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Abstract

Rising seawater temperature caused by climate change is threatening the survival
of reef-building corals. One of the mechanisms for corals to overcome thermal stress is
to shuffle in hospite, the relative dominance of Symbiodinium from thermally
susceptible types to tolerant ones. Although the shuffling of Symbiodinium has been
observed in a several of coral species, the influence of thermal history on the process of
symbiont shuffling and subsequent survival of coral hosts remains unclear. In this study,
we conducted in situ reciprocal transplantation experiments (RTE) on nubbins of brain
coral, Platygyra verweyi, collecting from a nuclear power plant outlet (NPP-OL), inlet
(NPP-IL) and Wanlitung (WLT) of Kenting National Park in 2014 and 2015. While the
symbiont community of P. verweyi in NPP-OL was dominated by stress-tolerant types
D1/D1a, the ones in NPP-IL and WLT were dominated by the thermal- susceptible types
C3/C3cc. In 2014, all the nubbins transplanted from NPP-IL and WLT to NPP-OL
bleached in July after the prolonged high seawater temperature (Degree Heating Week,
DHW=10.43) in NPP-OL. In contrast, those ones transplanted from NPP-OL to the
other two sites remained unbleached. Forty percent of bleached nubbins showed sign of
shuffling from C3/C3cc to D1/D1a, although 75% of them died in the subsequent fall.
In 2015, 73% of the RTE nubbins from WLT to NPP-OL bleached under less prolonged
high seawater temperature (DHW=5.7) with 73% shuffling their symbiont community
from C3/C3cc to D1/D1a dominant and surviving after a reduction of the thermal stress.
Our results show that in the facing of climate change impact, P. verweyi is capable of
shuffling symbiont community towards the stress-tolerant type in order to respond to the

rising seawater temperature. However, the degree of prolonged thermal stress may play
iii
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a crucial role in determining the success of shuffling and final survival of the coral host.
In addition, our study also indicates that the Symbiodinium D1/D1a dominant P. verweyi
can have a comparable or higher growth rate than Symbiodinium C3/C3cc dominant one
under field condition. This suggests a potential acclimatization and/or adaptation might
occur in the P. verweyi population at NPP-OL after long-term association with

Symbiodinium D1/D1la.

Keywords: Degree Heating Week, Shuffling, Survival rate, Coral growth, Platygyra

verweyi
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Introduction

Rising sea surface temperature caused by global climate change is threatening the
survival of coral reefs. Due to the current pace of CO, emissions?, the mean global sea
surface temperature (SST) were predicted to rise by 1.0 to 3.7 °C by 2100?, and up to
90% of coral reefs may suffer from annual bleaching by 2055 when severe and
prolonged thermal stress events occur every year?. Adding up the human impact, global
coral reefs are likely to encounter serious degradation in the near future? >4,

Corals form symbioses with the single-celled dinoflagellate (genus Symbiodinium)
as part of the holobiont> 578, The tight linkage between coral host and Symbiodinium
may breakdown when environmental conditions derail from an equilibrium state which
results in significant decrease in the number of Symbiodinium cells associated with a
coral host® ® 1% and/or the chlorophyll content per Symbiodinium*? 13 (a phenomenon
called coral bleaching). High seawater temperature has been widely reported as one of
the factors for causing coral bleaching. Generally, a deviation of 1.0 € of seawater
temperature above the local summer average over a couple of weeks, such phenomenon
would cause negative effects on coral hosts such as reduction in energy stores, coral
growth rates, and reproduction performances® . Coral with mild bleaching could
recover quickly if the stressors disappeart® 1213141516 \while in severe cases could lead
to host mortality6: 7.

The onset of coral bleaching has been proposed to involve the disruption in
symbiont photosynthesis'® ° and/or in the host CO2 concentration mechanisms
(CCMs)!®. One model proposed by Wooldridge 2009a integrated components of

proposed cellular process lie behind coral bleaching which pointed out that the
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dysfunction of host CCMs may be the trigger of the whole process. The CO2 (aq) supply
to the symbionts from the coral host for the dark reaction was drained out due to the
increasing demand from fast-growing symbiont under environmental anomalies
(temperature anomalies or excess nutrition). The following photoinhibition thus may
damage the photosystems?® and generate the damaging reactive oxygen species (ROS)
accumulated in the coral membrane?! which ultimately lead to the mass expulsion of
symbiont as a defending strategy of coral host?> 2%, The theory was further supported by
Cunning and Baker 2013, showing that Pocillopora damicornis with higher symbiont
density was more susceptible to bleaching?*.

Symbiodinium is genetically diverse and has been classified into 9 clades (clade
A-1)? and hundreds of subclade or types based on nuclear internal transcribed spacer
(ITS) regions?®: 27 28.29,30.31,32 |t \as regarded that Symbiodinium generally possesses
distinct physiology traits between different clades. Members of the same clades share
similar traits, such as clade C is thermal-susceptible while clade D is stress-tolerant33 34
.36, 37 However, recent studies have found that the physiological performances of
Symbiodinium can also vary among types3® 3% 40.41.42.43 or nopulations within single
type** under different environment. The various physiological traits of symbiont can
also affect responses of the coral host against changing environment when different
coral-algal combinations establish. For instance, thermal tolerance of coral hosting
symbiont type Dla (Symbiodinium trenchii) are better than conspecific hosting type
C3%:46.471.48 However, one recent study described a new thermally tolerant symbiont
species “Symbiodinium thermophilum” was described to prevail in Persian/Arabian Gulf
that is genetically within but distinct from ITS2 type C3 which suggests high
phenotypic plasticity in type C3 than common thought®. Various combinations of

coral-algal relationships thus can provide different functionality against environmental
2
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fluctuations. Before 2007, most of the scleractinian coral species were shown to
associate with only one single type of symbiont while few of them could possess more
than one type simultaneously®®. However, utilizing advanced and more sensitive
techniques like real-time quantitative PCR assay®! °2, most of the scleractinian coral
species that were only found to host a single type of symbiont by conventional PCR
assay was found to also harbor more than one type of symbiont in “background” level.
The role of these background types of symbiont was suggested to provide functional
redundancy that corals could maintain fitness while facing environmental changes*® %,
however, the functional significance may only limit to certain types of symbiont>.

To overcome thermal stress, the coral host itself can activate numerous protective
mechanisms to prevent or mitigate the detrimental effect during bleaching. For example,
the coral host can generate fluorescence pigment (FP)>® and Mycosporine-like amino
acid (MAAs)*® to reduce UV damage, or to scavenge damaging ROS, which is
generated by the dysfunctional symbionts, through antioxidant systems®” 8. The
association with thermally tolerant symbiont may also mitigate thermal stress on the
coral host. The adaptive bleaching hypothesis (ABH) proposed that bleaching may help
corals to re-establish coral-algal combination against environmental changes and thus
could increase its overall fitness®® €. The proliferation of new symbiont might come
from the uptake of the coral host from the environment (switching), or from the
pre-existing symbiont in coral host tissue (shuffling)?8. The cellular process of switching
generally involve three stages. First, the recognition when the heterologous
Symbiodinium makes contact with the host gastrodermal cell. Several pairs of protein
patterns and receptors on both side of cell membrane act to distinguish symbiont from
pathogen®® 6263 Second, the engulfment of symbiont through phagocytosis® . Third,

the regulation of symbiont and host cell proliferation to finally form a stable symbiosis®®.
3
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In contrast, the shuffling process does not require the recognition and phagocytosis of
Symbiodinium at the beginning that the pre-existing alternative symbiont type could
proliferate directly when the environment condition favors its growth. While the
evidence of switching is still limited®’, evidence of coral shuffling under temperature
stress has been shown in numerous studies® 3745 68.69.70. 71,72 "Eqr jnstance, in the case
of Acropora millepora, it was shown that this coral may increase its thermal tolerance
by 1.0-1.5°C as a result of shuffling to a stress-tolerant symbiont clade D*'. However,
symbiont clade D were shown to translocate fewer photosynthates compare to type C1
in Acropora millepora juveniles” and several studies also have shown that coral
dominated by clade D could have lower growth rate than conspecific corals dominated
by other types (C1, Clb-c, and C2)!% 7 778 |n contrast, one study showed a reverse
pattern in Acropora tenuis juveniles’’. These physiological defects associated clade D
also drew concerns on the trade-offs that coral may face in the long-term®. Although
symbiont community of some corals could revert back to thermal-susceptible types to
regain productivity when the thermal stress dissipate*® °, however, under current pace
of rapid global warming and more frequent predicted bleaching eventst 2, shuffling to a
stress-tolerant symbiont type thus may become one of the fewer options, if any, for
corals to overcome thermal stress in the future® 4 &,

In order to assess how shuffling would affect future survival of corals, it is
important to have a better understanding of how thermal history would play a role in
determining the success of shuffling and subsequent host survival. Cunning et al 2015
suggested that the shuffling process would be affected by the disturbance severity and
the recovery temperature from a short-term tank experiment®®. However, the effect of
prolonged thermal stress, a situation that coral reef actually facing under rapid climate

change, on shuffling process and subsequent survival is still unclear. In Nanwan ,
4
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Kenting National Park, Taiwan, a reef site located at southwest of the Third Nuclear
Power Plant Outlet (NPP-OL), and has been affected by the continuous discharge of
thermal effluent flowing right into the existing coral community as a result of near-shore
current®! since the operation began in 1984. The thermal effluent has caused a great
impact on the benthic invertebrate and fish communities at NPP-OL, indicated by
significant different community compositions and settlement patterns compared to other
sites such as the nuclear power plant inlet (NPP-IL) where temperature regimes are
suggested to be a suitable reference for Nanwan® 8, Corals present at NPP-OL have
also experienced several bleaching events over time. Mass coral bleaching event (over
90% of coral cover) was observed in shallow water (<3m) of NPP-OL between
1987-1989 due to 4°C rise in the seawater temperature compared to other sites in
Nanwan by the thermal effluent after the nuclear power plant started to operate in its
full power.8* 886 The average monthly mean temperature of shallow water (<3m) of
NPP-OL was 2.7°C to 1.6°C higher than other sites in Nanwan during 1986-2000%,
Although the summer monthly maxima of surface water at NPP-OL had reduced from
32°C (1986-1991) to 30°C (1991-2000) after several improvements in the engineering
and management of the NPP, the coral communities in the shallow water (3m) still
remain dominant with thermally tolerant symbiont types*® 4 48 The increasing
prevalence of stress-tolerant symbiont type D1la at reef sites closer to NPP-OL reflects
the consequences of long-term thermal effect, which led NPP-OL to become an ideal
site for study of holobiont dynamics under thermal stress although other physical
differences (temperature fluctuations, upwelling, and internal waves) between NPP-OL
and other sites could also be involved?®: 47:48.87.88

