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ORGANISMAL BIOLOGY

Feeding diverse prey as an excellent strategy
of mixotrophic dinoflagellates for global dominance

Hae Jin Jeong'*, Hee Chang Kang'*, An Suk Lim?, Se Hyeon Jang’, Kitack Lee?, Sung Yeon Lee',
Jin Hee OK’, Ji Hyun You', Ji Hye Kim', Kyung Ha Lee', Sang Ah Park’, Se Hee Eom’,

Yeong Du Yoo*, Kwang Young Kim®

Microalgae fuel food webs and biogeochemical cycles of key elements in the ocean. What determines microalgal
dominance in the ocean is a long-standing question. Red tide distribution data (spanning 1990 to 2019) show that
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mixotrophic dinoflagellates, capable of photosynthesis and predation together, were responsible for ~40% of the
species forming red tides globally. Counterintuitively, the species with low or moderate growth rates but diverse
prey including diatoms caused red tides globally. The ability of these dinoflagellates to trade off growth for prey
diversity is another genetic factor critical to formation of red tides across diverse ocean conditions. This finding
has profound implications for explaining the global dominance of particular microalgae, their key eco-evolutionary

strategy, and prediction of harmful red tide outbreaks.

INTRODUCTION

Microalgae play critical roles in atmospheric oxygen production,
food webs, and element cycles (I-4). They have dominated in
past and present oceans (5-7). In the Cenozoic ocean, diatoms dom-
inated, whereas dinoflagellates and coccolithophorids declined (8).
However, a particular group of mixotrophic dinoflagellates dominates
in “this diatom-dominated contemporary ocean” (9, 10). Usually, only
one or a few species dominate the microalgal assemblages through
severe competition, and this dominance is visible as a red tide, which
is a discoloration at the sea surface (9). Red tides dominated by mixo-
trophic dinoflagellates often cause human illness, large-scale mortality
of diverse organisms, and great losses to the aquaculture and tourist
industries (11, 12). Thus, identifying a particular species or group of
mixotrophic dinoflagellates predominating in the global ocean and under-
standing their eco-physiological characteristics and eco-evolutionary
strategies are critical and challenging tasks for scientists.

To reveal their strategies for predominating in the global ocean,
mixotrophic dinoflagellates should be categorized to several subgroups
on the basis of their mixotrophic abilities and global dominance.
Previous studies divided mixotrophic dinoflagellates into one or a
few categories at the community level, but not many categories at
the species level (13-15). Thus, the eco-evolutionary strategies of a
particular species or group of mixotrophic dinoflagellates to domi-
nate in the global ocean have been poorly explored to date.

RESULTS AND DISCUSSION

Red tide species

We explored red tide distributions, presence or absence of target
genes related to photosynthesis of dinoflagellates, and mixotrophic
ability of the target mixotrophic dinoflagellates (Supplementary
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Materials). In the world ocean in 1990-2019, of 37,911 microalgal
and cyanobacterial species, only 365 species have been reported to
cause red tides (table S1). The portion of dinoflagellates was 36% of
total red tide species, although that was only 9% of total microalgal
species (Fig. 1, A and B, and table S1). The numbers of species caus-
ing red tides in the waters of >10 countries (hereafter the species
causing red tides globally) were 17 diatoms (50%), 15 dinoflagellates
(44%), 1 haptophyte (3%), and 1 cyanobacterium species (3%) (Fig. 1C
and figs. S1 and S2). Of the 15 dinoflagellates, 13 species were mix-
otrophic, 1 kleptoplastidic, and 1 heterotrophic (Fig. 1D). Mixotrophic
dinoflagellates have their own chloroplasts, but kleptoplastidic dino-
flagellates require chloroplasts of ingested prey (16-19). Although
these 13 mixotrophic dinoflagellates caused red tides globally, many
other mixotrophic dinoflagellates caused local or no red tides
(Fig. 1, E and F, and tables S2 and S3). Thus, the mixotrophic dino-
flagellates causing red tides globally may have some advantageous
tools over those causing local or no red tides.

