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Abstract Symbiosis with genetically diverse Symbio-

dinium has been shown to affect host coral physiological

responses to environmental stresses. Hong Kong, located in

a subtropical region, is a marginal environment for coral

growth largely due to its wide annual temperature fluctu-

ation with low mean winter sea water temperature

(*16 �C) and variable salinity conditions. The symbiont

diversity in Hong Kong corals is therefore worth investi-

gating to enrich our understanding on symbioses in mar-

ginal and fluctuating environments. Examination of 56

scleractinian coral species and five soft coral species using

denaturing gel gradient electrophoresis of the internal

transcribed spacer region 2 found only five distinct sub-

clades of Symbiodinium with C1 the dominant type

occurring in all but one scleractinian coral and all soft coral

species investigated. C15 and C21 Symbiodinium were

found in Porites spp. and Montipora peltiformis, respec-

tively, both of which are vertical transmitters. D8-12 was

found in Oulastrea crispata, a stress-tolerant species, and

D1 in a single sample of Goniastrea aspera. No spatial

differences in Symbiodinium composition were found

among different regions of Hong Kong. Seasonal

monitoring of tagged Platygyra acuta and Porites spp.

colonies also revealed no changes in their symbiont types

despite wide ranges of in situ temperature fluctuation.

Hong Kong scleractinian corals hosted a remarkably low

symbiont diversity compared with corals in the surrounding

regions. The predominance of a single subclade, C1 Sym-

biodinium, suggests that this subclade is best acclimatized

to local fluctuating conditions and/or low winter tempera-

ture. Forming symbiosis with the best acclimatized sym-

biont, instead of with a diverse group of symbionts with

different physiological performances, either sequentially or

simultaneously, may be a strategy used by Hong Kong

corals to cope with stressful conditions.

Keywords Corals � Symbiodinium � Symbiosis � Diversity �
Adaptive strategy

Introduction

The symbiosis between reef-building scleractinian corals

and single-celled dinoflagellates is key to the success of

coral reefs. These symbionts, Symbiodinium spp., are

genetically diverse. They are currently classified into nine

subgeneric clades, clades A to I, which can each be further

divided into multiple genetically diverge lineages called

subclades (Baker 2003; LaJeunesse et al. 2008; Pochon

and Gates 2010). This internal transcribed spacer 2-dena-

turing gradient gel electrophoresis (ITS2-DGGE) nomen-

clature of the symbiont ‘type’ is widely used and probably

represents distinct species based on genetic, biogeo-

graphical, ecological and physiological data (LaJeunesse

2001; Sampayo et al. 2009). Several of the subclades and

types of Symbiodinium have also been described as bino-

mial species (LaJeunesse et al. 2012, 2014; Jeong et al.
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2014), though these designations are yet to be widely

accepted.

Spatial differentiation in the global distribution of dif-

ferent clades and/or subclades of Symbiodinium spp. has

been reported. For example, clades A, B and/or F are more

common in high-latitude areas (Baker 2003; Thornhill

et al. 2008; Silverstein et al. 2011), while clade C is dis-

tributed more widely, but mainly dominates in low-latitude

tropical corals (Rodriguez-Lanetty et al. 2001; LaJeunesse

et al. 2008). In the Indo-Pacific region, clades C and D

have been reported as the dominant types of symbionts

(Baker 2003; LaJeunesse 2005).

Differences in physiological performance of various

clades and/or subclades are also well documented and may

be part of the reason for their spatial distribution patterns

(LaJeunesse et al. 2009; Mieog et al. 2009). For example,

clade D Symbiodinium is suggested to be stress tolerant and

has been commonly found in stressful environments with

high temperature and high salinity (Fabricius et al. 2004),

low light intensity (Ulstrup and van Oppen 2003) and

significant terrestrial impact (van Oppen et al. 2001). In

contrast, numerous members within clade C Symbiodinium

are reported to be more thermally sensitive (Rowan 2004),

but can contribute to higher host growth rate than within

clade D Symbiodinium (Mieog et al. 2009; Jones and

Berkelmans 2010). Experimental research has also shown

that certain types of Symbiodinium spp. are more tolerant to

one or a few stressors than others. For example, B2 Sym-

biodinium demonstrated quick and full recovery of PSII

photochemical efficiency after cold stress treatment, while

A3, B1 and C2 Symbiodinium failed to recover (Thornhill

et al. 2008).

Earlier studies suggested that most scleractinian corals

were specific in forming symbiosis, hosting only one type

of symbiont (Baker 2003; Goulet 2006). However, with the

development of advanced molecular techniques, an

increasing number of studies have reported that some

corals are able to host multiple clades or subclades of

Symbiodinium (polymorphic symbiosis) either sequentially

or simultaneously (Fay and Weber 2012). The capacity to

host multiple symbionts may be advantageous to corals as

it provides an opportunity for symbiont displacement,

through either switching or shuffling (Jones et al. 2008). By

changing symbiont types from one that is stress sensitive to

one that is more stress tolerant, coral hosts may be able to

survive the changing climate (Buddemeier and Fautin

1993). Yet the flexibility of corals is still likely to be

limited to a very specific pool of symbiont types among all

those that are available. On the other hand, harbouring a

low diversity of symbionts could also be beneficial to coral

hosts, as a mixture of different types of symbionts that are

not compatible may lead to competition and thus decreased

translocation of photosynthates to the hosts. This might

eventually lead to lowered resistance of the host to envi-

ronmental stresses (Frank 1996; Putnam et al. 2012).

Hong Kong (HK), located in the subtropics, is a mar-

ginal and stressful environment for coral growth (Ang

et al. 2005). The sea water temperature shows high sea-

sonal variability from as low as 13 �C in winter to close to

30 �C in summer. In the western region of HK, summer

salinity can be as low as 15 psu because of increased

discharge of freshwater from the Pearl River as well as

from heavy rainfall. Turbidity is generally high, especially

in the southern and western regions. Despite these stresses,

HK waters still support a high diversity of scleractinian

corals with at least 84 zooxanthellate scleractinian coral

species forming non-reefal coral communities (Ang et al.

2003). Marginal non-reefal coral communities are poten-

tial refugia for future coral growth and survival in response

to climate change (Precht and Aronson 2004; Greenstein

and Pandolfi 2008). Unique adaptive genetic and pheno-

typic traits have also often been reported in organisms in

marginal areas (Kawecki 2008; Budd and Pandolfi 2010).

Therefore, this study aimed at investigating the symbiotic

patterns of HK scleractinian corals and to compare them

with those of other regions. Supplementary information on

another zooxanthellate cnidarian taxon, octocorals, was

also obtained. Given the heterogeneity of environmental

conditions, with the presence of significant spatial salinity

and turbidity gradients within a short distance and annual

temporal variation of temperature (Yeung et al. 2014), it

was hypothesized that there should also be spatial and

temporal diversity of symbiont types with a prevalence of

polymorphic symbioses in corals within HK, comparable

to that reported in other areas albeit across a larger spatial

scale (Rodriguez-Lanetty et al. 2001; Huang et al. 2011;

Silverstein et al. 2011). This study also provides the

baseline information that could be used for future assess-

ment of changes in the pattern of symbiosis in a marginal

environment under the threat of global climate change.