In this study, we conducted in situ reciprocal transplant experiments (RTE) on

nubbins of Platygyra verweyi collected from NPP-OL, NPP-IL, and Wanlitung (WLT)
5
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in Kenting National Park (KNP) in 2014 and 2015. The average summer daily
temperature at NPP-OL (1-3m) is 1.2°C and 0.3°C higher than NPP-IL and WLT
respectively, which temperature rises were approximately within the range of projected
global SST in 2030-2050%. The aim was to test whether prolonged thermal stress could
affect the process of shuffling and subsequent host survival, by monitoring the symbiont
community dynamics between thermal-susceptible symbiont type C3/C3cc and
stress-tolerant type D1/D1la in P. verweyi, coral host mortality, and Degree Heating
Week (DHW)® for transplanted P. verweyi nubbins. We show that the prolonged
thermal stress, in terms of maximum DHW (MDH), could affect the process of shuffling
and the subsequent survival of P. verweyi. Symbiont shuffling could aid P. verweyi
survival under moderate MDH, however, it cannot guarantee its survival when MDH

rise beyond a potential threshold.
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Materials and Methods

Study area and coral species

Three sites were included in this study, Nuclear Power Plant Outlet (NPP-OL),
Nuclear Power Plant inlet (NPP-IL), and Wanlitung (WLT) in Nanwan, south Taiwan
(Figure 1a). Among the three sites, NPP-OL (21°55'54.4"N, 120°44'42.7"E) and NPP-IL
(21°57'20.3"N, 120°45'14.2"E) are located within Nanwan in Kenting National Park
(KNP), Taiwan. A recent long-term (2007 to 2010, and 2013) seawater temperature data
set obtaining from the deposited underwater data loggers shows that the average
summer (June to August) daily seawater temperature at NPP-OL (29.31 £ 1.36<C) is
approximately 19C higher than at NPP-IL (28.14 + 1.18<C). Due to the tidally induced
upwelling in Nanwan®’, the maximum daily seawater temperature fluctuation at
NPP-OL and NPP-IL can be more than 8C in summer (Figure 1b). The third site, WLT
(21°59'41.0"N 120°42'19.6"E), is located on the west coast of KNP with average
summer (June to August) seawater temperature (28.99 = 0.749C) similar to NPP-OL
while the intervals of extreme temperature events (> 309C) and the daily seawater
temperature fluctuations are shorter and less extreme than NPP-OL (Figure 1b, c). In
this study, NPP-IL and WLT were both include to assess the potential role of thermal
variability on P. verweyi facing prolonged thermal stress. Massive coral species,
Platygyra verweyi®® presents in shallow water (2-4 m) was used for this study which
was reported to associate with either or both ITS2 type C3 and D1a in the single colony
in KNP#"- 92, Symbiont type D1a has a very high prevalence of coral species in shallow
water (< 3m depth) of NPP-OL and adjacent reef sites that are also affected by thermal

effluent*” 48,
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Seawater temperature

The seawater temperature was recorded in situ at 30-minute intervals using data
loggers (HOBO; Pendant™, USA) deployed underwater near the transplant racks (1-2
m) at each study site. The raw temperature data were transformed into Degree Heating
Week (DHW) % to assess both the intensity and duration of the thermal stress for
each experiment group. Although this indicator is typically used for reflecting
large-scale bleaching monitoring, its application to experimental manipulation similar to
our study had also been used in another study to assess the cumulative thermal stress on
heat-treated corals but in daily scale®. The calculation of DHW was described in the
following text. First, the weekly mean temperature for each study site was calculated
from raw temperature data. Second, the maximum of the monthly mean temperature
(MMM) were obtained from the recent long-term data set (NPP-OL = 29.63<C; WLT =
29.28 «C; NPP-IL = 28.37 €C). Finally, the weekly mean temperature was subtracted to
MMM to get the temperature anomalies; only those anomalies that were at least 1.0C
above MMM were summed, within past 12-week windows, to obtain DHWSs. The
conceptual calculation equation was listed below. Using DHW for TWO, for example,
TneeoL is the weekly mean temperature at NPP-OL and MMMw.1 is the MMM of

WLT.
DHW o = Z[(TNPP—OL - MMMWLT) >1°C]
The projections of DHW on Nanwan, which is included in one of the 1° x 1°

resolution grid reef cells locating at southern Taiwan (Appendix Al), were obtained

from van Hooidonk et al. 20142,
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Reciprocal transplant experiment design

Reciprocal transplant experiment - 2014

In the first reciprocal transplant experiment conducted in 2014 (from hereafter
referred to as “2014RTE”, Figure 1a), two sets of reciprocal transplant experiments
(RTE) were carried with one set between Nuclear Power Plant Outlet (NPP-OL) and
Wanlitung (WLT), and the other set between NPP-OL and Nuclear Power Plant Inlet
(NPP-IL) in Kenting National Park (KNP), Taiwan in 2014. On March 2014,
25mm-dimeter cores from 5 colonies of P. verweyi from each study site (OL: 21
cores/colony, WLT: 16 cores/colony, IL: 10 cores/colony) at a depth of 1 to 2 m were
sampled underwater using a pneumatic drill and placed in Ziploc bags underwater
before being transferred to a wet lab at the National Museum of Marine Biology &
Aquarium (NMMBA). Coral cores were maintained in indoor seawater tanks with
constantly filtered seawater input. For RTE set between NPP-OL and WLT, nubbins
from each site were randomly assigned to racks (a native group and a transplant group).
Each rack thus contained 40 nubbins (5 colonies x 8 replicates). For another set between
NPP-OL and NPP-IL, each rack contained 25 nubbins (5 colonies x 5 replicates). In the
case of the native group of NPP-OL, the same rack was used for both sets of the
experiments. Fewer replicates were used in the RTE set between NPP-OL and NPP-IL
due to the small size of P. verweyi colonies at NPP-IL. Coral nubbins were made by
attaching coral cores onto PVC adapters with underwater epoxy to be fixed onto the
acrylic rack and were transferred back to their original sampling sites respectively with
similar depths (1-2 m) as sampled colonies for 1.5-month recovery to ensure coral
health before being transplanted. On April 2014, all the racks were retrieved and

transported to NMMBA and stained with Alizarin Red S (Sigma-Aldrich, USA) 20mg/L,
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24hrs® for the analysis of skeleton growth. Subsequently, all the racks were put back to
the study sites with treatment groups being reciprocally transplanted. Sampling was
conducted every 4 months, with 5 nubbins (1 nubbin from each colony) from each rack
being retrieved. The sampled nubbins were cut into three parts. Tissue from the first part
was removed by scraping the surface and stored in 95% Ethanol for DNA extraction.
The second part was wrapped in aluminum foil and stored at -20°C for chlorophyll
concentration measurement and total symbiont density count, and the last part was
snap-frozen in liquid nitrogen and stored for protein analysis. Monthly maintenance of
the racks underwater was performed by cleaning the macro algae attached on the

nubbins as well as the components of the racks to minimize any competition effect.
Reciprocal transplant experiment - 2015

Second reciprocal transplant experiment of Platygyra verweyi was conducted in
2015 (from hereafter referred to as “2015RTE”, Figure 1a) between NPP-OL and WLT
with a higher sample size (n=30 colonies from each site). NPP-IL was not included as
one of the study sites in 2015RTE due to not enough P. verweyi colonies could be found
to match a balanced design. Following identical procedures as 2014RTE, thirty colonies
were sampled from NPP-OL and WLT in March 2015 and were reciprocally

transplanted in April 2015 after 1 month of recovery.

Symbiont community dynamics

DNA extraction

Reciprocal transplant experiment - 2014
DNA extraction was carried out using salting-out method modified from Ferrara et
al. 2006%. Coral tissue (30 mg) was cut and incubated overnight at 56°C with 200 uL

lysis buffer (1M Tris 25 mL, 0.5M EDTA pH8 10 mL, 20% SDS 10 mL, 5M NaCl 2 mL,

10
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ddH20 53 mL) and 10 pL proteinase E (10 mg/mL). 7M NaCl (210 pL) was added to
the tissue, centrifuged (6000 g, 30 sec), and transferred into B/T Genomic DNA Mini
Column (Viogene, Taiwan). After a series washing with cold (-209C) 70% ETOH and
centrifugation, the column was dried at 379C for 15 mins and finally the DNA was
eluted with 50 uL of preheated (659C) 1X TE buffer and was isolated from the column
after centrifugation (15000 g, 3 min). The concentrations of genomic DNA were
determined by using NanoDrop 2000 (Thermal Scientific, USA).
Reciprocal transplant experiment - 2015

Approximately 30mg of coral tissue on each nubbin were cut in situ by using a
bone-cutter per sampling time and placed in each Eppendorf tubes without retrieving the
nubbins on a bimonthly basis. The seawater in each Eppendorf tubes was replaced by
95% ethanol for further DNA extraction. The DNA extraction was conducted following

the same protocol as 2014RTE.
Denaturing gradient gel electrophoresis (DGGE)

The initial and final subclades (types) of the symbionts in the native and transplant
groups in 2014RTE and 2015RTE were randomly selected and identified by amplifying
internal transcribed spacer 2 (ITS2) region of DNA samples with primer sets ITSintfor2
S'GAATTGCAGA ACTCCGTG-3" and ITS2clamp 5'CGCCCGCCGC GCCCCGCGC
CCGTCCCGCCG CCCLCCGLCLCC GGGATCCATA TGCTTAAGTT CAGCGGGT-3". A
touch-down PCR®" program (92°C for 3 min, followed by 20 cycles of 30 s at 92°C.
Annealing temperature starts from 62°C and then decrease 0.5°C in each following
cycle to final temperature of 52°C, 30 sec at 72°C) were performed to ensure specificity.
Denature gradient gel from 45% to 80% are used for electrophoresis under 115v for 15
hours using a CBS Scientific system (Del Mar, CA, USA). The gel was stained with

