0/22:6* 56.8 ± 1.2 65.8 ± 0.9 35.94 0.0000 0.388
18:0/22:6* 4.9 ± 0.3 6.0 ± 0.3 5.77 0.0174 0.387
22:6/22:6* 6.0 ± 0.3 5.1 ± 0.2 7.69 0.0062 –0.149
18:0/28:8* 1.1 ± 0.2 7.1 ± 0.3 263.16 0.0000 0.790
18:0/28:7* 9.2 ± 0.4 4.1 ± 0.3 109.61 0.0000 –0.752

DGDG 16:0/18:2* 16.0 ± 1.4 11.4 ± 1.1 6.33 0.0128 –0.127
18:4/18:5 23.5 ± 1.3 23.2 ± 1.0 0.04 0.8407 –0.034
18:4/18:4* 39.7 ± 2.3 14.1 ± 1.2 96.21 0.0000 –0.780
18:5/20:5* 0.5 ± 0.2 7.6 ± 0.7 98.72 0.0000 0.701
18:4/20:5* 1.8 ± 0.3 9.6 ± 0.7 94.92 0.0000 0.728
18:4/22:6* 2.4 ± 0.6 18.7 ± 1.1 162.98 0.0000 0.735
20:5/22:6* 0.7 ± 0.3 5.1 ± 0.6 46.86 0.0000 0.563

MGDG 16:3/18:3* 5.6 ± 0.4 9.0 ± 0.9 10.81 0.0012 0.235
16:2/18:2 14.7 ± 0.8 13.5 ± 0.6 1.30 0.2567 –0.067
18:4/18:5* 28.9 ± 1.2 46.2 ± 1.1 109.63 0.0000 0.778
18:4/18:4* 35.6 ± 1.2 17.1 ± 0.8 168.94 0.0000 –0.842

SQDG 14:1/16:0* 10.3 ± 0.5 12.8 ± 0.6 11.12 0.0010 0.264
14:0/16:0 21.1 ± 0.7 19.9 ± 0.9 1.09 0.2973 –0.049
16:0/16:0 33.5 ± 0.8 34.0 ± 0.9 0.25 0.6184 0.004
16:0/18:1* 16.3 ± 1.0 20.0 ± 1.2 6.01 0.0152 0.155
For example, nine M. dichotoma specimens contained
5.2% of DGCC 18:0/28:8, 3.4% of DGDG 18:5/20:5,
7.8% of DGDG 18:4/20:5, and 13.7% of DGDG
18:4/22:6. In the other 75 specimens of M. dichotoma,
each of these four molecules constituted less than 1%
of the corresponding lipid class.

DISCUSSION

The fatty acid and lipid class composition of
marine and fresh-water dinoflagellates have been
studied for more than 60 years [15, 16], but first stud-
ies on dinoflagellate lipidomes (chemical structures
and contents of lipid molecular species) started only in
2003 [17]. Large data arrays on lipidomes of free-living
and cultured dinoflagellates have been obtained [18],
whereas information on the lipidome of symbiotic
dinoflagellates (SD) living inside cells of marine cni-
darians remains very limited [8, 19]. Until recently, all
RUSSIAN JOUR
SDs from different cnidarian hosts were considered to
belong to a single genus, Symbiodinium, which was
then divided into several “clades” by a genetic analy-
sis. In 2018, LaJeunesse et al. [5] suggested that the
Symbiodinium clades are equivalent to the correspond-
ing genera belonging to the family Symbiodiniaceae.
The lipid composition is known to be genus-specific,
and the differences in lipidome between two SD gen-
era of reef-building corals have already been docu-
mented [4].

In our work, we found significant differences in the
lipid molecular species profiles of SDs between two
Millepora hydrocorals, which suggests that each
hydrocoral species contains the species-specific SD
group (most probably, a SD genus). The differences
between two SD groups were mainly in DGCC and
DGDG, whereas the effect of SQDG was insignifi-
cant. The plant lipid classes are non-uniformly dis-
tributed between lipid matrices of different biomem-
NAL OF MARINE BIOLOGY  Vol. 47  No. 4  2021
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Fig. 1. Results of principal components analyses (PCA) using lipid molecular species composition (% of each lipid class) for the
hydrocorals Millepora dichotoma (n = 84, black cycles) and M. platyphylla (n = 84, empty squares). Variables were the molecular
species of (a) diacylglyceryl-3-O-carboxyhydroxymethylcholine (DGCC), (b) digalactosyldiacylglycerol (DGDG), (c) monoga-
lactosyldiacylglycerol (MGDG), (d) sulfoquinovosyldiacylglycerol (SQDG), and (e) 22 selected lipid molecular species of all
lipid classes (Table 1). The projection of 22 variables (f) are shown.
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branes of photosynthetic cells. There are three mem-

brane types in SD cells: outer membranes, membranes

of chloroplast located inside SD cells, and membranes

of thylakoids located in chloroplasts. The betaine lipid

DGCC is synthesized in the endoplasmic reticulum

but not in chloroplasts. DGCC is the predominant

non plastidial polar lipid in dinoflagellates [20]. Gly-

colipids mainly perform a function of structural lipids

of chloroplasts. MGDG are located exclusively in

chloroplast membranes, but DGDG can also be found

in extra-plastidic membranes. The proportion of

SQDG in the thylakoid membranes is much higher.

Hence, the major differences between the two SD

groups of Millepora are determined rather by the extra-

plastidial lipids (DGCC and DGDG) than by the lip-

ids of plastid and thylakoid membranes (MGDG and

SQDG).

The key lipid molecular species, which are respon-

sible for the SD discrimination observed, are acylated

by several specific polyunsaturated fatty acids (PUFA)

of dinoflagellates such as, primarily, 18:4 and 18:5 [8].

The ratio 18:4/18:5 in the total FAs of M. dichotoma
and M. platyphylla was 8.2 and 2.9, respectively. In

contrast to M. platyphylla, the total FAs of M. dichot-
oma were rich in 18:4n-3 [11] and contained more

lipid molecular species with 18:4n-3. The SD lipids

contained very-long-chain FAs such as 28:7n-6 and

28:8n-3 [21]. The latter FA (28:8) can be synthesized

from medium-chain acid 18:4n-3 via long-chain FAs

20:5n-3 and 22:6n-3. In the SDs of M. platyphylla, this

biosynthetic pathway can decrease the level of 18:4

and increase the level of 28:8 and its intermediates.

Therefore, most SD lipid molecules in M. dichotoma
are built on 18:4, while the majority of SD lipid mole-

cules in M. platyphylla are composed of long- and

very-long-chain FAs. The different activity levels in

the synthesis of n-3 PUFAs seem to explain the differ-

ent lipidomes in the two SD groups.

It was surprising that the SD lipidome of some of

M. dichotoma colonies (up to 10% of total FAs) was

similar to that of M. platyphylla. We suppose that the

population of M. dichotoma is heterogenic and some of

M. dichotoma colonies can be infected with SDs that

are common for M. platyphylla. The presence of dif-

ferent coral species with the same symbionts are very

important for comparative studies of the role of host

organism in the thermal tolerance of a coral holobiont

under bleaching events.

Thus, the lipidomic approach has shown that dif-

ferent Millepora species host different SD groups,

which have similar thylakoid lipidomes, different lipid

profiles of outer membranes, and different biosyn-

thetic activities of n-3 PUFAs. Obviously, further

study should include analyses of genetic identity to

determine the taxonomic position of hydrocoral SDs.
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