Materials and methods

Sample collection

Scleractinian coral and octocoral samples were collected

haphazardly by SCUBA diving. Host coral species were

identified in the field, and photographic records were taken

for later confirmation. Scleractinian coral samples were

collected at five sites in the north-eastern region, two sites

in the eastern and one site each in the southern and western

regions of HK, while octocoral samples were collected

from one site (Lan Kwo Shui) in the north-eastern region

(Fig. 1). Samples collected were preserved in 95% ethanol

at 4 �C until DNA extraction.
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Seasonal monitoring

To investigate the seasonal stability of symbiosis, 20

Platygyra acuta colonies (in Chek Chau) and 20 Porites

spp. colonies, mainly Porites lutea, (in Wu Pai) were

tagged in north-eastern HK (Fig. 1). Platygyra acuta and

Porites spp. are the most dominant local coral species;

Porites, in particular, is widely distributed in different

water regions. Samples were collected every 3 months in

January, April, July and October 2013. In situ temperature

data were recorded using temperature probes located at

each sampling site. Other environmental parameters of

each site, e.g. salinity and turbidity, were obtained from the

HK Environmental Protection Department (HKEPD).

DNA extraction and amplification

The salting-out method (Ferrara et al. 2006) was used to

extract total genomic DNA of coral host and Symbiodinium.

Small fragments of coral tissue were immersed overnight in

200 lL lysis buffer with 5 lL proteinase K (20 mg mL-1)

at 60 �C. An equal amount of NaCl (7 M) was then added.

The solution was subsequently transferred to a column tube

inserted in a collection tube. After centrifugation (8000 rpm,

1 min), the filtrate was discarded and 500 lL of 70% EtOH

was then added, followed by another centrifugation

(8000 rpm, 5 min). The column tube was later transferred to

a new 1.5-mL tube and dried at 37 �C for 15 min. Finally,

50 lL TE buffer was added, followed by centrifugation

(13,000 rpm, 3 min) to elute the DNA.

Symbiodinium spp. internal transcribed spacer 2 (ITS2)

region was obtained by PCR amplification using a host-

excluding primer pair ITS2clamp and ITSintfor2 (LaJe-

unesse and Trench 2000) with a touchdown thermal cycle:

initial denaturation period at 94 �C (3 min); 20 cycles at

94 �C (30 s), annealing from 62 �C (20 s) to final anneal-

ing temperature of 50 �C by decrements of 0.5 �C per

cycle and 72 �C (45 s); 20 cycles at 94 �C (30 s), 52 �C
(45 s), 72 �C (45 s); one cycle of extension at 72 �C
(10 min). PCR was run on a C1000 thermal cycler (Bio-

Rad, CA, USA). Dilution was performed on some DNA

samples to obtain PCR products with high yield.

Denaturing gel gradient electrophoresis of ITS2

region and sequencing

PCR products with satisfactory yield were loaded on

acrylamide denaturing gradient gel (45–80%) at 115 V for

East Dam

Kui Tsui Chau

Gruff Head

Kat O Wu Pai

Lan Kwo Shui

Chi Ma Wan

Kat Tsai Wan

Wong Wan Chau

Chek Chau

Fig. 1 Map of Hong Kong showing the locations of sampling sites. North-eastern sites: Kat O, Wu Pai, Wong Wan Chau, Chek Chau, Gruff

Head, Lan Kwo Shui; eastern sites: East Dam, Kui Tsui Chau; southern site: Kat Tsai Wan; western site: Chi Ma Wan
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15 h using a CBS Scientific System (Del Mar, CA, USA).

Marker DNAs with known subclade identity were loaded

together with DNA samples for comparison. Gel was stained

with SYBE Gold nucleic acid stain (Molecular Probes,

Eugene, OR, USA) for 20 min and photographed for further

analysis. Prominent bands characteristic of each ITS2-

DGGE fingerprint were excised, eluted overnight in ddH2O,

re-amplified using primer pair ITS2 (without GC-rich

clamp) and ITSintfor2 (LaJeunesse 2002) and then directly

sequenced. PCR artifacts or the formation of heteroduplexes

were discriminated from occurrence of co-dominant sym-

bionts by intensive re-sequencing of co-occurring bands.

DNA sequences were then inspected and assembled using

Geneious Pro 6.0.6 and identified using BLAST in Gen-

Bank. Sequences have been deposited in GenBank (acces-

sion numbers KU841773–KU842043; Table 1).

Data analyses, comparative study and statistical

analyses

To observe any spatial difference within the symbiont

community of HK, symbiont diversity in corals from the

four regions of HK waters (north-eastern, eastern, southern

and western; Fig. 1), which have distinct water qualities

(Yeung et al. 2014), was compared in terms of the pro-

portion of species hosting C1 symbionts versus those

hosting non-C1 symbionts using Pearson’s Chi-square test

(SPSS 22) (see Electronic Supplementary Material, ESM,

Table S1 for details of samples).

Symbiont diversity of corals in HK was also compared

with other sites worldwide. Studies that investigated sym-

biont diversity over a wider range of host coral species,

rather than on one or a few species, were examined from

published literature. For direct comparison, only studies

using ITS markers and mainly DGGE analysis, which thus

detect symbiont types with similar resolution, were chosen

(see details in ESM Table S2). Other studies applying

alternative symbiont identification techniques such as

restriction length fragment polymorphism (RFLP) analysis,

cloning and pyrosequencing were not included. The ratio-

nale for this is that thus far, studies employing ITS-DGGE

analysis provide the most extensive set of data from the

greatest number of species in a large number of study sites

around the world.

The number of coral host species examined and sym-

biont types detected from them were extracted from the

chosen studies to calculate the average number of sym-

bionts detected per host species and genus. This gives a

normalized estimate of symbiont diversity, addressing

differences in sampling intensity among studies. Regres-

sion analysis (SPSS 22) was also used to test for any

relationships between the number of host species examined

and the number of symbiont types detected. Both linear and

nonlinear relationships were evaluated to find the best-fit

regression line, which was set to pass through the origin

(0,0) to fulfil the assumption that no symbiont types should

be detected when no host was examined.

As different coral communities can have very different

coral species composition, a further comparison was made

using only sites that shared at least five common coral

species with HK. Only those shared coral species and their

respective symbionts were included in a direct comparison.

Relative Symbiodinium diversity was calculated for each site

by dividing the number of symbionts detected among those

shared coral species. The relative Symbiodinium diversity of

each site was then compared individually with that of HK,

with HK diversity set as 1. Further examination of the

number of coral species that showed polymorphic symbiosis

was also carried out among these sites. Relative occurrence

of polymorphic symbiosis in each site was calculated as the

difference in percentage of shared coral species that hosted

multiple symbionts compared with corals in HK.