SYBR Gold (Invitrogen, USA). Prominent bands are excised and amplified for
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sequencing. Samples used in Keshavmurthy et al 2012*” and Lan 2011°% were randomly
selected and identified following the same process to examine any symbiont community

shifting of natural P. verweyi colony through time.
Real-time quantitative PCR

Reciprocal transplant experiment - 2014

The copy numbers of symbiont clade C and clade D in P. verweyi samples were
detected under LightCycler® 480 Instrument Il (Roche, Switzerland) with the protocol
modified from Mieog et al 2007°2. Each 10 uL gPCR reaction consisted 5 pL of 1x
SYBR Fast Master Mix, 0.5 pL of UF primer (2 nM/uL), 0.5uL of CR or DR primer (2
nM/uL), 7.5 pL of ddH20, and 2.5 uL of DNA templates (equal to 1 ng of genomic
DNA) which primer sets, ITS1 clade C-specific reverse primer (CR)
5-AAGCATCCCTCACAGCCAAA-3, clade D-specific reverse primer (DR)
5-CACCGTAGTGGTTCACGTGTAATAG-3, and universal forward primer (UF)
5-AAGGAGAAGTCGTAACAAGGTTTCC-3% were used in this study. In each run,
each sample was run in triplicate (technical replicates), and no-template control (NTC)
was also run in triplicate with ddH>O to inspect any contamination in the reagent.
Plasmid standard curves were run in duplicate with P. verweyi samples to quantify the
copy numbers of each symbiont. Plasmid standard curves were generated by using PCR
product from symbiont clade C and clade D, which were ligated into pGem®-T Easy
vector (Promega, USA), transformed, and amplified using E. coli. Copy numbers of
final products were calculated by quantifying the concentration of plasmid DNA
through NanoDrop 2000 (Thermal Scientific, USA) first, then divided by the mass of
the plasmid (mass of each plasmid copy = 3015 bp (vector) + 100 bp (inserted PCR
product) x 1.096e2* g/bp = 3.4x107*8 g), finally multiplied by the plasmid DNA template

volume (2.5 pL) in each reaction, and the serial dilutions of 1:10 from 3x10° copies to
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30 copies of plasmid standard containing symbiont clade C and clade D sequences,
respectively, were generated at the end. The gPCR cycling settings were listed below:
40 two-step cycles of 15 s at 95C and 1 min at 609C. Melt curves were generated by
starting at 609C and increasing the temperature with a ramp speed of 0.119C /s until
95<C. Fluorescence data were collected when each annealing step was finished, and 5
data were collected every second during melt curve analysis. Crossing points (Cp) were
determined by Light Cycler 480 software version 1.5 (Roche, Switzerland) using the
second derivative method which represents the cycles when the maximum accretion of
fluorescence signals of each sample occur®®. Any Cp values from the samples that
varied by 1 from other two technical replicates were excluded from analysis. If all Cp
values of technical replicates varied by 1 from each other, sample were re-run. Since
great variation occurred in Cp values (varied more than 1) within technical replicates of
each sample when Cp>34, the cut-off cycle was set at 34 to avoid the inclusion of false
positives causing by the formation of non-specific fluorescence. Average copy numbers
of symbiont clade C and clade D were obtained respectively, and the formula for
determining relative symbiont abundance in this study were listed in below following
the correction suggested by Mieog et al. 2007°2:

(Clade D copy numbers / 3) / [(Clade D copy numbers / 3) + Clade C copy numbers]
Reciprocal transplant experiment — 2015

The qPCR assay was conducted following the same protocol as 2014RTE.
Physiological parameters

Photochemical efficiency

Reciprocal transplant experiment - 2014

Photochemical efficiency for the nubbins was determined in situ by using a
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Diving- PAM (Waltz, Germany) to estimate the maximum photosynthetic quantum yield
(Fv/Fm) of photosystem Il (PSII) of the Symbiodinium. All the nubbins were dark
adapted for 1 h by covering the racks with custom made covers allow the PSII reaction
centers fully open. The maximum quantum yield is calculated by using a formula Fv/Fm
= (Fm-Fo)/Fm, which Fo is the background fluorescence yield that is obtained when
giving the weak red light (< 1 pmol photons m s) with the fully-opened PSII, and Fm
is the maximum fluorescence yield that is induced when giving a saturation light pulse
to briefly suppresses photochemical yield to zero. The nubbins at each site were
measured on each day with the similar time period in the morning, and with a fixing
distance (1 cm) between the fiber and the coral tissue. Parameter settings using in this
study are listed below and the photochemical efficiency of each colony was determined
by averaging the photochemical efficiency of each replicate nubbins of each colony.
(MI1=8;S1=8;SW=0.8;Al=5;AW=0:30;AF=1.00;G=4;D=2;EF=0.84;FO=48;CT=40:00;C
I=1;LW=0:10;L1=5;ID=0:40;IW=0:20;TO=11.2;TG=5.00;LO=0;LG=3.68)
Reciprocal transplant experiment — 2015

Photochemical efficiency of nubbins in 2015RTE was determined following the

same procedure as 2014RTE which were described above.
General procedure for sample preparation for other parameters

Reciprocal transplant experiment - 2014

The general procedure for determining other physiological parameters (total
symbiont density, chlorophyll pigments, and total soluble protein) is described below.
The surface area of the subsamples was measured by using the aluminum foil. The
tissue from the skeleton of each subsample was removed completely using airbrush
filled with filtered seawater. The total volume of the tissue was adjusted to a final

volume of 10mL. The slurry was shaken vigorously and vortexed for 10 seconds before
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being distributed into small aliquots (1 mL) for further analysis.
Reciprocal transplant experiment - 2015

The aim of 2015RTE was to further verify the results in 2014RTE by increasing
sample size thus, considering the limiting quantity of big P. verweyi colony (which is
needed for sampling enough pseudo-replicates for physiological analysis while not to
put permanent stress on mother colony) in both study sites, no other physiological were

measured in 2015RTE.
Total symbiont density

Symbiont pellet was obtained by centrifuging (1000 g, 10 min) 1 ml tissue aliquots.
After discarding the supernatant, the pellet was homogenized by using Pellet pestle, and
then fixed with 1 mL of 1% seawater-formalin. Symbiont cells were counted using a
Neubauer haemacytometer (Assistant, Germany) under the microscope (BX40 Olympus,
Janan), and the total symbiont density for each nubbin was determined by averaging 6

replicate counts.
Chlorophyll a concentration

Airbrushed tissue solution was centrifuged (1000 g, 10 min) to obtain the symbiont
pellet. After discarding the supernatant, the pellet was homogenized by using a pestle.
The resulting homogenate was then transferred to 1 ml Eppendorf tube containing 1 mL
of 90% acetone and incubated at -209C for 24 h to extract the pigments. Absorbances of
the supernatant (after centrifugation at 9000 g for 10 min) from triplicate aliquots (200
pL for each) were read at 630, 647, 664, and 750 nm wavelength using spectrometer
(SPECTROstarN™ BMG LABTECH, Germany) with three wells containing 200 uL of
90% acetone as the blank. The chlorophyll concentration was then calculated using

equations from Jeffrey and Humphrey (1975)!° which is listed below and the
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chlorophyll a concentration of each nubbin was determined by averaging calculated
concentrations from triplicate aliquots.

Chl a=11.85 Asss- 1.54 Asa7- 0.08 As3o
Total soluble protein

Tissue solution obtained by airbrush was used for protein analysis. All the steps
were performed inside 4°C cold room to minimize protein degradation. Tissue aliquots
were centrifuged (4000 g, 5 min)!® before taking 25 pL of supernatant for analysis
using BCA protein assay kit (Thermal scientific, USA) with bovine serum albumin
(BSA) as standard to determine the total protein concentration using a spectrometer.
The analysis was performed following the manufacturers’ protocol of microplate protein
analysis. Water (DEPC-treated) was added into three wells containing reagents as the
blanks. Total protein concentration for each nubbin was determined by averaging the

concentrations from triplicate.

Coral growth

Tissue coverage growth

Reciprocal transplant experiment - 2014

Top-view photos of all the nubbins on the rack were photographed in situ with a
scale, and the surface area covered by the coral tissue of each nubbin were estimated by
using ImageJ software (1.48v, USA). Data were transformed into the relative percentage
change of tissue coverage from the initial sampling (April 2014).
Reciprocal transplant experiment - 2015

The tissue coverage growth was measured following the same procedure as

2014RTE.
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Skeleton growth

Reciprocal transplant experiment - 2014

At the end of the experiment, all the retrieving nubbins were sliced and airbrushed
to remove the remaining tissue, and the length of the newly accreted skeletons
perpendicularly above the Alizarin Red S stain mark from 6-10 septa were measured
under the microscope (SZ61 Olympus, Japan), the results were averaged to determine
the skeleton growth of each nubbin.
Reciprocal transplant experiment - 2015

Since none of the nubbins were retrieved, the skeleton growth was not measured in

2015RTE.
Statistical analysis

All the statistical analysis in this study were performed in R version 3.1.1.1%2
Differences in daily mean seawater temperatures and daily seawater temperature
fluctuations between sites were tested by using Kruskal-Wallis test followed by Dunn’s
post hoc test with Bonferroni adjusted p-value. Data were presented as the mean *
standard deviation (S.D.). Relative symbiont abundances of each sample were assigned
into categories, C3/C3cc or D1/Dla dominant (either C3/C3cc or D1/Dla > 90%
relative abundance) and C3/C3cc+D1/Dla (10% < both C3/C3cc and D1/Dla < 90%
relative abundance) and differences in symbiont community distributions were tested by
using Fisher’s exact test. For Photochemical efficiency and each physiological
parameter, differences between each transplant groups and its native groups were tested
by using Student t-test. Data were box-cox transformed!® if data failed to meet
normality and/or homogeneity of variance assumptions. Wilcoxon rank sum test was

performed on raw data if statistical assumptions were violated even after box-cox
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transformation. All data were presented as the mean + standard deviation (S.D.). In
2014RTE, for tissue coverage growth and skeleton growth, differences between groups
for each transplantation sets (WLT«<>NPP-OL or NPP-OL<—NPP-IL) were tested by
using one-way ANOVA followed by Tukey’s post hoc test with Bonferroni adjusted
p-value. In 2015RTE, for tissue coverage growth, differences between groups were
tested by using one-way ANOVA followed by Tukey’s post hoc test with Bonferroni
adjusted p-value while the origin versus location effect was tested by using two-way