Presence of photosynthesis genes

We investigated the presence of the 22 target genes related to three
major parts of photosynthesis of 17 dinoflagellates having different
trophic modes (Fig. 2 and tables S4 to S10). There was no difference
among the mixotrophic dinoflagellates and also between mixotrophic
and autotrophic dinoflagellates. However, there were big differences
between mixotrophic and heterotrophic dinoflagellates (Fig. 2). In
contrast, there was a higher similarity in the presence of the genes
between kleptoplastidic and heterotrophic dinoflagellates than be-
tween kleptoplastidic and mixotrophic dinoflagellates, indicating that
the trophic nature of the kleptoplastidic dinoflagellates may be closer
to that of heterotrophic dinoflagellates (Fig. 2). The signal of the
presence of some genes related to the photosystems of the klepto-
plastidic dinoflagellates Gymnodinium smaydae and Pfiesteria piscicida
shown in the transcriptome datasets came from Heterocapsa spp.
and diatoms (fig. S3), and that of Dinophysis acuminata from
haptophytes (fig. S4).

Indices for the mixotrophic ability
We proposed two indices for the mixotrophic ability of the target
mixotrophic dinoflagellates and G. smaydae—predation contribution
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Fig. 1. Red tide dinoflagellates. (A) Ratio (%) of the species number of each group
relative to that of the formally described microalgae (table S1). Ratio (%) of the
species number of each group relative to that of the microalgae that caused red
tides in the waters of >1 country (B) and >10 countries (C) during 1990-2019.
(D) Ratio (%) of mixotrophic, kleptoplastidic, and heterotrophic dinoflagellates
among the dinoflagellates causing red tides in the waters of >10 countries (global
species). (E) The countries where at least one red tide of dinoflagellates occurred
during 1990-2019, and the countries where representative mixotrophic/kleptoplastidic
dinoflagellates caused global, local, or no red tides. (F) The number of the countries in
which red tides of the mixotrophic/kleptoplastidic dinoflagellates occurred during
1990-2019 (NoCountry®"). The abbreviation of each mixotrophic dinoflagellate is
listed in table S2.

to total growth rate (PredCR) and the ratio of the number of edi-

ble prey taxa to that of total tested prey taxa (RET**EY). The PredC"®
of 20 target mixotrophic dinoflagellates and G. smaydae feeding on
the optimal prey species under varying prey concentration, light, or
temperature conditions showed a huge variation, ranging from 4 to
100% (Fig. 3, A to E, figs. S5 to S7, and table S11). Using this huge
variation, we categorized these mixotrophic dinoflagellates into
three subgroups (Fig. 3E); the mixotrophic dinoflagellate group
having PredCTOR of >60% (heterotrophy-dominant mixotrophic

Jeong et al., Sci. Adv. 2021; 7 : eabe4214 8 January 2021

"

dinium cat

4

Paragymnodinium shiwhaense
~

Oxyrrhis marina
Polykrikos kofoidii
Noctiluca scintillans
Gymnodinium smaydae

g Dinophysis acuminata
Pfiesteria piscicida
Yihiella yeosuensis
Biecheleria cincta
Ansanella granifera
Lingulodinium polyedra
Effrenium voratum
Alexandrium andersonii
Heterocapsa steinii

3y Pelagodinium bei
Biecheleriopsis adriatica

3
o

HTD K TD

eJojerelex XuloJeler X X X X X I
eJolozeleieivioIolel X X X J ] J
eJolozele XuIoIoyel X X X X J J
0000000000000 000e
GJoleX0lON XUIVIOXO X XX X X ] J
eJelozeley Xuloleie X X X X X Y J
0000000000000 00e
GJOIOXCIUIGACIOIONO X X X ] ] J

rugiscol OO O OO0 00000000000
FPase,chl | OO O OPO OO0 0O0000000
PRk OO 0 OCOO0 00000000000
serase PO POPOOOOO000000O
1000000 00000000000
e 000 000 00000000000
rik 000 00O OC00C00000000
9000000000000 0000
7000000 00000000000

ool Jo XUISIOe X X XX ) J J
000000 0000C0COOCOOOS
000000 00000CO0OCOOOS
v 00O 00O OC0000000000
5100000000000 000000

No. 8% 9 9% 10 10%10% 22 22 22 22 22 22 22 22 22 22 22

=

psaA
psaB
psbA
psbB
psbC
psbD
psbE
psbO

Photosystem

Calvin cycle

-

GBSS1
GPI
FBPase, Cy

=

(O Present O Present, but derived from other algae () Absent

Gluconeogenesis

Fig. 2. Heatmap of photosynthesis genes. Heatmap of the 22 target genes relat-
ed to photosystems, the Calvin cycle, and gluconeogenesis of 17 representing
dinoflagellates including heterotrophic (HTD), kleptoplastidic (KPD), mixotrophic
(MTD), and autotrophic (ATD) species (tables S4 to S10). The number of the identi-
fied genes are provided, but the horizontal gene transfer candidates have not been
included (instead, marked as asterisks). The identified transcript ID and presence of
the genes with abbreviation are listed in table S4.