Results

Symbiodinium diversity of HK scleractinian corals

Symbiodinium diversity was determined in 306 samples

collected from 56 host scleractinian coral species repre-

senting 23 genera (Table 1). Detailed information on the

specimens collected is listed in ESM Table S1. Five dis-

tinct Symbiodinium ITS2 types—C1 (=Symbiodinium

goreaui), C15, C21, D1 (=S. glynni) and D8-12 (=S.

eurythalpos)—were characterized by PCR-DGGE ITS2

fingerprinting and subsequent sequencing (Fig. 2). C1

Symbiodinium was found in all but one sampled coral

species. C15 was only harboured by three Porites spp.:

Porites aranetai, P. lobata and P. lutea. C21 was hosted by

Montipora peltiformis. D1 was found only in one of the

samples of Goniastrea aspera. D8-12 was found only in

Oulastrea crispata. There was no significant difference in

Symbiodinium diversity among scleractinian corals from

the four sampling regions within HK (Pearson’s

v2 = 1.988, df = 3, p = 0.653).

Symbiodinium diversity in HK octocorals

All zooxanthellate octocoral species recorded in HK are

soft corals (eight species) (Ang et al. 2011). Symbiodinium

diversity was determined in three samples of each of five

host soft coral species: Cladiella sp., Lobophytum sp.,

Sarcophyton tumulosum, Sansibia sp. and Sinularia bras-

sica. Symbiodinium ITS2 type C1 was the only symbiont

type detected (GenBank accession numbers KU842024–

KU842043).
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Flexibility of HK scleractinian corals-Symbiodinium

symbioses

The vast majority of scleractinian coral species examined

had only one clade (96.4%, n = 54 of 56) and subclade

(91.1%, n = 51 of 56; either C1 (n = 50) or C21 (n = 1))

(Table 1). Only five coral species—P. aranetai, P. lobata,

P. lutea, G. aspera and O. crispata—hosted multiple

subclades. The three Porites spp. hosted mainly C15, while

C1 was occasionally found in trace amounts simultane-

ously with C15 or as the only symbiont type. All G. aspera

colonies hosted C1, but D1 was also found in a single

colony together with C1. Eight of 11 O. crispata samples

hosted both C1 and D8-12 simultaneously, and the

remaining three samples hosted only C1.

Seasonal monitoring of Symbiodinium types

of Platygyra acuta and Porites spp.

Tagged colonies of P. acuta hosted C1 Symbiodinium,

while Porites spp. hosted C15 Symbiodinium throughout

the sampling period without temporal change in symbiont

types, despite a large temperature fluctuation during this

period, from 16.7 to 30.1 �C in Chek Chau and 16.4 to

30.4 �C in Wu Pai. Salinity in the monitoring stations

nearest to Chek Chau and Wu Pai varied from 30.1 to

32.8 psu and 29.5 to 32.7 psu, respectively, while turbidity

ranged from 0.3 to 17.4 NTU and 0.8 to 6.8 NTU,

respectively (EPD-HKSAR 2013).

Comparative studies of dominant Symbiodinium spp.

in scleractinian corals from other sites

The predominance of clade C Symbiodinium in HK scler-

actinian corals is consistent with the pattern reported in the

Indo-Pacific region, in which subclades C1 and C3 are

most commonly found (Table 2). C1, dominating 98.2% of

coral species examined in HK (both exclusively or with

other subclades), also dominates the coral communities in

Xuwen of Guangdong Province in northern South China

Sea (76.0%) (Liu et al. 2012), New Zealand (66.7%)

(Wicks et al. 2010) and Johnston Atoll of the eastern

Pacific Ocean (66.7%) (Stat et al. 2009). It shares domi-

nance with C3 in Okinawa and C3h in the central Great

Barrier Reef (LaJeunesse et al. 2004b). Apart from Oki-

nawa, C3 is also dominant in other Pacific Ocean regions

including Sanya of Hainan Island in the South China Sea

(50.0%) (Zhou and Huang 2011), southern Great Barrier

Reef (57.5%) (LaJeunesse et al. 2003) and eastern Aus-

tralia (41.7%) (Wicks et al. 2010), but is absent in HK

corals. In contrast, Symbiodinium dominance is more

complex in the Indian Ocean, with Al, C1, C3, C3u, C40,

D1 and D1a dominating or being found in more than half of

the coral species in various regions (Table 2). In the

Atlantic Ocean, clades A and B are more commonly

detected and B1 is reported as the dominant subclade,

while C1 and C3 also contribute to a high proportion of

symbiosis in the Bahamas, Mexico (LaJeunesse 2002),

Barbados and Belize (Finney et al. 2010) in the Caribbean

Sea.

Clade D Symbiodinium was also found in HK sclerac-

tinian corals but only in two species, G. aspera and O.

crispata. Oulastrea crispata has been reported to form

symbiosis with clade D Symbiodinium in various regions of

the Pacific Ocean (Lien et al. 2013b). Yet clade C could

also be detected in all the O. crispata samples collected in

HK and three samples examined even hosted only clade C

but no clade D symbionts. Goniastrea aspera has also been

reported to host clade D in Nansha, South China Sea

(Huang et al. 2006), Thailand (LaJeunesse et al. 2010) and

C21 

C15

Fig. 2 ITS2-DGGE fingerprint

of Symbiodinium showing

representative bands of

subclades C1, C15, C21, D1 and

D8-12 (open triangles). Bands

indicated in arrows are due to

PCR artifacts or heteroduplex

formation verified by

subsequent sequencing
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Western Australia (Silverstein et al. 2011). However, only

one of eight colonies examined in HK hosted clade D

together with clade C, suggesting that clade D is not the

predominant type of symbiont harboured by this coral

species locally.

The Symbiodinium diversity of corals in HK, as repre-

sented by the number of symbionts detected per host coral

species/genus, is one of the lowest in the world (Fig. 3). A

significant logarithmic relationship (R2 = 0.883,

F(1,19) = 143.561, p\ 0.001) was found between the

number of symbiont types detected and the number of hosts

examined (Fig. 4). Based on this model y ¼ 4:881 ln xð Þ,
with 56 host species examined, HK is predicted to have

19.65 types of symbionts detected. However, only five

symbiont types were actually detected, suggesting that HK

corals have a relatively low symbiont diversity compared

with the global pattern.

Moreover, Symbiodinium diversity at all sites was

greater than 1 relative to HK (Table 3), indicating that

there are more diverse symbiont communities at all other

sites relative to HK. All sites with shared coral species with

HK, except Sanya and the southern Great Barrier Reef, had

positive values of relative occurrence of polymorphic

symbiosis (Table 3), indicating that these sites have a

higher proportion of coral species hosting multiple sym-

bionts than HK.

Discussion

Many of the 84 species of zooxanthellate scleractinian

corals recorded in HK are locally rare or uncommon (Ang

et al. 2003). Hence, only 56 of these species (67%) were

collected, and these represent the most commonly found

scleractinian coral species in HK waters. Of the 67 octo-

corals recorded in HK, only soft corals (eight out of 29

species) have been recorded to host Symbiodinium (Ang

et al. 2011). The five soft coral species in five genera

collected represent the most commonly found zooxanthel-

late soft coral species in HK waters.