ANOVA.
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Results

Seawater temperature

Reciprocal transplant experiment - 2014

The average summer (June to August) daily seawater temperature at NPP-OL
(30.11 £ 1.072C) was different from the temperature at WLT (29.59 + 0.67°C; Dunn’s
post hoc test, p<0.001) and at NPP-IL (28.61 + 0.96°C; p<0.001). The daily seawater
temperature fluctuation at NPP-OL (2.23 + 1.00°C; Figure 1b) was different from WLT
(1.53 + 0.58°C; p<0.001) and NPP-IL (1.80 + 1.30°C; p<0.001) while there was no
difference between WLT and NPP-IL (p=1.000). During summer, however, the daily
seawater temperature fluctuation at both NPP-OL and NPP-IL could be more than 7°C
(maximum 9.12°C at NPP-OL, and 7.19°C at NPP-IL; Figure 1b). The longest interval
of the heating event (>30°C) in each day also occurred at NPP-OL which was different
from WLT an NPP-IL Figure 1c). The repeated seawater temperature anomalies (the
weekly mean seawater temperature exceeding a bleaching threshold) occurring at
NPP-OL during summer had caused the DHWSs for both TWO and TIO piling up
drastically (Figure 2a; Figure 3a). The DHWSs for TWO had reached 4.41 in early July
(>4.0: NOAA Alert level 1, bleaching likely®®) and kept rising to a maximum value of
10.43 by early September (>8.0: NOAA Alert level 2, widespread bleaching likely and
some mortality could be expected®®). The DHWs then started to decrease gradually in
fall while a relatively high value of DHW (DHW=4.6) still occurred in early October
(Figure 3a). For TIO, the DHWs accumulated faster than TWO that had already
exceeded 8.0 in July, and further escalated to a maximum value of 21.3 in early
September. The DHW value for TIO started to decrease from fall but still appeared high

(DHW=13.5) in early October (Figure 3a). In contrast to TWO and TIO, the DHWs for
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NWW and NII were all below 4.0 throughout experiment period. For NOO, high
maximum DHW (DHW = 6.4) occurred that exceeded the bleaching alert level 1 while
the DHWs for TOW and TOI remained 0 throughout the 9-month transplant experiment
(Figure 3a).

Reciprocal transplant experiment - 2015

The second reciprocal transplant experiment of our study carried out in 2015 (from
hereafter referred to as “2015RTE), the average summer daily seawater temperature at
NPP-OL (29.77 = 1.12°C) was different from the temperature at WLT (29.52 + 0.52°C;
Wilcoxon rank sum test, W=5097, p<0.05). The daily seawater temperature fluctuation
at NPP-OL (2.38 £ 1.04°C) was different from the fluctuation at WLT 1.57 + 0.70°C
(Wilcoxon rank sum test, W=655557, p<0.001; Figure 1b). The longer interval of the
heating event (>30°C) in each day also occurred at NPP-OL which was different from
WLT (Figure 1c). The DHWs for TWO accumulated to a maximum of 5.7 in July 2015
(Figure 3b). However, because of several typhoon events during summer, which
lowered the weekly mean seawater temperature in NPP-OL (Figure 2b), the DHWs did
not increase further that it never reached the bleaching alert level 2 before decreasing in
fall (Figure 3b). The DHWs for all the other groups were all lower than 4.0 that were

below the bleaching alert level 1 (Figure 3b).

Symbiont community dynamics

Denaturing gradient gel electrophoresis (DGGE)

Sequences of Symbiodinium type C3 and C3cc'® were recovered simultaneously in
nubbins harboring symbiont clade C. For nubbins containing symbiont clade D, type D1,
and D1/Dla existed simultaneously. Same patterns as this study were shown in those
samples used in Keshavmurthy et al 2012 and Lan 2011 after reexamination.
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Reciprocal transplant experiment - 2014

Symbiont community of TWO was initially dominated (= 90% of relative
abundance) completely by symbiont type C3/C3cc (n=5) while symbiont type D1/Dla
had cell densities ranging from 0 to 4000 (cells cm™) in April 2014 (Figure 4a;
Appendix A2, A4). After bleaching event occurred in summer, the symbiont type
D1/Dla became dominant in 40% (n=2) of TWO colonies and almost all colonies had
increased in symbiont type D1/D1a cell densities ranging from 0 to 1.8x 10° (cell cm™)
in September (Figure 4a; Appendix A2, A4) although all nubbins still remained
bleached. The only surviving TWO colony in January 2015, which was still dominated
by symbiont type C3/C3cc in September, was dominated by symbiont type D1/D1a with
a recovered cell density of 6.3x 10° (cell cm™) (Figure 4a; Appendix A2, A4). Symbiont
community of TIO was initially dominated completely by symbiont type C3/C3cc (n=5)
with no detectable symbiont type D1/D1a in April 2014 (Figure 4a; Appendix A2, A4).
In September 2014, while all nubbins of TIO still remained visually bleached after the
first observation of bleaching event in July 2014, the symbiont type D1/Dla became
dominant in 20% of TIO colonies (n=1), and 60% of TIO colonies (n=3) had a mix
symbiont type C3/C3cc+D1/Dla (each symbiont type showed a relative abundance
falling between 10% ~ 90%) with symbiont type D1/D1a cell densities ranging from
3.4x10%* to 1.3x10° (cells cm?) (Figure 4a; Appendix A2, A4). Both symbiont type
C3/C3cc and D1/D1a were undetected in one colony of TIO in September (Figure 4a;
Appendix A2, A4). All nubbins of TIO died in October 2014 thus no symbiont
community data were collected in January 2015 (Figure 4a). Combining the symbiont
community dynamic results from TWO and TIO, a total of 40% of the symbiont type
C3/C3cc predominant P. verweyi nubbins shifted to symbiont type D1/Dla dominant

(n=4), and another 30% were associated with mixed type C3/C3cc+D1/Dla (n=3)
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during the 9-month transplant experiment. The symbiont communities at the end of the
experiment had a different distribution compared to initial (Fisher’s exact test; p<0.05).
Despite a shifted dominance toward the stress-tolerant symbiont type D1/D1a, only one
shifted nubbins survive from summer bleaching event which resulted in a 90% of
overall mortality. Contrast to TWO and TIO, no change in symbiont community
dominance for both NWW and NIl happened, and both maintained symbiont type
C3/C3cc dominance throughout the experiment period (Figure 4a; Appendix A4). Stable
symbiont dominance with type D1/D1a appeared in both transplant groups of NPP-OL
(TOW and TOI) and the native group of NPP-OL (NOO) throughout the experiment
period (Figure 4a; Appendix A4).

Reciprocal transplant experiment - 2015

In 2015RTE, the symbiont community of TWO was dominated by symbiont type
C3/C3cc (n=26), with few colonies possess a mix of symbiont type C3/C3cc+D1/Dla
(n=3) or dominated by symbiont type D1/D1a (n=1) in April 2015 (Figure 4b; Appendix
A3d). However, in July 2015, almost half (47%, n=14) of TWO colonies had a shifted
in symbiont dominance from type C3/C3cc to type D1/D1a, seven percent (n=2) had
shifted from a mix of type C3/C3cc+D1/D1la to type D1/D1a dominant, and 13% (n=4)
from type C3/C3cc dominant to C3/C3cc+D1/D1a (Figure 4b; Appendix A3d) during
summer bleaching event. The prevalence of symbiont type D1/D1a kept increasing in
September, resulting in 73% of TWO colonies shifting from type C3/C3cc to type
D1/Dla dominant (n=22), seven percent shifting from a mix of type C3/C3cc+D1/Dla
to type D1/Dla dominant (n=2), and 7% from type C3/C3cc dominant to
C3/C3cc+D1/D1la (n=2). As a result, the symbiont community was different from initial
composition (Fisher’s exact test; p<0.001; Figure 4b). Seventeen percent of overall

mortality occurred for TWO while no mortality occurred for those shifting its symbiont
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community from type C3/C3cc dominant to type D1/Dla dominant (Figure 4b;
Appendix A3d). Contrast to the dynamic symbiont community of TWO, the symbiont
community of both native and transplant group of NPP-OL appeared to be stable

throughout experiment period in 2015RTE (Figure 4b; Appendix A3a).

Physiological parameters

Reciprocal transplant experiment - 2014

The photochemical efficiency of TWO decreased 59% from initial (p<0.001;
Figure 5a, Appendix A5) in July 2014, and was different from NOO (p<0.001; Figure 5a;
Appendix A6) and NWW (p<0.001; Appendix A6, A7) when the sign of bleaching first
occurred. A trend of recovery in photochemical efficiency was shown in September
(p<0.01; Figure 5a; Appendix A5) and was no difference from NOO (p=0.191; Figure
5a; Appendix A6) and NWW (p=0.151; Appendix A6, A7). A lower photochemical
efficiency of TWO was shown in October when only one colony survive (Figure 5a),
but it recovered in January 2015 (Figure 5a). The photochemical efficiency of TIO in
July decreased 68% from initial (p<0.001; Figure 5a, Appendix A5), and was different
from NOO (p<0.001; Figure 5a; Appendix A6) and NII (p<0.001; Appendix A6, A7). A
trend of recovery in photochemical efficiency was shown in September (p<0.01; Figure
5a; Appendix A5) but was still different from NOO (p<0.001; Figure 5a; Appendix A6)
and NWW (p<0.001; Appendix A6, A7). No data were collected after October because
of mortality.

The total symbiont density of TWO decreased 88% from initial (p<0.001; Figure
5b, Appendix A5) in September, and was different from NOO (p<0.001; Figure 5b;
Appendix A7, A8) and NWW (p<0.05; Appendix A7, A8). The only survived colony of

TWO showed a trend of recovery in total symbiont density in January 2015 (Figure 5b).
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The total symbiont density of TIO decreased 72% from initial (p<0.001; Figure 5b,
Appendix A5) in September, and was different from NOO (p<0.001; Figure 5b;
Appendix A7, A8) and NII (p<0.001; Appendix A7, A8). No data were collected after
October because of mortality.

The chlorophyll a content per unit area of TWO decreased 86% from initial
(p<0.01; Figure 5c, Appendix A5) in September, and was different from NOO (p<0.001;
Figure 5c; Appendix A7, A8) and NWW (p<0.005; Appendix A7, A8). The only
survived colony of TWO showed a trend of recovery in chlorophyll a content per unit
area in January 2015 (Figure 5c¢). The chlorophyll a content per unit area of TIO showed
a trend of decreasing from initial but was not significant (p=0.06; Figure 5c, Appendix
Ab) in September, and was different from NOO (p<0.001; Figure 5c¢; Appendix A7, A8)
and NIl (p<0.001; Appendix A7, A8). No data were collected after October because of
mortality.

