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In the cnidarian-dinoflagellate symbiosis, hosts show altered expression of genes involved in growth and proliferation when in the
symbiotic state, but little is known about the molecular mechanisms that underlie the host’s altered growth rate. Using tissue-
specific transcriptomics, we determined how symbiosis affects expression of cell cycle-associated genes, in the model symbiotic
cnidarian Exaiptasia diaphana (Aiptasia). The presence of symbionts within the gastrodermis elicited cell-cycle arrest in the
G1 phase in a larger proportion of host cells compared with the aposymbiotic gastrodermis. The symbiotic gastrodermis
also showed a reduction in the amount of cells synthesizing their DNA and progressing through mitosis when compared
with the aposymbiotic gastrodermis. Host apoptotic inhibitors (Mdm2) were elevated, while host apoptotic sensitizers (c-
Myc) were depressed, in the symbiotic gastrodermis when compared with the aposymbiotic gastrodermis and epidermis of
symbiotic anemones, respectively. This indicates that the presence of symbionts negatively regulates host apoptosis, possibly
contributing to their persistence within the host. Transcripts (ATM/ATR) associated with DNA damage were also
downregulated in symbiotic gastrodermal tissues. In epidermal cells, a single gene (Mob1) required for mitotic completion
was upregulated in symbiotic compared with aposymbiotic anemones, suggesting that the presence of symbionts in the
gastrodermis stimulates host cell division in the epidermis. To further corroborate this hypothesis, we performed
microscopic analysis using an S-phase indicator (EdU), allowing us to evaluate cell cycling in host cells. Our results
confirmed that there were significantly more proliferating host cells in both the gastrodermis and epidermis in the
symbiotic state compared with the aposymbiotic state. Furthermore, when comparing between tissue layers in the presence
of symbionts, the epidermis had significantly more proliferating host cells than the symbiont-containing gastrodermis.
These results contribute to our understanding of the influence of symbionts on the mechanisms of cnidarian cell
proliferation and mechanisms associated with symbiont maintenance.

1. Introduction

Coral reefs are one of the most negatively impacted eco-
systems on our planet [1], a consequence of anthropogenic
climate change that has led to ocean warming and acidifi-
cation [2, 3]. Reef-building scleractinian corals and other

cnidarians (soft corals, sea anemones, jellyfish, and hydro-
corals) form symbioses with dinoflagellates of the family
Symbiodiniaceae [4], which are located in the host’s gas-
trodermal cells within host-derived vacuolar compartments
known as “symbiosomes” [5, 6]. During stable environ-
mental conditions, this symbiosis is mutualistic, with the
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major benefit being the exchange of nutrients [7]. In par-
ticular, fixed carbon is translocated from the algae to the
host, predominantly in the form of glucose [8, 9], while
inorganic nitrogen is released to the algae by the host
[10, 11]. This nutritional interplay underlies the success
of coral reefs in nutrient-poor tropical waters [12].

Evolved interactions between the resident symbiont and
the host are integral for controlling the metabolic integra-
tion, nutritional state, and coordinated growth of the symbi-
ont and host [13]. The host has evolved several homeostatic
mechanisms to regulate the steady-state symbiont density,
including premitotic mechanisms such as cell-cycle arrest
[14, 15] and postmitotic mechanisms such as autophagy
[16, 17], apoptosis [17–19] and expulsion [20–23]. These
host regulatory processes have been shown to be upregulated
when conditions favour symbiont growth and/or are subop-
timal for the host, e.g., increased temperatures [17, 20,
24–26], or the host associates with heterologous (i.e., nonna-
tive) symbiont types [18].

Cell-cycle control has been proposed as one of the
dominant mechanisms for regulating symbiont biomass
in the cnidarian-dinoflagellate symbiosis, with the arrest
of the cell cycle of the majority of symbionts in the G1/S
phase, compared with symbionts in culture [14, 27]. The
mitotic cell cycle is a biological process that allows eukary-
otic organisms to renew, repair and grow their tissues
[28–30]. It involves a first gap phase (G1) where cells grow
[31], a DNA synthesis phase (S) where DNA is replicated
[32], a second gap phase (G2) where DNA damage is
repaired before mitosis [33], and finally a mitotic phase
(M) where cells divide [34]. Checkpoints within the spe-
cific cell-cycle phases control cell proliferation under unfa-
vourable environmental conditions and prevent damaged
cells from propagating [15].

Coordination of host and symbiont growth is vital for
maintaining optimal functioning between the biological
partners in a dynamic environment (both biotic and abi-
otic), which can shift the metabolic equilibrium and help
sustain the association. The symbiotic state elicits prolifer-
ation of host cells in both the epidermis and gastrodermis,
with proliferation most pronounced in host cells closest to
the symbionts (<13μm) [27]. In contrast, reduced prolifer-
ation of symbiont cells in hospite during colonization
(compared with log phase growth in culture) appears to
be the result of altered progression of the symbiont cell
cycle through arrest of the symbionts in the S phase,
which causes fewer cells to enter the G2/M phase and thus
divide [27]. It is unclear whether the proportion of the
symbiont population within the different phases of the cell
cycle changes after the symbionts reach a steady-state pop-
ulation in the host. In the hydroid Myrionema ambio-
nense, measurement of the mitotic index via light
microscopy indicated that symbiont biomass becomes syn-
chronized with the biomass of the host once the symbiont
population reaches a steady state [35]. For instance, M.
ambionense host cells were observed dividing after host
feeding and the symbiont cells divided 10–12 hours fol-
lowing host cell division, but only if given access to ample
light [35].