Table 2 Dominant types of Symbiodinium spp. found in Hong Kong (this study) and other sites around the world

Sitea Most dominant %b Second most

dominant

%b Third most dominant %b

Pacific Ocean

Hong Kong (56) C1 98.2 C15 5.4 C21, D1, D8-12 1.8

Xuwen1 (25) C1 76.0 C15 36.0

Johnston Atoll10 (12) C1 66.7 C3 50.0 C1ca, C21, C3.2, C45 33.3

New Zealand9 (3) C1 66.7 C1z, C22a, C3w 33.3

Jeju Island, Korea16 (5) C1 28.6 C17, C3, D15, F-Ajap 14.3

Okinawa3 (66) C1, C3 30.3 C21a 16.7 C27 9.1

Sanya2 (44) C3 50.0 C1 15.9 C21a 11.4

Eastern Australia7 (12) C3 41.7 C1 25.0 C100, C102, C1c, C3w 16.7

Southern Great Barrier Reef6 (73) C3 57.5 C1 12.3 C21 11.0

Central Great Barrier Reef5 (124) C1, C3h 30.6 C3 29.0 C3k 8.9

Hawaii4 (23) C1f 21.7 C15 17.4 C1 13.0

Gulf of California8 (11) C1b-c, C1f, D1 36.4 C1c 18.2 C1, C66, C66a, C66b, C75 9.1

Indian Ocean

Chagos Archipelago17 (12) C1 100.0 C1c 42.9 A1, C3i, C3z 28.6

Abu Dhabi14 (7) C3 100.0 A1 57.1 C15, C21, C36 14.3

Thailand (Andaman Sea)12(141) C3u 60.3 D1-4 31.9 C101 19.1

Tanzania (Zanzibar)13 (110) C3u 50.9 C3z 12.7 D1-4 9.1

Western Australia11 (19) C40, D1a 31.6 C1 15.8 B18, C7d 10.5

Atlantic Ocean

Bahamas, Caribbean21 (16) B1 25.0 A3 18.8 C3, C12, D1a 12.5

Mexico, Caribbean18 (34) B1 35.3 C1 17.7 C3a 14.7

Barbados, Caribbean19 (31) B1 48.4 C3 38.7 D1a 22.6

Belize, Caribbean20 (36) B1 30.6 C3 16.7 C1, D1a 11.1

References for sites, indicated as number in superscript, are given in Table 1 and Fig. 3
a Number in brackets indicates the number of host coral species investigated
b Percentage occurrence as calculated by the percentage of coral host species that hosted the listed type of Symbiodinium
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Spatial homogeneity and temporal stability

of scleractinian coral symbioses in HK

Different regions of HK have been recognized as distinct

water quality zones based on differences in their water

qualities (Yeung et al. 2014). Southern and western regions

are characterized by seasonal low salinity and high turbidity

due to high levels of sedimentation, in contrast to north-

eastern and eastern regions. Despite these differences, dis-

tinct spatial Symbiodinium subclade variability was not

detected among corals collected from these regions,

including those from the same coral species (Table 1).

The two continuously monitored coral taxa, Platygyra

acuta (in Chek Chau) and Porites spp. (in Wu Pai), are

locally dominant and exhibit different symbiont trans-

mission modes, with Platygyra acuta a horizontal trans-

mitter and Porites spp. a vertical transmitter. Moreover,

Platygyra acuta colonies seldom bleach while Porites

spp. bleach during winter and normally recover in late

spring and summer in HK (Choi 2002; Choi 2003).

Change in symbiont types may occur after bleaching but

not always (Chen et al. 2005; Hsu et al. 2012), and thus

monitoring of both bleaching and non-bleaching colonies

is equally important. Yet throughout the sampling period,

despite a *14 �C change in in situ sea water tempera-

ture, no change in symbiont types was observed in either

coral taxon (one bleached and one did not bleach). Fur-

thermore, for other local coral species that were repeat-

edly sampled in different seasons (ESM Table S1), e.g.

Pavona decussata, Plesiastrea versipora and Platygyra

Fig. 4 Logarithmic relationship between the number of symbiont

types detected and the number of coral host species examined in

different sites globally. The low diversity of symbiont types actually

detected in HK corals (solid star) is well below that predicted (open

star) from this global pattern

Fig. 3 Symbiont diversity of scleractinian corals in HK (this study)

and in other regions as represented by number of Symbiodinium types

detected per host coral species/genus. Numbers on top of each bar

indicate the number of coral species investigated at each site. Note

that different coral species may have been examined in different sites.

HK: Hong Kong; XW: Xuwen of Guangdong Province1; cGBR:

central Great Barrier Reef5; sGBR: southern Great Barrier Reef6; TL:

Thailand12; ON: Okinawa3; SY: Sanya of Hainan Island2; TZ:

Tanzania13; JP: temperate Japan15 (Lien et al. 2013a); MC: Mexico,

Caribbean18 (LaJeunesse 2002); HW: Hawaii4; BeC: Barbados,

eastern Caribbean19 (Finney et al. 2010); AD: Abu Dhabi, Persian

Gulf14; BwC: Belize, western Caribbean20 (Finney et al. 2010); GC:

Gulf of California8; BC: Bahamas, Caribbean21 (LaJeunesse 2002);

JI: Jeju Island16; EA: eastern Australia7; WA: western Australia11;

NZ: New Zealand9;; CA: Chagos Archipelago17 (Yang et al. 2012).

References for sites indicated only by numbers in superscript are

given in Table 1
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carnosus, temporal stability was also observed. It is thus

likely that HK corals have very stable relationships with

their symbionts both spatially and temporally. Never-

theless, more extensive investigation on more local coral

taxa, especially those hosting different symbiont types,

such as O. crispata (C1 and D8-12), M. peltiformis (C21)

and G. aspera (C1 and D1), is still needed, as there may

be species-specific differences in temporal flexibility of

their relationships with the symbionts (Putnam et al.

2012). Furthermore, a change in dominant symbiont

types could occur over a longer period of time (Edmunds

et al. 2014). Continuous monitoring over a longer period

should be put in place to capture any longer-term vari-

ability, especially with respect to extreme events that do

not occur regularly.

Flexibility of HK scleractinian corals-Symbiodinium

symbioses

Flexibility/specificity of coral symbiosis is a continuous

variable (Baker 2003). Flexibility is suggested to be

advantageous as it may provide an opportunity for hosts to

choose among physiologically different symbionts in

response to a changing environment, such as shifting to

thermal-tolerant symbionts during a thermal-related

bleaching event (Baker 2003; Jones et al. 2008; LaJeunesse

et al. 2009). Yet the flexibility/specificity of many host

species is still unclear and may vary spatially and tempo-

rally. Based on the ITS2-DGGE results, most HK corals

engage in symbiosis with only one or a few symbiont

subclades. However, symbiont types representing\5–10%

of the total symbiont community are likely to be unde-

tectable by the conventional PCR-DGGE method, and the

actual detection limit varies for different symbiont types

(Thornhill et al. 2006b; LaJeunesse et al. 2008). Therefore,

clades/subclades with density lower than the detection limit

of ITS2-DGGE analyses might be overlooked. With the

increased sensitivity provided by advanced techniques such

as Symbiodinium amplicon pyrosequencing, a higher

diversity of symbionts may be discovered (Arif et al. 2014;

Thomas et al. 2014).

Despite the possibility that DGGE analyses may miss

some background symbiont types, comparison of the

number of host species showing polymorphic symbiosis

between HK and other studies (Table 3) was made from

data taken from studies that also applied the ITS2-DGGE

technique with a similar detection limit (ESM Table S2) for

comparable results. HK stands out as having a compara-

tively low proportion of coral species hosting multiple

symbionts. Furthermore, some coral species found in HK

hosted different Symbiodinium types in other regions

(Table 1), suggesting that they have potential to host

multiple symbionts.