The chlorophyll a content per symbiont cell of TWO showed no difference from
initial (p=0.502; Figure 5d, Appendix A5) in September, NOO (p=0.470; Figure 5d,
Appendix A7, A8) and NWW (p=0.418; Appendix A7, A8). The only survived colony
of TWO showed a trend of recovery in chlorophyll a content per symbiont cell in
January 2015 (Figure 5d). The chlorophyll a content per symbiont cell of TIO showed
no difference from initial (p=0.505; Figure 5d, Appendix A5) in September, NOO
(p=0.992; Figure 5d; Appendix A7, A8) and NII (p=0.124; Appendix A7, A8). No data
were collected after October because of mortality.

The total soluble protein content of TWO decreased 77% from initial (p<0.01;
Figure 5e, Appendix A5) in September, and was different from NOO (p<0.01; Figure 5e;
Appendix A7, A8) and NWW (p<0.01; Appendix A7, A8). The only survived colony of

TWO showed a trend of recovery in total soluble protein content in January 2015
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(Figure 5e). The total soluble protein content of TIO decreased 85% from initial
(p<0.001; Figure 5e, Appendix A5) in September, and was different from NOO (p<0.01;
Figure 5e; Appendix A7, A8) and NII (p<0.001; Appendix A7, A8). No data were

collected after October because of mortality.
Reciprocal transplant experiment - 2015

The photochemical efficiency of TWO in July decreased 20% (n=17; 5 nubbins
were undetermined due to low signals) (p<0.001; Figure 5f; Appendix A9) and was
different from NOO (p<0.05; Figure 5f; Appendix A10) when bleaching occurred in
73% (n=22) of nubbins. The photochemical efficiency of TWO showed a trend of

recovery yet was still different from NOO (Figure 5f; Appendix A10)

Coral growth

Reciprocal transplant experiment - 2014

In 2014RTE, the tissue coverage growth of P. verweyi nubbins was measured in
January 2015 after a 9-month period of in situ transplantation. For the RTE between
NPP-OL and WLT, the tissue coverage growth in TOW nubbins had a highest mean
(233 + 68%) which was different from other groups (vs. NOO: 105 + 23%, p<0.01; vs.
NWW: 100 * 42%, n=4, p<0.01; Figure 7a; Appendix A1l) while no difference between
TOW and NWW (p=1.000, Figure 7a; Appendix All). No statistical analysis was
performed with TWO due to insufficient sample size after high mortality (-56%, n=1).
The negative value of tissue coverage growth for TWO was due to partial mortality on
the nubbins from the only survive colony (Figure 7a). For the RTE between NPP-OL
and NPP-IL, the tissue coverage growth of NII (187 £ 47%) had the highest mean than
other groups (vs. TOI: 89 + 26%, p<0.01; vs. NOO: 105 + 23%, p<0.01; Figure 7a;

Appendix All) while no difference between NOO and TOI (p=1.000, Figure 7a;
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Appendix A11). No data were collected for TIO due to whole-group mortality.

The skeleton growth of P. verweyi nubbins was also measured in January 2015
after a 9-month period of in situ transplantation. For the RTE between NPP-OL and
WLT, no difference in the skeleton growth between groups (one-way ANOVA, F,
11=1.89, p=0.198) although TOW (3.3 £ 0.8 mm) also tend to have the highest tissue
coverage growth than other groups (NOO: 2.8 £ 0.9 mm; NWW: 2.4 + 0.6 mm, n=3;
Figure 7a; Appendix A12). No statistical analysis was performed with TWO due to
insufficient sample size after high mortality (TWO: 1.79 mm; n=1). For the RTE
between NPP-OL and NPP-IL, the skeleton growth of NII (4.3 = 0.6 mm) had a highest
mean than other groups (vs. TOIl: 2.7 £ 0.4 mm, p<0.05; vs. NOO: 2.8 £ 0.9 mm,
p<0.05; Figure 7a; Appendix A12) while no difference between NOO and TOI (p=1.000,
Figure 7a; Appendix Al12). No data were collected for TIO due to whole-group
mortality.

Although due to insufficient sample sizes of TWO and TIO, no origin versus
location effect can be tested for both tissue coverage growth and skeleton growth in
2014RTE.

Reciprocal transplant experiment - 2015

In order to verify the aforementioned patterns, tissue coverage growth of P. verweyi
was measured with larger sample sizes (n=30 colonies for each group). In 2015RTE, the
tissue coverage growth of P. verweyi nubbins was measured in November 2015 after a
7-month period of in situ transplantation. For the RTE between NPP-OL and WLT, the
tissue coverage growth of TOW also showed a highest mean (158 + 58%) and was
different from other groups (vs. NOO: 81 £ 39%, p<0.001; vs. NWW: 82 + 55%, n=28,
p<0.001; vs. TWO: - 11+ 66%, n=25, p<0.001; Figure 7b; Appendix Al3) while no

difference between NOO and NWW (p=1.000, Figure 7b; Appendix A13). The lowest
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mean (-11 + 61%) appeared in TWO and was significantly different from other groups
(Figure 7b; Appendix A13), the negative value of TWO was due to partial mortality
after bleaching event in summer. The results of tissue coverage growth in 2015RTE
showed an origin (p<0.001; Figure 7b; Appendix Al14) and location effect (p<0.001;
Figure 7b; Appendix Al4) respectively, however, there was no interaction between
origin and location effect (p=0.406; Figure 7b; Appendix Al4). Platygyra verweyi
nubbins located in WLT (native in or been transplanted into WLT) tend to have higher
tissue coverage growth rate than the ones in NPP-OL (native in or transplanted into

NPP-OL).
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Discussion

Comparing the results from 2014RTE and 2015RTE, the higher maximum DHW
(MDH) in 2014RTE (TWO: 10.43& TIO: 24.3 vs. TWO: 5.68; Figure 3) resulted in the
less proportion of colonies to complete shuffling process toward dominance of
stress-tolerant symbiont type D1/Dla (2014RTE: 40% vs. 2015RTE: 73%; Figure 4)
with a higher host mortality after shuffling (2014RTE: 75% vs. 2015RTE: 0%; Figure 4),
indicating that the prolonged thermal stress (MDH) can affect the success of shuffling of
P. verweyi toward stress-tolerant symbiont type D1/Dla and the subsequent host
mortality. Alternatively, symbiont shuffling could aid P. verweyi survival under
moderate MDH stress (Figure 6), however, shuffling cannot guarantee the survival of P.
verweyi since the survival rate in our study dramatically decreased under high MDH
even though shuffling had occurred after bleaching (Figure 6). Association with D1/D1a
symbiont appeared to be important for P. verweyi to survive thermal stress, but the
benefit from D1/Dla may disappear if the level of thermal stress goes beyond a
potential MDH threshold more than 5.68 (Figure 6).

The bleaching event of TWO and TIO accompanying by the decrease of almost all
physiological parameters indicate that both groups indeed suffered physical stress
during summer bleaching events (Figure 5a-€). The high mortality in those shuffled P.
verweyi nubbins (Figure 4a) may be due to the insufficient time for P. verweyi host to
establish a sufficient trophic interaction with the low-density symbiont type D1/Dla
(7.4x10* to 1.8x10° cell cm, Appendix A7). The trend of recovery in photochemical
efficiency, and the comparable values of chlorophyll a concentrations per symbiont cell
for TWO and TIO to NOO and each of their native group in September (Figure 5a, c;

Appendix A7), when the relative abundances of stress-tolerant symbiont type D1/Dla
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significantly increased, suggested that those symbiont type D1/D1la presented in TWO
and T1O colonies may still remain functional under the prolonged thermal stress so that
the mortality might be caused by the stress responses of P. verweyi host which may still
need further investigation in future studies. Contrast to the stress responses on TWO and
TIO, no sign of bleaching occurred to NOO in 2014RTE. Most of the parameters were
stable throughout 9-month experiment period (Figure 5a-e). The different response of
NOO clearly indicates the better thermal tolerance of P. verweyi population in NPP-OL,
which may be due to the better thermal tolerance of D1/Dla symbiont” and/or the
acclimatization/adaptation of P. verweyi host living in NPP-OL. With the limiting
genetic markers, the population of P. verweyi in NPP-OL was suggested to have no
genetic differences to WLT and NPP-1L*" %2, The pattern of NOO thus may likely to be
due to the thermal tolerance of D1/D1a symbiont and the acclimatization of P. verweyi
host while the adaptation was still inconclusive.

Our study design cannot, in an absolute term, to determine whether the symbiont
shifting pattern occurring in TWO and TIO after bleaching were due to symbiont
switching or shuffling. If the case in our study was due to switching, TWO and TIO
should recognize and phagocytose the type D1/Dla symbiont from NPP-OL during
summer bleaching. However, it may less likely be the case of our study due to the type
D1/D1a symbiont density for most of the nubbins were already reaching the orders of
magnitude of 10* to 10° cell/lcm? (Appendix A4) within two month, assuming the
symbiont uptake started from July when the signs of bleaching were first observed.
Given the long doubling time (10 to 70 days) commonly required for in hospite
Symbiodinium®2 105.106.107 “the density of the type D1/D1a symbiont may need at least
the orders of magnitude of 100 to 1000 cell/cm? at the beginning of July. If TWO and

TIO had gone through the mass expulsion of symbiont during the observed bleaching in
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July, the majority of the coral host gastrodermal cells that were containing type C3/C3cc

symbiont may either detach from coral host?® or degrade'®®

resulting in only few host
cells could acquire heterologous Symbiodinium. In addition, phagocytosis may have
certain cost on host energy (lipid, protein, etc.) to increase the membrane surface area of
gastrodermal cells. Whether TWO and TIO could retain enough energy for acquiring
symbiont were in doubt. In contrast, shuffling could have higher chances to occur in our
study since type D1/Dla symbiont could grow in hospite without extra energy to
acquire from the environment. In this study, some of the TWO and TIO nubbins had
harbored type D1/Dla symbiont in background level at the time of transplantation
(Appendix A2, A4) as the source of shuffling. For the other nubbins of TWO and TIO
that did not show background symbiont type at the beginning, we cannot rule out
completely for those potentially present in extremely low abundance and were
undetected by the qPCR assay. So here we use shuffling to explain our results instead of
switching.