dinoflagellate) included Paragymnodinium shiwhaense and four
others; those with PredCT® of >40 to 60% (neutral mixotrophic
dinoflagellate) included Takayama helix; and those with PredCT®
of 1 to 40% (autotrophy-dominant mixotrophic dinoflagellate) in-
cluded Margalefidinium polykrikoides and 13 other species. Among
the heterotrophy-dominant mixotrophic dinoflagellates, the mixo-
trophic dinoflagellates having PredC"“® of >90% and at least one
PredCT R value under diverse conditions reaching 100% were allo-
cated to be the obligate mixotrophic dinoflagellates that included
P. shiwhaense and Yihiella yeosuensis.

The RET"®Y of the 20 target mixotrophic dinoflagellates and
G. smaydae also showed a huge variation, ranging from 6 to 100%
(Fig. 3F). The RET™REY of all heterotrophy-dominant mixotrophic
dinoflagellates did not exceed 50%, whereas those of all autotrophy-
dominant mixotrophic dinoflagellates except for Effrenium voratum,
Alexandrium andersonii, and Takayama tasmanica exceeded 50%.

20f8



SCIENCE ADVANCES | RESEARCH ARTICLE

A
_ PasL 1000 AlpPC  75%5 TahT 429 GyaPC 232
X 100000 © ® 100 100 100
: |
e
O 50 50 50 50
J: o ©
a o 0 0
[} 300 600 0 250 500 10 20 30 0 1500 3000
L PC T PC
E >90—-100% >60—90% >40—60% 1-40%

I

Gys T
Gys L
Pas L
Pas T
Alp L
PrtPC

PredC™®R (%)
N & O ® 3
o o o (=] o o
Yiy PC
BicPC| @&
TahL [
ApPC[ &/
ApT|[
=
AngPC [ 3+
Tah Alt e
Tah T [0
Tah PC T+

Gys PC
Pas PC
Map PC
Lip Sca
Efv PC
Gya PC
Lip Pcor
Gyc PC
Pcor PC
Prd PC
Aand PC
Pmic PC
Gop PC
Tat PC
Hes PC
Aks PC

RET™REY (%)
N & O ® -Ol
o © © © © o

o 8 >0 2 £ 2 a2 2 8 9 5 £ T T L 2w g o
&850 3R EI8 553 E8FES
G100 °
P <0.005

S

o

[

e

[$)

-

[

4

o

0o 20 40 60 80 100
RETPREV (%)

Fig. 3. Indices for the mixotrophic ability. (A to D) Predation contribution to
total growth rate (PredCTGR, %) of four representative mixotrophic dinoflagellates
on the optimal prey as a function of prey concentration (PC; cells ml™), lightinten-
sity (L; uLE m™2s™"), or temperature (T; °C). The numbers represent mean + SE. Pas,
Paragymnodinium shiwhaense; Alp, Alexandrium pohangense; Tah, Takayama helix;
Gya, Gymnodinium aureolum. (E) PredC™® of each mixotrophic/kleptoplastidic
dinoflagellate as a function of PC, L, or T. These mixotrophic/kleptoplastidic dino-
flagellates are listed in table S11. (F) The ratio of the number of edible prey taxa to
that of total tested prey taxa of each mixotrophic/kleptoplastidic dinoflagellate
(RET™REY, 9%). (G) PredC"®F as a function of RET"'EY of the mixotrophic/kleptoplastidic
dinoflagellate. The equation of the linear regression was as follows: (PredCTGR)z
—0.766 (RET"R¥) + 82.8, r* = 0.369.