Diversity of Symbiodinium in HK soft corals

Symbiodinium ITS2 type C1 was the only symbiont type

detected in the five soft corals investigated. This predom-

inance of clade C Symbiodinium is consistent with that

reported globally; 23 soft coral species from six geo-

graphical locations all hosted clade C Symbiodinium, and

two species also hosted clade D Symbiodinium (Goulet

et al. 2008). Many C-type Symbiodinium have been

reported in Indo-west Pacific soft corals, with some types

(C3j, C71a) found exclusively in soft coral species but not

in other octocorals. These novel types of Symbiodinium

were not detected in the present study. Nevertheless,

greater symbiont diversity may be revealed in soft corals

by using more sensitive detection methods.

Low symbiont diversity in HK scleractinian corals

Only five distinct ITS2 Symbiodinium types were detected

from the 306 samples of 56 scleractinian coral species in

23 genera examined in the present study. This is far below

what would be expected based on the established global

relationship between the number of symbiont types

detected and the number of host coral species examined

(Fig. 4). This low diversity of symbionts was further

skewed by the dominance of a single C1 subclade which

was the only symbiont type harboured by 89.3% of HK

scleractinian coral species examined. Many of these coral

species hosted symbiont types other than C1 elsewhere in

the world (Table 1). For example, Hydnophora exesa

hosted C21a and C27 in Okinawa, C3 and C3h on the

Great Barrier Reef (LaJeunesse et al. 2004b), C3u and C15

in Thailand and C3 and C3u in Tanzania (LaJeunesse et al.

2010). In contrast, such flexibility was not observed in HK.

Given the known detection limit of DGGE, it is possible

that more symbiont types could be found if more sensitive

detection methods were applied. However, most studies

mentioned above also employed a similar DGGE tech-

nique and were able to detect different Symbiodinium

subclades. Therefore, failure to find other subclades of

symbiont in HK corals is likely to reflect comparatively

low symbiont variability in these corals, rather than limi-

tations in the technique employed.

Some suggestions have been put forward to explain the

higher symbiont diversity found in certain regions. For

example, the Caribbean regions (MC-Mexico and BC-Ba-

hamas in Fig. 3) harbour a diverse pool of Symbiodinium,

including clades A, B, C and D, and hence provide more

subclades from these lineages (LaJeunesse 2002). Remote,

isolated Western Australia (WA in Fig. 3) harboured

diverse and novel Symbiodinium communities (Silverstein

et al. 2011). Silverstein et al. (2011) suggested several

possible reasons for this, including variable environmental
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histories, relative isolation of the sites and frequent trans-

port of symbionts from Indo-Malay reefs nearby. Wicks

et al. (2010) also attributed the high diversity of symbionts

in high-latitude Australia and New Zealand to the locally

challenging and highly fluctuating environmental condi-

tions. In contrast, while it is common that one or a few

generalist symbionts dominate coral communities in Indo-

Pacific regions, the symbiont diversity in HK revealed in

the present study is still relatively low even compared with

sites in the nearby Indo-Pacific region. Thus far, no

hypothesis has been put forward to explain such low

diversity.

Prevalent stability of coral–Symbiodinium symbiosis has

been shown in some DGGE-based seasonal monitoring

studies (Thornhill et al. 2006a, b). Goulet (2006) analysed

43 studies of 442 coral species and suggested that most

corals do not change their symbionts. Yet several cases of

seasonal change in symbiont type, probably in response to

temperature and/or irradiance variation, were reported by

Chen et al. (2005) and Hsu et al. (2012), suggesting that

one-time sampling may fail to detect some symbiont types.

In the present study, monitoring of locally dominant spe-

cies over a year as well as comparison between host

samples collected in different seasons (ESM Table S1)

showed no seasonal change in symbiont types, suggesting

temporally stable symbiosis. Moreover, comparison of

symbiont diversity in different regions within HK waters

revealed no significant spatial differentiation. Furthermore,

an earlier study of Platygyra acuta showed a consistent

association of this locally dominant coral species in HK

with Symbiodinium C1, irrespective of the locations within

individual colonies (top vs. basal regions) and despite the

presence of a significant gradient of photosynthetic activity

along the surface of the colonies (Tsang 2010). Hence,

neither temporal nor spatial factors are likely to be masking

HK symbiont diversity.

Symbiont diversity may be affected by mode of sym-

biont transmission, either horizontal or vertical. LaJeunesse

et al. (2004a) indicated that the high symbiont diversity in

Hawaii was due to the dominance of vertically transmitting

host taxa. Meta-analysis of a global dataset of coral–Sym-

biodinium interaction records in tropical Indo-Pacific and

Atlantic Oceans from 1991 to 2010 (Fabina et al. 2012)

showed a strong correlation between symbiont specificity

and symbiont transmission mode, with more symbiont

types in vertically transmitting corals. In contrast, van

Oppen (2004) found that mode of symbiont transmission

did not affect symbiont diversity in two acroporid genera.

Among 41 of the HK coral species examined with known

spawning behaviours (Table 1), 90.2% are broadcast

spawning corals, 2.4% are brooding corals and 7.3%

exhibit both spawning behaviours. For those (n = 28)

whose mode of symbiont transmission has been recorded

elsewhere (Table 1), 82.1% are horizontal transmitters,

14.3% are vertical transmitters and 3.6% exhibit both

transmission modes (Table 1). Corals that are horizontal

transmitters share the same environmental source of sym-

bionts. They therefore often have a lower number of

symbiont types than the vertical transmitters (Fabina et al.

2012). The dominance of HK coral communities by

broadcast spawning corals and/or horizontal transmitters of

symbionts may contribute to the low diversity of symbiont

types. All local horizontal transmitters hosted only a gen-

eralist symbiont, C1 Symbiodinium (n = 23). For the few

species that exhibit vertical or mixed modes of transmis-

sion, more specific symbionts were found (e.g. C21 in

M. peltiformis and C15 in Porites spp.). Coexistence of

clades C and D Symbiodinium was only found in two

species, G. aspera and O. crispata, which transmit sym-

bionts both horizontally and vertically. However, the pat-

tern is not always consistent, as Stylocoeniella guentheri, a

vertical transmitter, also hosted only C1 symbionts. This

suggests that the mode of symbiont transmission may only

partly explain the patterns of local symbiont diversity

observed.

High symbiont specificity as a strategy for symbiont

adaptation and interaction in HK corals

Unique adaptive traits are often reported in marginal areas

(Kawecki 2008; Budd and Pandolfi 2010). The fluctuating

and stressful environment for corals suggests that HK

corals should host more stress-tolerant symbiont types

such as members of clade D Symbiodinium, unique and

novel types of symbionts, and/or a diverse pool of dif-

ferent symbiont types. However, the diversity of symbi-

otic Symbiodinium spp. forming symbiosis with both

scleractinian and soft corals in HK is apparently low with

only five ITS2 types detected and dominated by symbiont

type C1. This symbiosis is highly specific and stable both

spatially and temporally, in contrast to those found in

other neighbouring sites. The low diversity and high

specificity of HK symbiotic Symbiodinium may provide a

different perspective on, and insight into, coral–symbiont

interactions.