Results of this study suggest that a potential threshold of prolonged thermal stress
may exist to determine the survival of coral host during the bleaching recovery phase.
Few studies reported the host mortality after shuffling to a stress-tolerant symbiont type.
Berkelmans and Van Oppen 2006 had conducted a heat stress tank experiment on
shuffled (from type C2 dominant to clade D dominant) Acropora millepora colonies
retrieving from a 9-month field transplantation and showed a drastic decline in
physiological conditions of the symbiont clade D with minor mortality under 32°C for
15 days although it was suggested that all the colonies were not likely to survive if the
temperature further increased®’. Another study, Silverstein et al 2015, found no
mortality among shuffled (from C3/C3cc to D1/Dla) Montastraea cavernosa after

repeated heat stress tank experiment under 32°C for 10 days. However, none of them
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explore the limits of shuffling under long-term field conditions. In this study, we
advance the current understanding of shuffling by applying MDH to assess the role of
prolonged thermal stress that affects the process of coral shuffling and subsequent
survival under field condition.

Corals living in thermally fluctuate habitat may show better tolerance to heat
stress® 109110 However, P. verweyi from NPP-IL, where the daily seawater temperature
fluctuation can also be as high as NPP-OL in summer (Figure 1b), were all bleached and
died which levels were similar to TWO in 2014RTE. Our results indicate that the
previous exposure to high thermal fluctuation may not help P. verweyi to survive such
high MDH occurred in 2014RTE (Figure 3a; Figure 4a; Figure 6)%.

The prolonged thermal stress patterns demonstrated in this study thus may allow us
to link P. verweyi survival in future warming scenarios. From the DHW projection of
simulation model, the 1° x 1° grid reef cell containing Nanwan is predicted to exceed
6°C-week at least twice during 2020 to 2030 in RCP8.5 scenario?, and to exceed
8°C-week at least twice in the same time interval (2020 to 2030; Table 1). In 2015RTE,
a case of maximum DHW=5.67, which represents a “shuffle and survive” scenario
might happen at Nanwan before 2020 (Table 1), while another case of maximum
DHW=10.43 representing a “shuffle but likely not survive” scenario, might occur at
same site after but not far from 2030 (Table 1). However, a finer resolution may be
needed in the future simulation model to have a better representation for Nanwan.

From the growth results of RTE between NPP-OL and WLT, P. verweyi nubbins
associating with symbiont type D1/D1a (NOO, TOW) can have an equal or even higher
tissue expansion rate (for about 2 times higher) than nubbins associating with symbiont
type C3/C3cc (NWW). Furthermore, the tissue coverage growth of TOW was even

higher (also about 2 times higher) than the native group of NPP-OL (Figure 7a)
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suggesting that WLT, where less seawater temperature extremes (Figure 1c) and daily
seawater temperature fluctuations (Figure 1b) are present, may be a better habitat for P.
verweyi compared NPP-OL in terms of tissue expansion which allow coral holobiont to
allocate more energy to tissue expansion rather than to perform heat-resistance
mechanisms (e.g. synthesize heat shock proteins't), or other factors such as nutrient!*?

113 "heterotrophy'* 14, and water velocity'®

. The higher tissue coverage growth rate for
P. verweyi nubbins originated from the NPP-OL population may be due to a difference
in the host performance itself and/or a difference in energy contribution of associating
symbiont. However, given the evidence of higher photosynthates translocation of type
D1/D1a symbiont than type C3/C3cc symbiont’, the higher tissue coverage growth on
the symbiont type D1/Dla dominant P. verweyi nubbins sourcing from the NPP-OL
population in our study suggests a potential acclimatization and/or adaptation of P.
verweyi host could exist.

Most of the previous studies have shown a negative trend in terms of growth in
corals associating with symbiont clade D, which was lower than clade C dominant
coralsi® 74 7576 - Although Yuyama and Higuchi 201477 also illustrated a higher coral
growth rate in Acropora millepora juveniles inoculated with symbiont clade D than with
type C1 under laboratory condition for 2 months, such pattern with adult coral under
field condition has not been documented. The comparable tissue coverage growth of
NPP-OL native P. verweyi (NOO) with the WLT native ones (NWW) might be a result
of physiological compensation of P. verweyi host which respond to the lower energy
translocated from symbiont type D1/Dla. The P. verweyi nubbins transplanted from
NPP-OL to WLT (TWO) then showed a boosted in tissue coverage growth rate that was

two times higher than NOO when the thermal stress was removed. In this case, P.

verweyi from NPP-OL might have already formed a sustainable symbiosis with
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symbiont type D1/Dla through acclimatization and/or adaptation thus the symbiont
communities of P. verweyi transplanted from NPP-OL to other two sites (TOW and TOI)
remained stable with symbiont type D1/D1a even after relieving from warm water for 9
and 7 month in our study as corals tend to shift symbiont community toward the
thermal-susceptible type after thermal stress disappear®® 7°, although this could also be
due to not enough time. Although there is no evidence to show the exact years for P.
verweyi population of NPP-OL association with symbiont type D1/D1a, the symbiont
community of P. verweyi at NPP-OL surveyed in 2009 and in our study (2014 and 2015;
Figure 4a, b) showed an stable and almost complete dominance of symbiont type
D1/D1la in shallow water (<3m) in recent years. However, given the fact that the
shallow water (<3m) of NPP-OL has been affected by the warm water effluent from
operation in 30 years ago, the time period for P. verweyi associating with symbiont type
D1/D1a could be expected to be even longer than 6 years. The long-term thermal stress
at NPP-OL could prevent the symbiont shifting toward more productive but
thermal-susceptible symbiont types thus aid the development of the potential
compensation mechanisms. Despite we observed a unique pattern in the case of
transplantation between NPP-OL and WLT compare to other relating studies, however,
this pattern did not apply to the RTE between NPP-OL and NPP-IL suggest that it may
be influenced by potential environmental differences existing between WLT and
NPP-IL. Since both sites show few incidences of extremely high temperatures (Figure
1c), the differences may lie in the complicated interactions of other factors (water
velocity'*®, nutrient!® 127 upwelling, internal wave, bacterial community®®) that need to

be further investigated in the future.
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Figure 1 Diagram of Reciprocal Transplant Experiment (RTE) design and temperature
regimes of each study sites.

a) Study sites and RTE directions. Arrows in black indicate the directions of RTE for
2014 (5 colonies were transplanted for each site). Arrows in green indicate the
directions of RTE for 2015 (30 colonies were transplanted for each site). b) Daily
seawater temperature fluctuations by sites. ¢) Intervals of summer daily heating event
that exceeds a given temperature threshold by sites. The intervals represent hours
between the first and last record of temperatures that exceed a given threshold in each
day. Data were subsetted with long-term temperature records (2007-2010 and 2013),
2014RTE (Febuary 2014 to January 2015), and 2015RTE (Febuary 2015 to November
2015) and plotted in each big column. NA represent no data were collected from
NPP-IL in 2015RTE. Different lowercase letters indicate a significant difference in daily
temperature ranges between sites (Kruskal-Wallis test, Dunn’s post hoc test, Bonferroni
adjusted p-values at a = 0.05). Bar within each box represents the median. Box
boundaries represent the 75th (Q3) and 25th (Q1) percentiles. Upper whisker boundary
represents the smaller value of the maximum or Q3+1.5*IQR, whereas lower whisker
boundary represents the larger value of the minimum or Q1-1.5*IQR. Black dots
represent the outliers that values exceed the range [Q1-1.5*IQR, Q3+1.5*IQR]. The
interquartile range (IQR) = Q3-QL1.
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Figure 2 Time series records of in situ weekly mean temperature by sites.
a) Temperature recorded in 2014RTE. b) Temperature recorded in 2015RTE. The

bleaching threshold (MMM+1) was determined from long-term data sets (2007-2010
and 2013) of each site.
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Figure 3 Time series of Degree Heating Week (DHW) for each experiment group.
a) Data calculated for 2014RTE. b) Data calculated for 2015RTE. Dotted lines indicate
the alerting levels (DHW=4: Significant bleaching, DHW=8: Widespread bleaching and

mortality can be expected). All transplant groups are shown in left part while all native
groups are shown in right part. Abbreviations were described in abbreviation page.
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Figure 4 Dynamic of symbiont community for each experiment group through time.

a) 2014RTE; n=5 colonies for each group per sampling time; Appendix A2. b)
2015RTE; n=30 colonies for each group per sampling time; Appendix A3. NA
indicates the colony that was still alive but both symbiont type cannot be detected.
Arrows indicate the transplant directions. Abbreviations were described in
abbreviation page.
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Figure 5 Physiological parameters of experiment groups located at NPP-OL at each

sampling time.

a) Total symbiont cell densities b) Chlorophyll a concentrations per cm? c) Chlorophyll
a concentrations per symbiont cell d) Total soluble protein concentrations e)
Dark-adapted photochemical efficiency measured in 2014RTE. (n=5 colonies for each
group per sampling time unless stated otherwise). f) Photochemical efficiency measured
in 2015RTE. (n=30 colonies for each group per sampling time unless stated otherwise).
All data are presented in Mean = SD. Asterisks represent a significant difference of total
symbiont density between each transplant group and the native group on each month.
The detailed statistics were described in Appendix A6, A8, and A10. 1: All samples
were dead. Abbreviations were described in abbreviation page.
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D1/D1a symbiont under different maximum Degree Heating Week (MDH).

Circles represent the symbiont type D1/D1a relative dominance of each colony at its last
sampling time.
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Table 1  Future predictions of prolonged thermal stress events in Nanwan

RCP DHW>6 DHW>8
2.6 2x 2010-20 2020-30
4.5 2x 2020-30 2030-40
6 2X 2020-30 2040-50
8.5 2x 2020-30 2020-30

Future predictions for years that Degree Heating Week (DHW) may exceed certain
levels at Nanwan bay, Kenting National Park under different emission scenarios based
on IPCC ARS5. 2x: The DHW conditions that may occur at least twice within given time
interval. b) The maximum DHW occurred in each reciprocal transplant experiment
(RTE), the rate of successful shuffling for P. verweyi transplanted into NPP-OL, and the
subsequent host mortality rate after shuffling. Note that for the maximum DHW in
2014RTE, we only report the DHW for TWO (transplant group from WLT to NPP-OL)
since a very high mortality already occurred under this situation.