The PredC"® of the target mixotrophic dinoflagellates and G. smaydae
was inversely correlated with RETPREY (Fig. 3G). Thus, PredC™® of the
target mixotrophic dinoflagellates and G. smaydae was possibly traded
off with RETPREY in dinoflagellate evolution. To dominate, each mixo-
trophic dinoflagellate might have evolved to one of the two mixotr?(phic
abilities. The negative correlation between PredC " and RET™® can
be explained as follows: Generally, animal predators that feed on one
or a few preferred prey species (i.e., specialists) have higher foraging
or feeding efficiencies than those that feed on diverse prey species
(i.e., generalists) (20-22). Thus, mixotrophic dinoflagellates that feed
on one or a few prey species (i.e., having low RETREY) will possibly
have higher feeding efficiencies and, in turn, maximum growth rates
than those of mixotrophic dinoflagellates that feed on diverse prey
(i.e., having high RETPREY). Higher maximum growth rates of mix-
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otrophic dinoflagellates with low RET***Y than those of mixotroph-
ic dinoflagellates with high RET**Y are responsible for higher
PredC"®® because the autotrophic growth rates of mixotrophic di-
noflagellates with low RET?REY were similar to or lower than those
of the mixotrophic dinoflagellates with high RET**Y,

Number of countries in which red tides of each species occur
The number of countries in which red tides of each species (NoCountry*")
of all the target autotrophy-dominant mixotrophic dinoflagellates,
except for E. voratum, Gymnodinium aureolum, A. andersonii, and
T. tasmanica, occurred were >5. The NoCountry®" of all target neu-
tral and heterotrophy-dominant mixotrophic dinoflagellates were
0 or 1 (Fig. 4A). The NoCountry"" of the target mixotrophic dino-
flagellates was linearly correlated with their RETPREY (Fig. 4B), but
inversely correlated with the PredC™®® (Fig. 4C). Moreover, the
target mixotrophic dinoflagellates causing red tides globally had
RET"®Y of >50% but PredC"® of <40%. Therefore, for the mixo-
trophic dinoflagellates to form red tides globally, having a mixo-
trophic ability to feed on diverse prey is more critical than relying
on predation for growth. The NoCountry®" of the target mixotrophic
dinoflagellates was not significantly correlated with maximum growth
rate (Fig. 4D); however, the target mixotrophic dinoflagellates that
have low or moderate maximum growth rates of 0.5 to 0.9 day ™"
(0.7 to 1.3 divisions per day) tended to lead to global occurrence of
red tides, whereas those having maximum growth rates of >1.0 day '
(>1.4 divisions per day) tended to lead one or no red tides. Thus,
counterintuitively, the species having low or moderate growth rates,
low predation contribution to total growth rate, but diverse prey
caused red tides globally. Furthermore, the global red tide-forming
mixotrophic dinoflagellates are able to feed on Skeletonema costatum,
which is most commonly found diatom species (fig. S2), whereas the
non-red tide—forming mixotrophic dinoflagellate species did not feed
on this diatom (Fig. 4E). Among the autotrophy-dominant mixo-
trophic dinoflagellates, E. voratum, G. aureolum, A. andersonii,
and T. tasmanica that did not feed on S. costatum caused few or no
red tides (Fig. 4, A and E). Thus, having a mixotrophic ability of
feeding on common diatoms is an eco-evolutionary strategy of mixo-
trophic dinoflagellates for dominance.

The kleptoplastidic dinoflagellate G. smaydae and obligate mixo-
trophic dinoflagellate Y. yeosuensis did not cause red tides, although
they had the highest and third highest maximum growth rates (1.3 to
2.2 day”’, two to three divisions per day) among the mixotrophic/
kleptoplastidic dinoflagellates (Fig. 4A and fig. S8). Our intensive field
studies confirmed this (23, 24). They can grow almost only when
feeding on prey. Their RET*®Y was considerably low (Fig. 3F);
thus, a low chance of encountering edible prey prevents them from
surviving unless edible prey is abundant. Their ability of growing as
fast as some diatoms may not be a strategy for forming red tides.