C1 Symbiodinium is an ancestral type of symbiont that is

commonly found in both Indo-Pacific and Atlantic-Car-

ibbean corals (LaJeunesse 2005). It is more thermally

sensitive than other symbiont types found in HK (i.e. C15,

C21, D1 and D8-12; LaJeunesse et al. 2003; Stat and Gates

2011). Yet the summer sea surface temperature in HK may

not have been sufficiently high (B31 �C) to reach the upper

thermal limit of C1 Symbiodinium or to provide a com-

petitive advantage to other more thermally tolerant sym-

biont types. On the other hand, the continuous dominance

of C1 Symbiodinium even in winter at temperatures as low
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as 13 �C suggests that this type of symbiont is acclima-

tized to a wide local temperature range and possibly to

other local stressors such as varying salinity and high

turbidity. Reimer et al. (2006) also suggested that C1 may

be a ‘generalist’ since it lives in a variety of environments

over a wide latitudinal range. The presence of C1 in high

latitudes such as Southern Japan (Reimer et al. 2006) and

Jeju Island in South Korea (De Palmas et al. 2015) pro-

vides further support that C1 is highly tolerant to low

temperature. Howells et al. (2012) demonstrated divergent

thermal tolerance in C1 Symbiodinium types occurring in

two different thermal environments, suggesting that Sym-

biodinium types can adapt to local differences in physical

environment. Pettay and LaJeunesse (2013) also showed a

strong differentiation between subtropical and tropical

populations of D1 Symbiodinium corresponding with

fluctuating environmental conditions, suggesting the pos-

sibility for the same Symbiodinium type to adapt to dif-

ferent local environments. The ‘environmental generalist’

nature of C1 may make it the best candidate for coral

symbiosis under the stressful and fluctuating environ-

mental conditions in HK. Thus, forming symbiosis with

the best acclimatized symbiont, instead of with a diverse

group of symbionts with different physiological perfor-

mance, may be a strategy exhibited by HK corals to cope

with stressful conditions. This strategy may prove to be

most cost-effective without the risk of failure to re-

establish a new interaction with a new symbiont type in

each change in environmental conditions nor to bear the

cost arising from competition between different types of

symbionts occurring in polymorphic symbiosis (Frank

1996; Putnam et al. 2012). To what extent HK corals retain

their ability to change their symbiotic partners in the event

of further climate changes remains to be investigated.

Nonetheless, keeping a low Symbiodinium diversity with

the best acclimatized Symbiodinium type, an environ-

mental generalist C1 symbiont type in the present case,

may turn out to be an effective strategy for corals coping

with an uncertain world.

Acknowledgments The study was partly supported by HK Research

Grant Council GRF no. 460013 and CUHK Research Committee

Group Research Scheme. We thank Dr. Chaolun Allen Chen of

Biodiversity Research Center, Academia Sinica, Taiwan, for hosting

TY Ng during a visit to learn the DGGE techniques. We also thank

YH Yung, KH Chan and HB Yeung for logistic supports and PY Chui

and RHL Tsang for serving as dive buddies during sample collections.

References

Arif C, Daniels C, Bayer T, Banguera-Hinestroza E, Barbrook A,

Howe CJ, LaJeunesse TC, Voolstra CR (2014) Assessing

Symbiodinium diversity in scleractinian corals via next-

generation sequencing-based genotyping of the ITS2 rDNA

region. Mol Ecol 23:4418–4433

Ang PO, McCorry D, Choi LS (2003) Establishing a reference

collection and field guides for Hong Kong scleractinian coral.

Final report submitted to Agriculture, Fisheries and Conserva-

tion Department, Hong Kong Special Administrative Region

Government

Ang PO, Yeung CW, Lee MW, Fung HL, Lau PL (2011) Provision of

services on reference collection and study on octocorals and

black corals in Hong Kong waters. Additional works. Final

report submitted to Agriculture, Fisheries and Conservation

Department, Hong Kong Special Administrative Region

Government

Ang PO, Choi LS, Choi MM, Cornish A, Fung HL, Lee MW, Lin TP,

Ma WC, Tam MC, Wong SY (2005) Hong Kong. Status of coral

reefs of the East Asian Seas region: 2004. Japan Wildlife

Research Centre, Ministry of Environment, Japan, pp 121–152

Baird AH, Guest JR, Willis BL (2009) Systematic and biogeograph-

ical patterns in the reproductive biology of scleractinian corals.

Annu Rev Ecol Evol Syst 40:551–571

Baker AC (2003) Flexibility and specificity in coral–algal symbiosis:

diversity, ecology, and biogeography of Symbiodinium. Annu

Rev Ecol Evol Syst 34:661–689

Budd AF, Pandolfi JM (2010) Evolutionary novelty is concentrated at

the edge of coral species distributions. Science 328:1558–1561

Buddemeier RW, Fautin DG (1993) Coral bleaching as an adaptive

mechanism. Bioscience 43:320–326

Chen CA, Wang JT, Fang LS, Yang YW (2005) Fluctuating algal

symbiont communities in Acropora palifera (Scleractinia:

Acroporidae) from Taiwan. Mar Ecol Prog Ser 295:113–121

Choi LS (2003) Algal–coral interactions in Tung Ping Chau, Hong

Kong. M.Phil. thesis, The Chinese University of Hong Kong,

p 168

Choi MM (2002) Coral bleaching in Porites lobata and predation on

Acropora tumida by corallivorous gastropods in Tung Ping

Chau, Hong Kong. M.Phil. thesis, The Chinese University of

Hong Kong, p 236

De Palmas S, Denis V, Ribas-Deulofeu L, Loubeyres M, Woo S,

Hwang SJ, Song JI, Chen CA (2015) Symbiodinium spp.

associated with high-latitude scleractinian corals from Jeju

Island, South Korea. Coral Reefs 34:919–925

Edmunds PJ, Pochon X, Levitan DR, Yost DM, Belcaid M, Putnam

HM, Gates RD (2014) Long-term changes in Symbiodinium

communities in Orbicella annularis in St. John, US Virgin

Islands. Mar Ecol Prog Ser 504:129–144

EPD-HKSAR (2013) Annual marine water quality report in HK in

2013 Hong Kong Environmental Protection Department,

Government of the Hong Kong Special Administrative Region

[http://wqrc.epd.gov.hk/pdf/water-quality/annual-report/Marine

Report2013eng.pdf]

Fabina NS, Putnam HM, Franklin EC, Stat M, Gates RD (2012)

Transmission mode predicts specificity and interaction patterns

in coral-Symbiodinium networks. PLoS One 7:e44970

Fabricius KE, Mieog JC, Colin PL, Idip D, van Oppen MJH (2004)