40

doi:10.6342/NTU201600435



ATOW A NOO o NI
o NWW e TWO A TOI

a) 2014RTE b) 2015RTE

] a{\\ ] a% b
b 5° | { <« &

|
WLT NPP-OL NPP-IL  NPP-OL WLT NPP-OL
"9

oL et

300
1
1
300
1

a

b%\ § b

Tisssue coverage
growth rate (%)
100
1

Tisssue coverage
growth rate (%)
100
1

-100
|
L
-100
1

5
I

b

Skeleton
growth (mm)
3
1

L

WLT NPP-OL NPP-IL NPP-OL

Figure 7 Tissue coverage growth and skeleton growth of each experiment group in

2014RTE and 2015RTE.

a) (Top) Tissue coverage growth and (Bottom) skeleton growth in 2014RTE (n=5
colonies for each group per sampling time unless stated otherwise). b) Tissue coverage
growth in 2015RTE. Arrows represent the directions of transplantation. Data were
measured at the end of each RTE relative to initial (n=30 colonies for each group per
sampling time unless stated otherwise). Different lowercase letters indicate a significant
difference between groups (Two-way ANOVA, Tukey’s post hoc test, Bonferroni
adjusted p-values at 0=0.05). For tissue coverage growth in 2015RTE, there is an origin
effect (F=62.163, p<0.001) and location effect (F=67.68, p<0.001) while no origin x
location interaction (F=0.695, p=0.406). No statistics for origin versus location effect
were conducted in 2014RTE because of lack of sample number caused by mortality. The
detailed statistics were described in Appendix Al2 to Al4. §: All samples were dead.
Abbreviations were described in abbreviation page.
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Symbiont types D1/D1a dominance

group colony 2014Apr  2014Sep 2015Jan
NOO 1 100.000% 100.000% 100.000%
NOO 2 100.000% 100.000% 100.000%
NOO 3 100.000% 100.000% 100.000%
NOO 4 100.000% 100.000% 100.000%
NOO 5 100.000% 100.000% 100.000%
TOW 1 100.000% 100.000%  98.061%
TOW 2 100.000% 100.000% 100.000%
TOW 3 100.000% 100.000% 100.000%
TOW 4 99.978%  100.000%  100.000%
TOW 5 100.000% 100.000% 100.000%
TOI 1 98.850%  100.000%  100.000%
TOI 2 100.000% 100.000% 100.000%
TOI 3 100.000% 100.000% 100.000%
TOI 4 100.000% 100.000% 100.000%
TOI 5 100.000%  99.556%  100.000%
NWW 1 0.000% 0.000% 0.000%
NWW 2 0.000% 0.000% 0.000%
NWW 3 0.000% 0.000% 0.000%
NWW 4 0.000% 3.799% Dead
NWW 5 0.000% 0.000% 0.000%
TWO 1 0.017% 6.587% Dead
TWO 2 0.000% 0.000% Dead
TWO 3 0.000% 8.478%  100.000%
TWO 4 0.585%  100.000% Dead
TWO 5 0.000%  100.000% Dead
NII 1 0.000% 0.000% 0.023%
NII 2 0.000% 0.000% 0.000%
NII 3 0.000% 0.000% 0.000%
NII 4 0.000% 0.000% 0.000%
NII 5 0.001% 0.000% 0.000%
TIO 1 0.000% 49.022% Dead
TIO 2 0.000% 30.783% Dead
TIO 3 0.000% 41.984% Dead
TIO 4 0.000% 91.156% Dead
TIO 5 0.000% NA Dead

A2 Symbiont type D1/D1la dominance in total symbiont community in each group by
time in 2014RTE. NA represents both symbiont type C3/C3cc and D1/Dla were
undetected from a single colony. Abbreviations were described in abbreviation page.
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(@) Symbiont types D1/D1a dominance
group colony 2015Apr  2015Jul 2015Sep
NOO 1 100.000% 100.000% 100.000%
NOO 2 100.000% 100.000% 100.000%
NOO 3 100.000% 100.000% 100.000%
NOO 4 100.000% 100.000% 100.000%
NOO 5 100.000% 99.901% 100.000%
NOO 6 100.000% 100.000% 100.000%
NOO 7 100.000% 100.000% 100.000%
NOO 8 100.000% 100.000% 100.000%
NOO 9 100.000% 100.000% 100.000%
NOO 10 100.000% 100.000% 100.000%
NOO 11 100.000% 100.000% 100.000%
NOO 12 100.000% 100.000% 100.000%
NOO 13 100.000% 100.000% 100.000%
NOO 14 100.000% 100.000% 100.000%
NOO 15 100.000% 100.000% 100.000%
NOO 16 100.000% 100.000% 100.000%
NOO 17 80.645% 100.000% 100.000%
NOO 18 100.000% 100.000% 100.000%
NOO 19 100.000% 100.000% 100.000%
NOO 20 100.000% 100.000% 100.000%
NOO 21 100.000% 100.000% 100.000%
NOO 22 100.000% 100.000% 100.000%
NOO 23 100.000% 100.000% 100.000%
NOO 24 100.000% 100.000% 100.000%
NOO 25 100.000% 100.000% 100.000%
NOO 26 100.000% 100.000% 100.000%
NOO 27 100.000% 100.000% 100.000%
NOO 28 100.000% 100.000% 100.000%
NOO 29 100.000% 100.000% 100.000%
NOO 30 100.000% 100.000% 100.000%

A3 Symbiont type D1/D1a dominance in total symbiont community in each group by
time in 2015RTE. (a) NOO (b) TOW (c) NWW (d) TWO. NA represents both symbiont
type C3/C3cc and D1/D1a were undetected from a single colony. Abbreviations were

described in abbreviation page.
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(b) Symbiont types D1/D1a dominance
group colony 2015Apr  2015Jul 2015Sep

TOW 1 100.000% 100.000% 100.000%
TOW 2 100.000% 100.000% 100.000%
TOW 3 100.000% 100.000% 100.000%
TOW 4 100.000% 100.000% 100.000%
TOW 5 100.000% 100.000% 100.000%
TOW 6 100.000% 100.000% 100.000%
TOW 7 100.000% 100.000% 100.000%
TOW 8 100.000% 100.000% 100.000%
TOW 9 100.000% 100.000% 100.000%
TOW 10 100.000% 100.000% 100.000%
TOW 11 100.000% 100.000% 100.000%
TOW 12 100.000% 100.000% 100.000%
TOW 13 100.000% 100.000% 100.000%
TOW 14 100.000% 100.000% 100.000%
TOW 15 100.000% 100.000% 100.000%
TOW 16 100.000% 100.000% 100.000%
TOW 17 100.000% 100.000% 100.000%
TOW 18 100.000% 100.000% 100.000%
TOW 19 100.000% 100.000% 100.000%
TOW 20 100.000% 100.000% 100.000%
TOW 21 100.000% 100.000% 100.000%
TOW 22 99.828%  100.000% 100.000%
TOW 23 100.000% 100.000% 100.000%
TOW 24 100.000% 100.000% 100.000%
TOW 25 100.000% 100.000% 100.000%
TOW 26 100.000% 100.000% 100.000%
TOW 27 100.000% 100.000% 100.000%
TOW 28 100.000% 100.000% 99.966%
TOW 29 100.000% 100.000% 100.000%
TOW 30 100.000% 100.000% 100.000%

A3 (continued).

55

doi:10.6342/NTU201600435



(c) Symbiont types D1/D1a dominance
group colony 2015Apr  2015Jul 2015Sep
NWW 1 0.000% 0.000% 0.000%
NWW 2 12.711% 6.470% 28.460%
NWW 3 0.000% 0.000% 0.000%
NWW 4 0.000% 0.000% 0.020%
NWW 5 0.000% 0.000% 0.000%
NWW 6 0.000% 0.000% 0.000%
NWW 7 0.000% 4.963% 7.829%
NWW 8 NA 2.356% 22.971%
NWW 9 0.000% NA 0.000%
NWW 10 0.000% 0.000% 0.000%
NWW 11 0.020% 0.000% 0.000%
NWW 12 0.022% 0.000% 0.000%
NWW 13 0.000% 0.000% 0.000%
NWW 14 0.000% 0.000% 0.000%
NWW 15 0.000% 0.000% 0.000%
NWW 16 0.000% 0.000% 0.000%
NWW 17 0.019% 0.000% 0.028%
NWW 18 0.000% 0.000% 0.000%
NWW 19 0.000% 0.000% 0.000%
NWW 20 0.000% 0.000% 0.000%
NWW 21 0.000% 0.000% 0.000%
NWW 22 0.198% 0.000% 0.000%
NWW 23 79.841%  88.243% 77.205%
NWW 24 8.851% 27.263%  44.608%
NWW 25 85.576% 100.000% 95.126%
NWW 26 0.040% 0.000% 0.466%
NWW 27 0.000% 0.000% 0.000%
NWW 28 0.000% 0.000% 0.000%
NWW 29 0.000% 0.000% 0.000%
NWW 30 0.000% 0.000% 0.000%

A3 (continued).
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(d)

Symbiont types D1/D1a dominance

group colony 2015Apr  2015Jul 2015Sep
TWO 1 0.000%  100.000% 100.000%
TWO 2 39.585% 100.000% 99.712%
TWO 3 0.000%  18.386% Dead
TWO 4 0.000% 0.000% Dead
TWO 5 0.000% NA 84.376%
TWO 6 0.000% NA 33.657%
TWO 7 4.207%  100.000% 100.000%
TWO 8 0.558%  100.000% 100.000%
TWO 9 0.000% NA Dead
TWO 10 0.000% NA 100.000%
TWO 11 0.000%  100.000% 100.000%
TWO 12 0.000% NA Dead
TWO 13 0.000%  100.000% 100.000%
TWO 14 0.000%  100.000% 100.000%
TWO 15 0.000%  44.115% 100.000%
TWO 16 0.000%  100.000% 100.000%
TWO 17 0.000%  86.786% 100.000%
TWO 18 0.000%  100.000% 100.000%
TWO 19  100.000% 100.000% 100.000%
TWO 20 0.054%  100.000% 100.000%
TWO 21 0.000% NA 100.000%
TWO 22 0.038% NA 100.000%
TWO 23 0.120%  100.000% 100.000%
TWO 24 0.150%  100.000% 100.000%
TWO 25 0.000%  100.000% 100.000%
TWO 26 0.000%  100.000% 100.000%
TWO 27 0.000%  100.000% 100.000%
TWO 28 0.000%  77.905% 100.000%
TWO 29 82.421% 100.000% 100.000%
TWO 30 16.122% Dead Dead