Using the results of this study, we provided an insight into the
eco-evolutionary strategies of the autotrophy-dominant mixotrophic
dinoflagellates for dominating globally as follows: Autotrophy-
dominant mixotrophic dinoflagellates trading off growth and pre-
dation contribution with prey diversity can survive by feeding on any
of the many edible prey species under unfavorable photosynthesis
conditions. However, diatoms that once grew fast and dominated
nutrient-rich conditions would die under these unfavorable condi-
tions. When the conditions for photosynthesis turn to be favorable,
autotrophy-dominant mixotrophic dinoflagellates that survived can
grow slowly or moderately but form red tides without competition
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Fig. 4. Red tide distribution and feeding occurrence. (A) The number of the countries in which each target mixotrophic/kleptoplastidic dinoflagellate caused red tides
during 1990-2019 (NoCountryRT). NoCountryRT as a function of the ratio of the number of edible prey taxa to that of total tested prey taxa of each mixotrophic/kleptoplastidic
dinoflagellate (RETPREY) (B), and predation contribution to total growth rate (PredCTGR) (€), and the maximum growth rate (GRMaX) (D). The equation of the linear regression
was as follows: (B) (NoCountry™) = 0.218 (RET""t") — 5,17, = 0.561; (C) (NoCountry™") = —0.138 (PredC"®") + 12, #=0.331. (E) The feeding occurrence of the target mixotrophic/
kleptoplastidic dinoflagellate on the common prey items (table S11). DIA, diatom; CRYP, cryptophyte; HAPT, haptophyte; RAPH, raphidophyte; DINO, dinophyte. Feeding
mechanism: peduncle (PE), engulfment (EG), and sucking (SUCK). O with blue box indicates occurrence of feeding, whereas X with pink box indicates no occurrence of
feeding. In dinoflagellate prey, the number in front of O indicates the number of O's. Pink boxes indicate RET™" of <50%, PredC"F of <50%, or NoCountry®" of <5, whereas
blue boxes indicate RET'FEY of >50%, PredC™ of >50%, or NoCountry®" of >5. Red arrows in (A) and (E) indicate the mixotrophic dinoflagellates with PredC™® of <50% and
NoCountry®" of <5. These dinoflagellates did not feed on Skeletonema costatum.

with heterotrophy-dominant mixotrophic dinoflagellates or diatoms  time and determine their possible dominance in the future (fig. S9).
that have already vanished during the period of nutrient and edible = This previously unknown finding has profound implications in the
prey limitation. The autotrophy-dominant mixotrophic dinoflagel-  dominance of particular groups in the global ocean.

lates capable of efficient photosynthesis but marginal predation ac-

tivity on diverse prey have a greater advantage in forming red tides

across diverse ocean conditions. Therefore, for mixotrophic dino- ~MATERIALS AND METHODS

flagellates’ global red tide formation, survival is more important Data on the number of species belonging to each

than fast growth, and thus, trading off predation contribution for ~microalgal group

diverse prey is an excellent strategy. Such assets must have been =~ We analyzed the species belonging to each group of the formally
acquired through evolution, and the trade-off is another critical = described microalgae and cyanobacteria. These data were obtained
genetic aspect of forming red tides across diverse ocean conditions.  from Algaebase (https://www.algaebase.org) in March 2020. Only
Unveiling the strategy in contemporary oceans will provide a basis  currently accepted species were included. The categorized microalgal
for understanding their dominance in particular periods in geological ~ groups were diatoms, dinoflagellates, haptophytes, ochrophytes
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including raphidophytes, chlorophytes, cryptophytes, and eugleno-
phytes. However, raphidophytes were separated from ochrophytes
because some raphidophyte species caused red tides globally, whereas
there were no ochrophytes, except raphidophytes, that caused red
tides globally.

Data on the red tides in the world ocean in 1990-2019

We analyzed red tides occurring in the world ocean during 1990-
2019 that had been reported in the literature (~800 references; e.g.,
tables S2 and S3 for the target mixotrophic dinoflagellates). Fur-
thermore, we investigated the causative species of each red tide
event and also the country where the red tide event occurred and,
lastly, determined the number of the countries in which each red
tide species had caused red tides (NoCountry®").

Data on presence and absence of photosynthesis-related
genes in dinoflagellates
To investigate 22 target genes related to photosynthesis (8 photo-
system genes, 9 Calvin cycle genes, and 5 gluconeogenesis genes) of
major dinoflagellates, the transcriptomes of 3 heterotrophic, 3 klepto-
plastidic, 9 mixotrophic, and 2 autotrophic dinoflagellates were
analyzed (Fig. 2 and tables S4 to S10). The transcriptomes of the
heterotrophic dinoflagellate Polykrikos kofoidii, the kleptoplastidic
dinoflagellate G. smaydae, the mixotrophic dinoflagellates P. shiwhaense
and Biecheleria cincta, and the autotrophic dinoflagellate Biecheleriopsis
adriatica were newly assembled in this study, but those of the other
dinoflagellates were obtained from the literature (table S6). The
transcriptome of Heterocapsa rotundata was also analyzed to test
whether the signal of the presence of photosynthesis-related genes
of G. smaydae was this predator’s own signal or from its prey. On
the basis of the assembled transcriptomes, the target genes of the
dinoflagellate species were identified using a tBLASTn algorithm as
implemented in CLC Genomic Workbench ver. 10.0.1 (QIAGEN
N.V. Venlo, the Netherlands) (table S7). Some genes of which phylo-
genetic relationships need to be confirmed were aligned, and trees
were constructed. Furthermore, the presence of psaA and psbB genes
of the dinoflagellates were additionally confirmed on the basis of
genomic DNA sequencing (figs. S3 and tables S5 and S8 to S10).
Culturing, sequencing, and sequence assembly of six dinoflagellates
Before the transcriptome experiments were conducted, two consecutive
single-cell isolations of cells from each clonal culture of P. kofoidii
(PKJH1607), G. smaydae (GSSH1005), P. shiwhaense (PSSH0605),
B. cincta (BCSW0906), B. adriatica (BATY06), and H. rotundata
(HRSH1201) were performed to confirm no potential contamina-
tion by bacteria or other small eukaryotes. Furthermore, to confirm
rapid growth condition and no remaining prey cells in each culture,
5 ml of aliquots was taken from each bottle every 2 days and fixed
with Lugol’s solution (final concentration, 5%). The aliquots were
taken from the fixed sample and then transferred to two 1-ml Sedgwick-
Rafter chambers for cell enumeration.