Identity and diversity of coral endosymbionts (zooxanthellae)

from three Palauan reefs with contrasting bleaching, temperature

and shading histories. Mol Ecol 13:2445–2458

Fay SA, Weber MX (2012) The occurrence of mixed infections of

Symbiodinium (dinoflagellata) within individual hosts. J Phycol

48:1306–1316

Ferrara GB, Murgia B, Parodi AM, Valisano L, Cerrano C, Palmisano

G, Bavestrello G, Sara M (2006) The assessment of DNA from

marine organisms via a modified salting-out protocol. Cell Mol

Biol Lett 11:155–160

Finney JC, Pettay DT, Sampayo EM, Warner ME, Oxenford HA,

LaJeunesse TC (2010) The relative significance of host-habitat,

Coral Reefs (2016) 35:941–957 955

123

http://wqrc.epd.gov.hk/pdf/water-quality/annual-report/MarineReport2013eng.pdf
http://wqrc.epd.gov.hk/pdf/water-quality/annual-report/MarineReport2013eng.pdf


depth, and geography on the ecology, endemism, and speciation

of coral endosymbionts in the genus Symbiodinium. Microb Ecol

60:250–263

Frank SA (1996) Host–symbiont conflict over the mixing of

symbiotic lineages. Proc R Soc Lond B Biol Sci 1368:339–344

Goulet TL (2006) Most corals may not change their symbionts. Mar

Ecol Prog Ser 321:1–7

Goulet TL, Simmons C, Goulet D (2008) Worldwide biogeography of

Symbiodinium in tropical octocorals. Mar Ecol Prog Ser

355:45–58

Greenstein BJ, Pandolfi JM (2008) Escaping the heat: range shifts of

reef coral taxa in coastal Western Australia. Glob Chang Biol

14:513–528

Howells EJ, Beltran VH, Larsen NW, Bay LK, Willis BL, van Oppen

MJH (2012) Coral thermal tolerance shaped by local adaptation

of photosymbionts. Nat Clim Chang 2:116–120

Hsu CM, Keshavmurthy S, Denis V, Kuo CY, Wang JT, Meng PJ,

Chen CA (2012) Temporal and spatial variations in symbiont

communities of catch bowl coral Isopora palifera (Scleractinia:

Acroporidae) on reefs in Kenting National Parks. Taiwan. Zool

Stud 51:1343–1353

Huang H, Dong ZJ, Huang LM, Zhang JB (2006) Restriction

fragment length polymorphism analysis of large subunit rDNA

of symbiotic dinoflagellates from scleractinian corals in the

Zhubi Coral Reef of the Nansha Islands. J Integr Plant Biol

48:148–152

Huang H, Zhou G, Yang J, Liu S, You F, Lei X (2013) Diversity of

free-living and symbiotic Symbiodinium in the coral reefs of

Sanya, South China Sea. Mar Biol Res 9:117–128

Huang H, Dong ZJ, Huang LM, Yang JH, Di BP, Li YC, Zhou GW,

Zhang CL (2011) Latitudinal variation in algal symbionts within

the scleractinian coral Galaxea fascicularis in the South China

Sea. Mar Biol Res 7:208–211

Hume B, D’angelo C, Burt J, Baker AC, Riegl B, Wiedenmann J

(2013) Corals from the Persian/Arabian Gulf as models for

thermotolerant reef-builders: prevalence of clade C3 Symbio-

dinium, host fluorescence and ex situ temperature tolerance. Mar

Pollut Bull 72:313–322

Jeong HJ, Lee SY, Kang NS, Yoo YD, Lim AS, Lee MJ, Kim HS, Yih

W, Yamashita H, LeJeunesse TC (2014) Genetics and morphol-

ogy characterize the dinoflagellate Symbiodinium voratum, n. sp.

(Dinophyceae), as the sole representative of Symbiodinium Clade

E. J Eukaryot Microbiol 61:75–94

Jones A, Berkelmans R (2010) Potential costs of acclimatization to a

warmer climate: growth of a reef coral with heat tolerant vs.

sensitive symbiont types. PLoS One 5:e10437

Jones AM, Berkelmans R, van Oppen MJH, Mieog JC, Sinclair W

(2008) A community change in the algal endosymbionts of a

scleractinian coral following a natural bleaching event: field

evidence of acclimatization. Proc R Soc Lond B Biol Sci

275:1359–1365

Kawecki TJ (2008) Adaptation to marginal habitats. Annu Rev Ecol

Evol Syst 39:321–342

LaJeunesse TC (2001) Investigating the biodiversity, ecology, and

phylogeny of endosymbiotic dinoflagellates in the genus Sym-

biodinium using the ITS region: in search of a ‘‘species’’ level

marker. J Phycol 37:866–880

LaJeunesse TC (2002) Diversity and community structure of symbi-

otic dinoflagellates from Caribbean coral reefs. Mar Biol

141:387–400

LaJeunesse TC (2005) ‘‘Species’’ radiations of symbiotic dinoflagel-

lates in the Atlantic and Indo-Pacific since the Miocene-Pliocene

transition. Mol Biol Evol 22:570–581

LaJeunesse TC, Trench RK (2000) The biogeography of two species

of Symbiodinium (Freudenthal) inhabiting the intertidal

anemone, Anthopleura elegantissima (Brandt). Biol Bull

199:126–134

LaJeunesse TC, Parkinson JE, Reimer JD (2012) A genetics-based

description of Symbiodinium minutum sp. nov. and S. psyg-

mophilum sp. nov. (Dinophyceae), two dinoflagellates symbiotic

with cnidaria. J Phycol 48:1380–1391

LaJeunesse TC, Smith RT, Finney J, Oxenford H (2009) Outbreak

and persistence of opportunistic symbiotic dinoflagellates during

the 2005 Caribbean mass coral ‘‘bleaching’’ event. Proc R Soc

Lond B Biol Sci 2009: rspb20091405

LaJeunesse TC, Loh WKW, van Woesik R, Hoegh-Guldberg O,

Schmidt GW, Fitt WK (2003) Low symbiont diversity in

southern Great Barrier Reef corals relative to those of the

Caribbean. Limnol Oceanogr 48:2046–2054

LaJeunesse TC, Thornhill D, Cox E, Stanton F, Fitt W, Schmidt G

(2004a) High diversity and host specificity observed among

symbiotic dinoflagellates in reef coral communities from Hawaii.