A3 (continued).
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group colony symbiont types C3/C3cc symbiont types D1/Dla

time
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A4  Symbiont cell densities of symbiont types C3/C3cc and types D1/Dla in 2014RTE,
values were estimated by multiplying total symbiont cell densities obtaining from cell
counting to types C3/C3cc : D1/D1la ratio obtaining from gPCR. Abbreviations were
described in abbreviation page.
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parameters t df p t df p t || d==|lp
Photochemical efficiency (Fv/Fm)
April vs. July 16.01 4 <0.001 12 4 <0.001 25.63 4 <0.001
April vs. September 433 4 0.012 2383 4 <0.001 17.64 4 <0.001
April vs. October - - - - - - 6.23 4 0.003
April vs. January - - - - - - 11.7 4 <0.001
July vs. September -5.07 4 0.007 -843 4 0.001 -6.16 4 0.004
July vs. October - - - - - - -591 4 0.004
July vs. January - - - - - - -13.95 4 <0.001
September vs. October - - - - - - 397 4 0.017
September vs. January - - - - - - -12.64 4 <0.001
October vs. January - - - - - - -0.96 4 0.391
Total symbiont density (cell cm-2)
April vs. September 10.20 4 <0.001 858 4 0.001 -133 4 0.255
April vs. January - - - - - - -4.07 4 0.705
September vs. January - - - - - - 0.62 4 0.569
Chlorophyll a (pg cm -2)
April vs. September 565 4 0.005 267 4 0.06 1.17 4 0.306
April vs. January - - - - - - -0.12 4 0911
September vs. January - - - - - - -1.75 4 0.156
Chlorophyll a (pg symbiont cell -1)
April vs. September 0.73 4 0502 -0.732 4 0505 292 4 0.043
April vs. January - - - - - - 011 4 0914
September vs. January - - - - - - -26 4 0.06
Total soluble protein (mg cm-2)
April vs. September 710 4 0.002 1042 4 <0.001 7.40 4 0.002
April vs. January - - - - - - 296 4 0.042
September vs. January - - - - - - -253 4 0.065

A5 Paired t-test results of photochemical efficiency and other physiological parameters
in 2014RTE. P-values in boldface highlighting the significant differences between time.
Dash lines represent no statistics were performed due to high mortality.
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Apr-14 July Sep

Photochemical efficiency t df p t df p t df p

TWO vs NWW 9% - 0548 1313 8 <0.001 20* - 0.151
TIO vs NII 0.00 8 0.997 10.02 4.59 <0.001 6.33 8 <0.001
TWO vs NOO 1.86 8 0.100 11.68 8 <0.001 1.54 449 0.191
T10 vs NOO 0.70 8 0501 981 8 <0.001 6.24 8 <0.001

A6 Student’s t-test results of photochemical efficiency through time in 2014RTE. No
statistics were performed for TWO and TIO after October due to insufficient sample
number causing by mortality. #: Wilcoxon rank sum test was performed since data failed
to meet homogeneity of variance even after transformation. f: All the samples were
dead. Abbreviations were described in abbreviation page.
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AT Physiological parameters through sampling time. a) Total symbiont cell densities b)
Chlorophyll a concentrations per cm? c) Total soluble protein concentrations d)
Dark-adapted photochemical efficiency measured in 2014RTE. (n=5 colonies for each
group per sampling time unless stated otherwise). e) Photochemical efficiency measured
in 2015RTE. (n=30 colonies for each group per sampling time unless stated otherwise).
All data are presented in Mean = SD. Asterisks represent a significant difference of total
symbiont density between each transplant group and the native group on each month.
The detailed statistics were described in Appendix A6, A8, and A10. {: All the samples

were dead. Abbreviations were described in abbreviation page.
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2014Apr 2014Sep 2015Jan

parameters t df p t df p t df p

Total symbiont density

TOW vs. NOO -1.812 8 0.108 0.44 8 0.671 -0.33 8 0.749
TOI vs. NOO -1.30% 4.6 0.255 -0.32 8 0.757 -0.44 8 0.674
TWO vs. NWW -2.43 8 0.041 4.00 4.79 0.011 - - -
TIO vs. NIl 0.15 8 0.885 15.96 8 <0.001 il il il
TWO vs. NOO -0.55 8 0.595 8.55 8 <0.001 - - -
TIO vs. NOO 2.18° 8 0.060 9.89° 8 <0.001 T il il
Chlorophyll a per cm?
TOW vs. NOO -0.16 8 0.879 -0.18 8 0.862 -1.76 8 0.117
TOI vs. NOO W=7° - 0.301 271 8 0.028 -0.39 8 0.706
TWO vs. NWW -1.22 8 0.257 3.16 8 0.013 - - -
TIO vs. NII 1.74 8 0.119 7.18 8 <0.001 il il il
TWO vs. NOO 1.48° 8 0.177 5.70 8 <0.001 - - -
TIO vs. NOO 2.95° 8 0.019 5.89 4.23 0.003 F T T
Chlorophyll a per cell
TOW vs. NOO 1.61 8 0.146 -0.52 8 0.620 -1.192 8 0.269
TOIl vs. NOO 1.10 8 0.302 3.42 8 0.009 -0.26 8 0.804
TWO vs. NWW 0.63 8 0.547 0.85 8 0.418 - - -
TIO vs. NIl 1.64 8 0.141 -1.90 4.38 0.124 T F ¥
TWO vs. NOO 2.75 8 0.025 0.76 8 0.470 - - -
TIO vs. NOO 2.93 8 0.019 0.01 8 0.992 + T il
Total soluble protein
TOW vs. NOO 2.32 8 0.049 -1.25 8 0.246 -1.34 8 0.219
TOIl vs. NOO 297 8 0.018 -1.00 8 0.346 -1.57 8 0.156
TWO vs. NWW -1.44 8 0.188 4.29 8 0.003 - - -
TIO vs. NIl 2.58 8 0.032 5.58 8 <0.001 i T T
TWO vs. NOO 1.18 8 0.273 4.55 8 0.002 - - -
TIO vs. NOO -0.64 8 0.540 3.71 8 0.006 T il il

A8 Student’s t-test results for physiology parameters for transplant groups compare to
native groups through time in 2014RTE. No statistics were performed between TWO
and NWW on January 2015 due to insufficient sample number (n=1) for TWO causing
by mortality. % Data were Box-cox transformed. °: Wilcoxon rank sum test was
performed since data failed to meet homogeneity of variance even after transformation.
+: All the samples were dead. Abbreviations were described in abbreviation page.
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TWO

parameters V p
Photochemical efficiency (Fv/Fm)

April vs July 153 <0.001

April vs September 239 0.002

April vs November 228 0.027

July vs September 22 0.365

July vs November 1 <0.001
September vs November 65 0.025

A9 Paired t-test results of photochemical efficiency in 2015RTE. P-values in boldface
highlighting the significant differences between time. Dash lines represent no statistics

were performed due to high mortality.
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parameters 2015Apr July Sep Nov

Photochemical efficiency W p w p w p w p

TWO vs. NOO 105 <0.001 436 <0.001 505 <0.01 566 <0.001
TOW vs. NOO 633.00 0.007 154.5 <0.001 448.00 0.982 727.50 <0.001
TWO vs. NWW 523.50 0.280 344.5 0.013 622.00 <0.001 545.00 <0.001

A10 Wilcoxon rank sum test result of photochemical efficiency through time in
2015RTE. Abbreviations were described in abbreviation page.
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(@)

df SS MS F p
Group 4 8.05 2.0124 10.66 0.00011
Residuals 19 3.585 0.1887
(b)
NOO TOW TOI NWwW  TWO NIl TIO
NOO 0.001625 [1 1 NA 0.075209 |NA
TOW 0.001625 0.0004 |0.00183 |NA 1 NA
TOI 1 0.000436 1 NA 0.02001 |NA
NWW 1 0.001829 (1 NA 0.06813 |NA
TWO NA NA NA NA NA NA
NII 0.075209 1 0.02 0.06813 |NA NA
TIO NA NA NA NA NA NA

All (a) One-way ANOVA table and (b) Tukey’s post hoc test table for tissue coverage
growth in 2014RTE and Bonferroni corrected p-values were reported. NA represent no
statistic were performed due to lack of sample number causing by mortality.
Abbreviations were described in abbreviation page.
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(@)

df SS MS F p
Group 4 10.962 2.7405 5.742 0.00333
Residuals 19 9.068 0.4772
(b)
NOO TOW TOI NWW TWO NIl TIO

NOO 1 1 1 NA 0.03383 |NA
TOW 1 0.40678 |NA 0.41072 |NA
TOI 1 1 NA 0.01772 |NA
NWW 0.40678 1 NA 0.00421 |NA
TWO NA NA NA NA NA NA
NII 0.03383 0.41072 0.01772 10.00421 |NA NA
TI1O NA NA NA NA NA NA

Al12 (a) One-way ANOVA and (b) Tukey’s post hoc test results for skeleton growth in
2014RTE and Bonferroni corrected p-values were reported. NA represent no statistic
were performed due to lack of sample number causing by mortality. Abbreviations were

described in abbreviation page.
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(@)

df SS MS F p
Group 3 38.91 12.971 4351 <0.001
Residuals 109 32.49 0.298
(b)
NOO TOW NWW TWO
NOO <0.001 1 <0.001
TOW <0.001 <0.001 <0.001
NWW 1 <0.001 <0.001
TWO <0.001 <0.001 <0.001

Al3 (a) One-way ANOVA and (b) Tukey’s post hoc test results for tissue coverage
growth in 2015RTE and Bonferroni corrected p-values were reported. Abbreviations

were described in abbreviation page.
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df SS MS F p

origin 1 1853 18531  62.163 <0.001

location 1 20.18  20.176  67.681 <0.001

origin x location 1 0.21 0.207 0.695 0.406
Residuals 109 32.49 0.298

Al14 Two-way ANOVA result of origin versus the location effect of tissue coverage
growth of P. verweyi in 2015RTE between NPP-OL and WLT. The p-values in boldface

represent a significant difference in the factor.
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