For transcriptome analysis, a dense culture (~80 cells ml™) of
P. kofoidii growing on Alexandrium minutum (CCMP1888) was trans-
ferred to an 800-ml culture flask containing dense prey (~6000 cells ml™")
and autoclaved filtered seawater. After prey cells were undetected in
the ambient waters (2 days after inoculation), P. kofoidii cells were
maintained without added prey cells for 3 days (starved for 3 days).
For harvesting P. kofoidii cells, 800 ml of aliquot containing approximate-
ly 168,000 cells was taken from the culture flask and then centri-
fuged for 5 min at 800g using a Vision Centrifuge VS-5500 (Vision
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Scientific Company, Bucheon, Korea). Similarly, a dense culture
(2000 cells ml™) of G. smaydae growing on H. rotundata (HRSH1201)
was transferred to a 2-liter polycarbonate (PC) bottle containing
dense prey (~60,000 cells ml™"). After prey cells were undetectable
(3 days after inoculation), G. smaydae cells were maintained without
added prey cells for 3 days. For harvesting cells, 1.8 liter of aliquot
containing approximately 4 x 107 cells was taken from the PC bottle
and then centrifuged for 10 min at 1000g.

A dense culture (~3000 cells ml™") of P. shiwhaense growing on
Amphidinium carterae (SIO PY-1) was distributed to an 800-ml culture
flask containing dense prey (~5000 cells mI™). After prey cells were
undetectable (2 days after inoculation), P. shiwhaense cells were
maintained without added prey cells for 18 days. For harvesting
cells, 800 ml of aliquot containing approximately 5 x 10° cells was
taken from the culture flask and then centrifuged for 10 min at 1000g.
Moreover, a dense culture (~3000 cells ml™") of B. cincta growing on
the raphidophyte Heterosigma akashiwo (HAKS9905) was transferred
to a 2-liter PC bottle containing dense prey (~25,000 cells ml™").
After a prey cell was undetected in the ambient waters (4 days after
inoculation), B. cincta cells were maintained without added prey
cells for 3 days. For harvesting cells, 1.8 liter of aliquot containing
approximately 2 x 107 cells was taken from the PC bottle and then
centrifuged for 10 min at 1000g.

A dense culture of B. adriatica growing autotrophically (~5000 cells ml ")
was distributed to a 2-liter PC bottle containing an autoclaved f/2-Si
medium (25). For harvesting cells, 500 ml of aliquot containing
approximately 5 x 10 cells in its exponential phase (10 days after
inoculation) was taken from the PC bottle and then centrifuged for
10 min at 1000g. Similarly, a dense culture (~10,000 cells ml™") of
H. rotundata growing autotrophically was transferred to an 800-ml
culture flask containing an autoclaved {/2-Si medium. Five hundred
milliliters of aliquot containing approximately 1 x 10” cells in its
exponential phase (7 days after inoculation) was taken from the flask
and then centrifuged for 10 min at 1000g.