Coral Reefs 23:596–603

LaJeunesse TC, Bonilla HR, Warner ME, Wills M, Schmidt GW, Fitt

WK (2008) Specificity and stability in high latitude eastern

Pacific coral–algal symbioses. Limnol Oceanogr 53:719–727

LaJeunesse TC, Wham DC, Pettay DT, Parkinson JE, Keshavmurthy

S, Chen CA (2014) Ecologically differentiated stress-tolerant

endosymbionts in the dinoflagellate genus Symbiodinium (Dino-

phyceae) Clade D are different species. Phycologia 53:305–319

LaJeunesse TC, Bhagooli R, Hidaka M, de Vantier L, Done T,

Schmidt G, Fitt W, Hoegh-Guldberg O (2004b) Closely related

Symbiodinium spp. differ in relative dominance in coral reef host

communities across environmental, latitudinal and biogeo-

graphic gradients. Mar Ecol Prog Ser 284:147–161

LaJeunesse TC, Pettay DT, Sampayo EM, Phongsuwan N, Brown B,

Obura DO, Hoegh-Guldberg O, Fitt WK (2010) Long-standing

environmental conditions, geographic isolation and host–sym-

biont specificity influence the relative ecological dominance and

genetic diversification of coral endosymbionts in the genus

Symbiodinium. J Biogeogr 37:785–800

Lien YT, Fukami H, Yamashita Y (2013a) Genetic variations within

Symbiodinium clade C among zooxanthellate corals (Sclerac-

tinia) in the temperate zone of Japan. Fish Sci 79:579–591

Lien YT, Keshavmurthy S, Nakano Y, Plathong S, Huang H, Hsu

CM, Fukami H, Yamashita Y, Hsieh HJ, Wang JT, Chen CA

(2013b) Host genetics and Symbiodinium D diversity in a stress-

tolerant scleractinian coral, Oulastrea crispata, in the west

Pacific. Mar Ecol Prog Ser 473:163–177

Liu L, Chen YS, Shen YC, Liu CW (2012) Molecular taxonomy of

symbiotic dinoflagellates in scleractinian corals. Oceanologia et

Limnologia Sinica 43:718–722

Mieog JC, Olsen JL, Berkelmans R, Bleuler-Martinez SA, Willis BL,

van Oppen MJH (2009) The roles and interactions of symbiont,

host and environment in defining coral fitness. PLoS One

4:e6364

Pettay DT, LaJeunesse TC (2013) Long-range dispersal and high-

latitude environments influence the population structure of a

‘‘stress-tolerant’’ dinoflagellate endosymbiont. PLoS One 8:e79208

Pochon X, Gates RD (2010) A new Symbiodinium clade (Dino-

phyceae) from soritid foraminifera in Hawai’i. Mol Phylogenet

Evol 56:492–497

Precht WF, Aronson RB (2004) Climate flickers and range shifts of

reef corals. Front Ecol Environ 2:307–314

Putnam HM, Stat M, Pochon X, Gates RD (2012) Endosymbiotic

flexibility associates with environmental sensitivity in sclerac-

tinian corals. Proc R Soc Lond B Biol Sci 2012:rspb20121454

Reimer JD, Takishita K, Maruyama T (2006) Molecular identification

of symbiotic dinoflagellates (Symbiodinium spp.) from Palythoa

spp. (Anthozoa: Hexacorallia) in Japan. Coral Reefs 25:521–257

956 Coral Reefs (2016) 35:941–957

123



Rodriguez-Lanetty M, Loh W, Carter D, Hoegh-Guldberg O (2001)

Latitudinal variability in symbiont specificity within the wide-

spread scleractinian coral Plesiastrea versipora. Mar Biol

138:1175–1181

Rowan R (2004) Thermal adaptation in reef coral symbiosis. Nature

430:742

Sampayo EM, Dove S, LaJeunesse TC (2009) Cohesive molecular

genetic data delineate species diversity in the dinoflagellate

genus Symbiodinium. Mol Ecol 18:500–519

Silverstein RN, Correa AMS, LaJeunesse TC, Baker AC (2011)

Novel algal symbiont (Symbiodinium spp.) diversity in reef

corals of Western Australia. Mar Ecol Prog Ser 422:63–75

Stat M, Gates RD (2011) Clade D Symbiodinium in scleractinian

corals: a ‘‘nugget’’ of hope, a selfish opportunist, an ominous

sign, or all of the above? J Mar Biol 2011:730715

Stat M, Pochon X, Cowie ROM, Gates RD (2009) Specificity in

communities of Symbiodinium in corals from Johnston Atoll.

Mar Ecol Prog Ser 386:83–96

Thomas L, Kendrick GA, Kennington WJ, Richards ZT, Stat M (2014)

Exploring Symbiodinium diversity and host specificity in Acrop-

ora corals from geographical extremes of Western Australia with

454 amplicon pyrosequencing. Mol Ecol 23:3113–3126

Thornhill DJ, Fitt WK, Schmidt GW (2006a) Highly stable symbioses

among western Atlantic brooding corals. Coral Reefs 25:515–519

Thornhill DJ, LaJeunesse TC, Kemp DW, Fitt WK, Schmidt GW

(2006b) Multi-year, seasonal genotypic surveys of coral-algal

symbioses reveal prevalent stability or post-bleaching reversion.

Mar Biol 148:711–722

Thornhill DJ, Kemp DW, Bruns BU, Fitt WK, Schmidt GW (2008)

Correspondence between cold tolerance and temperate

biogeography in a Western Atlantic Symbiodinium (Dinophyta)

lineage. J Phycol 44:1126–1135

Tsang YM (2010) Seasonal change in the chlorophyll content, density

and types of symbiotic algae in Hong Kong corals. M.Phil.

thesis, The Chinese University of Hong Kong, p 277

Ulstrup KE, van Oppen MJH (2003) Geographic and habitat partition-

ing of genetically distinct zooxanthellae (Symbiodinium) in

Acropora corals on the Great Barrier Reef. Mol Ecol

12:3477–3484

van Oppen MJH (2004) Mode of zooxanthella transmission does not

affect zooxanthella diversity in acroporid corals. Mar Biol

144:1–7

van Oppen MJH, Palstra FP, Piquet AMT, Miller DJ (2001) Patterns of

coral-dinoflagellate associations inAcropora: significance of local

availability and physiology of Symbiodinium strains and host-

symbiont selectivity. Proc R Soc Lond B Biol Sci 268:1759–1767

Wicks LC, Sampayo E, Gardner JPA, Davy SK (2010) Local

endemicity and high diversity characterize high-latitude coral–

Symbiodinium partnerships. Coral Reefs 29:989–1003

Yang SY, Keshavmurthy S, Obura D, Sheppard CRC, Visram S, Chen

CA (2012) Diversity and distribution of Symbiodinium associated

with seven common coral species in the Chagos Archipelago.

Central Indian Ocean. PLoS One 7:e35836

Yeung CW, Cheang CC, Lee MW, Fung HL, ChowWK, Ang P (2014)

Environmental variabilities and the distribution of octocorals and

black corals in Hong Kong. Mar Pollut Bull 85:774–782

Zhou GW, Huang H (2011) Low genetic diversity of symbiotic

dinoflagellates (Symbiodinium) in scleractinian corals from tropical

reefs in southern Hainan Island, China. J Syst Evol 49:598–605

Coral Reefs (2016) 35:941–957 957

123


	Low symbiont diversity as a potential adaptive strategy in a marginal non-reefal environment: a case study of corals in Hong Kong
	Abstract
	Introduction
	Materials and methods
	Sample collection
	Seasonal monitoring
	DNA extraction and amplification
	Denaturing gel gradient electrophoresis of ITS2 region and sequencing
	Data analyses, comparative study and statistical analyses

	Results
	Symbiodinium diversity of HK scleractinian corals
	Symbiodinium diversity in HK octocorals
	Flexibility of HK scleractinian corals-Symbiodinium symbioses
	Seasonal monitoring of Symbiodinium types of Platygyra acuta and Porites spp.
	Comparative studies of dominant Symbiodinium spp. in scleractinian corals from other sites

	Discussion
	Spatial homogeneity and temporal stability of scleractinian coral symbioses in HK
	Flexibility of HK scleractinian corals-Symbiodinium symbioses
	Diversity of Symbiodinium in HK soft corals
	Low symbiont diversity in HK scleractinian corals
	High symbiont specificity as a strategy for symbiont adaptation and interaction in HK corals

	Acknowledgments
	References