The pellets of the six dinoflagellate samples harvested were
immediately frozen with liquid nitrogen and stored at —80°C until
RNA extraction. Then, total RNA from each sample was extracted
according to the RNeasy Plant Mini Kit protocol (catalog no. 74903;
Qiagen, Germany) and treated with the RNase-Free DNase set
(catalog no. 79254) to remove any residual genomic DNA. The
complementary DNA (cDNA) libraries of G. smaydae, B. cincta,
and B. adriatica were sequenced using a HiSeq 2500 system (Illumina
Inc., San Diego, CA) by the National Instrumentation Center for
Environmental Management (Seoul, Korea). P. kofoidii, P. shiwhaense,
and H. rotundata were sequenced using a NovaSeq 6000 system (Illu-
mina Inc., San Diego, CA) by Macrogen (Seoul, Korea). Moreover,
the quality of the data used for each assembly was verified using FastQC
v.11.6 (26). Subsequently, the clean reads of each dinoflagellate species
were independently de novo assembled with Trinity software (27).
The transcriptomes of the six dinoflagellates analyzed in this study
were deposited in the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA accession numbers SRR11946747,
SRR11947552, SRR11994189, SRR11994191, SRR11994206, and
SRR12020522).

The data on the transcriptome assembly of the kleptoplastidic
dinoflagellate P. piscicida and mixotrophic dinoflagellates Y. yeosuensis
and Ansanella granifera were obtained from our previous studies
(28-30). Moreover, the transcriptomic sequences of the heterotrophic
dinoflagellates Oxyrrhis marina, Noctiluca scintillans, kleptoplastidic
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dinoflagellate D. acuminata, mixotrophic dinoflagellates Lingulodinium
polyedra, Gymnodinium catenatum, A. andersonii, Heterocapsa steinii,
and the autotrophic dinoflagellate Pelagodinium bei were obtained
from the Marine Microbial Eukaryote Transcriptome Sequencing
Project (table S6) (31, 32).

Gene identification

The presence or absence and transcript sequences of target genes
encoding for plastid-related proteins in these dinoflagellates was iden-
tified using a tBLASTn algorithm as implemented in CLC Genomic
Workbench ver. 10.0.1 (QIAGEN N.V. Venlo, the Netherlands). We
used a stringent E-value cutoff criterion of E-20. The amino acid
sequences of the previously well-identified plastid genes were used
as queries to perform tBLASTn searches (table S7). Among the plastid
genes belonging to photosystem I and photosystem II, only the genes
commonly identified on minicircles of dinoflagellates were analyzed
in this study (Fig. 2 and table S4) (33, 34). Regarding query sequences
of the psbI gene, however, identifying its orthologous genes of dino-
flagellates was impossible due to its small sequence size (approximately
35 to 38 amino acids). Moreover, the possible presence of prey-
originated plastid gene sequences in the transcriptome of G. smaydae
was further confirmed using the strict criteria of the BLASTn algo-
rithm (cutoff E-value <E-100 and identity >99%) against the tran-
scriptome of the prey H. rotundata. Similarly, the identified plastid
genes of the other dinoflagellates grown heterotrophically or klepto-
plastically also needed to be analyzed to determine whether they are
potentially evolutionarily remnant genes or just remained genes from
the prey materials. However, there have been no data about the clonal
strain of the prey transcriptomes, except for G. smaydae, and thus,
we carried out additional homology searches for these genes against
the NCBI nonredundant database. If the homology of the gene was
highly similar (i.e., cutoff E-value <E-100 and identity >95%) to that
of any species in the genus to which the prey species belongs, then
we considered this gene as a prey-originated gene and did not in-
clude it in the heatmap. Moreover, these relationships were further
validated on the basis of phylogenetic analysis (see the next section).
Phylogenetic analysis for gene validation

Some genes that were present in some dinoflagellates but absent in
others were aligned with multiple sequences by MEGA v.4 (35). The
alignments of the tBLASTn hits were manually inspected and curated
to remove problematic sequences (i.e., chimeric sequences and/or
contaminant sequences), and the ambiguously aligned sites were
further removed. In this study, the nucleotide sequence-based phylog-
enies were constructed to eliminate the possibility that fragmented
sequences of potential genes are filtered through the decoding pro-
cess. The phylogenetic analyses were performed under the GTR+G
model and inferred by Bayesian analysis using the MrBayes v.3.1
program (36). Bayesian analysis was sampled every 200 generations
and continued until the average SD of the split frequencies dropped
below 0.01. Moreover, it was confirmed that the analyses reached
statistical stationarity well before the burn-in period by plotting the
In-likelihood of the sampled trees against generation time.
Genomic DNA sequencing for gene validation

Since the coding region of plastid genes that we analyzed in this study
consisted of a single exon without internal introns, we confirmed
the presence of a few identified transcripts (i.e., cDNA of psaA and
psbB) by genomic DNA sequencing. Especially, since all the genes
in the photosystem identified from the transcriptome of G. smaydae
were identical to those of its prey H. rotundata (i.e., no possession
of its own genes), we confirmed whether these genes existed inside
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G. smaydae cells until the cells were almost dead (after 10-day star-
vation). Thus, we designed the universal polymerase chain reaction
(PCR) primers for partial sequences of psaA and psbB genes of the
dinoflagellate species listed in tables S8 to S10. To determine the
universal sequences, manual searches of the alignments were
conducted using the program MEGA v.4. The sequences for the
forward and reverse primers for psaA and psbB genes were selected
from the regions that are conserved from all the aligned dinoflagellate
species (table S10). The primer sequences were analyzed with Primer 3
(Whitehead Institute and Howard Hughes Medical Institute, MD)
and Oligo Calc: Oligonucleotide Properties Calculator (37) for op-
timal melting temperature and secondary structure.

For PCR amplification, the genomic DNAs of some target dino-
flagellate species (i.e., 2-day starved G. smaydae, 10-day starved
G. smaydae, 5-day starved Y. yeosuensis, and autotrophically grow-
ing A. carterae, H. rotundata, and G. catenatum) were extracted using
the AccuPrep Genomic DNA Extraction Kit (Bioneer, Daejeon, Korea),
according to the manufacturer’s instructions. The PCR conditions
were as follows: initial denaturation at 95°C for 2 min; followed by
35 cycles at 95°C for 20 s, an appropriate annealing temperature for
40 s, and 72°C for 1 min, with a final elongation step at 72°C for
5 min. The annealing temperature was adjusted for specific primer
sets according to the manufacturer’s instructions. The detailed
methods for PCR amplification, sequencing, and alignment were
according to the procedures used by Jang et al. (38). If the PCR
product mixed with 0.5 pl of goRed fluorescent reagent (Genepole,
Seoul, Korea) was not identified from the first amplification as checked
using gel electrophoresis, then the second DNA amplification using
the same primer sets was performed with the 1 pl of the first PCR
product as a template. As a result, the presence or absence of psaA
and psbB genes identified from transcriptomic data could be verified
by sequencing genomic DNA of partial 400 to 500 lengths of psaA
and psbB genes (table S5).

Data acquisition for the calculation of two mixotrophic
ability indices
We developed two new indices of mixotrophic ability of a mixo-
trophic dinoflagellate—predation contribution to total growth rate
(PredC™®) and the ratio of the number of edible prey taxa to that
of total tested prey taxa (RET"*Y). We selected mixotrophic dino-
flagellates of which both autotrophic (without added prey, GR*"')
and total or mixotrophic growth rates (with added prey, GRTt)
had been reported (table S11).

The PredC" " of a mixotrophic dinoflagellate under a given
prey concentration, temperature, and light condition was calculated
as follows

PredCTGR(%) _ (GRTotal _ GRAuto ) /GRTotal % 100

We did not calculate PredC™® when both GR™* and GRA""°
were negative. Furthermore, we gave the PredC™® value of 100%
when GR*"'® was zero or negative, whereas GR™® was positive. In
a rare case, GR™° was slightly greater than GR'*®, We gave the
PredC"® value of 0% in this case.

We calculated the ratio of the number of edible prey taxa to that
of total tested prey taxa (RET"*™Y) of a mixotrophic dinoflagellate
rather than the absolute number of edible prey because the prey
species for one mixotrophic dinoflagellate species were sometimes
different from those of the other mixotrophic dinoflagellate species
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in different literature. In this calculation, we included the mixotrophic
dinoflagellate species for which the number of total tested prey taxa
was >5 species. Engulfment-feeding mixotrophic dinoflagellates
usually do not feed on prey larger than themselves, and thus, we
excluded the prey species larger than themselves from the nominator
(i.e., total tested prey taxa) when the target mixotrophic dinoflagel-
lates were engulfment feeders.

Statistical analysis

The simple linear regression was used to examine relationships
between variables (i.e., PredC"}, RET?*Y, NoCountry®", GRM™,
and equivalent spherical diameter). All analyses were performed us-
ing SPSS ver. 25.0 (IBM-SPSS Inc., Armonk, NY). A 0.05 signifi-
cance criterion was chosen.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/2/eabe4214/DC1

View/request a protocol for this paper from Bio-protocol.
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