The molecular mechanisms that underlie host-symbiont
coordination and synchrony are only now being described.
Previous transcriptomic studies have shown that the symbi-
otic state changes the expression of 920 and 91 host genes in
the sea anemones Exaiptasia diaphana (=E. pallida; com-
monly referred to as “Aiptasia”) [36] and Anthopleura ele-
gantissima [37], respectively. Furthermore, the symbiotic
state also caused a shift in the rhythms of host gene expres-
sion in Aiptasia, with 10% of genes changing their periodic-
ity from 12- to 24-hour rhythms [38]. In this latter study,
one of the top five canonical pathways that changed its peri-
odicity was the mammalian target of rapamycin (mTOR)
pathway. This pathway combines nutrient and mitogenic
signals to integrate cell growth/size [39, 40], an important
factor when determining progression through cell-cycle
checkpoints [41]. In A. elegantissima, the presence of symbi-
onts resulted in a decrease in the expression of four host
genes involved in host cell apoptosis and an increase in the
expression of one host gene involved in host cell prolifera-
tion through an impact on the sphingosine-1-phosphate
(S1P) and prohibitin pathways [37]. In Aiptasia, S1P has
been shown to promote host cell survival both during asso-
ciation with symbionts [42] and periods of host stress [43].
However, we still have a long way to go to understand which
host genes are altered in their expression in the presence of
symbionts and how this induces downstream effects on host
growth.

The development of the Aiptasia model system and the
advancement in “omic” technologies has played a significant
role in describing the molecular differences in the cnidarian
host induced by the establishment of the symbiotic state [36,
38, 44–47]. We expanded on these pioneering studies to fur-
ther our understanding of cell-cycle regulation in the
cnidarian-dinoflagellate symbiosis, by analyzing a cnidarian
tissue-specific transcriptomic dataset that compares differ-
ences in expression of host cell-cycle genes between symbi-
otic states (aposymbiotic versus symbiotic) and host tissue
types (epidermis versus gastrodermis). We confirmed the
identity of Aiptasia genes by bioinformatics using phyloge-
netic analysis. Following the findings of the gene expression
changes, a microscopy method was developed to quantify
the number of proliferating host cells in the gastrodermis
and epidermis of Aiptasia when in the aposymbiotic state
(i.e., symbiont free) and when recently inoculated with sym-
biotic dinoflagellates (two days postinoculation) and in the
fully established symbiotic state.

2. Methods

2.1. Tissue-Specific Transcriptomics

2.1.1. Animal Maintenance and Laser Microdissection. Apos-
ymbiotic anemones for this experiment were obtained by
bleaching symbiotic anemones via cold-shock treatment in
combination with the photosynthetic inhibitor diuron
(Sigma-Aldrich) [48, 49]. After removal of symbionts, apos-
ymbiotic animals were kept under the same conditions as
the symbiotic anemones for at least three months. To ensure
the absence of symbionts, anemones were examined for the
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presence of chlorophyll a autofluorescence once a week and
on the day of the experimental setup using a fluorescence
microscope (Leica DMI3000 B) at ×10 magnification. After-
wards, symbiotic and aposymbiotic Aiptasia (strain CC7)
were kept in replicate-specific tanks containing autoclaved
seawater from the Red Sea with salinity adjusted to
~37 ppt. Tanks were kept on a 12 h : 12 h light : dark cycle
with ~40μmol photons m−2·s−1 of photosynthetically active
radiation and fed with freshly hatched Artemia sp. brine
shrimp nauplii approximately three times per week. One
anemone from each tank was collected after six hours in
the light, snap frozen in liquid nitrogen immediately, and
embedded with tissue freezing medium (Electron Micros-
copy Sciences, USA). The embedded samples were stored
at −80°C before cryosectioning.

The cryostat (Leica Biosystems, Germany) was pre-
chilled to a chamber temperature of −23°C. Samples were
equilibrated to the chamber temperature for 20min, and
then, for each replicate, a layer of tissue was cut from
the top to the bottom of the animal and dissected at a
thickness of 8μm. Tissue sections were placed on micro-
scope slides (1–3 per slide), and the gastrodermis and epi-
dermis were identified using a Leica LMD 6000
microscope (Leica Microsystems, Germany) and a Leica
filter cube B/G/R and A (Leica Microsystems, Germany).
Regions of interest were traced by LMD software and dis-
sected using the ultraviolet laser beam. The dissected tis-
sues were collected in caps containing 40μL RNA
extraction buffer from an Arcturus PicoPure RNA Isola-
tion Kit (Thermo Fisher Scientific, USA). The harvested
cells were lysed at 42°C for 30min, vortexed briefly, and
then kept at −80°C until further processing.

2.1.2. Tissue-Specific RNA-Seq. Total RNA from the cell
lysates was extracted using an Arcturus PicoPure RNA
Isolation Kit following the protocol for use with CapSure
Macro LCM Caps. The quality of RNA samples was
assessed using an Agilent RNA 6000 Pico Kit with an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, USA). cDNA
was synthesized using an Ovation RNA-seq System V2 Kit
(NuGen, USA) following the manufacturer’s instructions.
The amplified cDNA was processed for library preparation
using a NEBNext Ultra II DNA Library Prep Kit (NEB,
USA) for Illumina sequencing. The samples were pooled
and sequenced on four lanes of the Illumina HiSeq 2000
platform (Illumina, USA) to generate paired-end reads.
Symbiont-originated reads were found in the symbiotic
gastrodermal samples; however, there were not enough
reads to analyze the expression profile of the symbionts.
The expression level of revised Aiptasia gene models [49,
50] was quantified using kallisto [51]. Differential expres-
sion analysis was performed using sleuth [52]. GO enrich-
ment analysis was conducted on the differentially
expressed genes using topGO [53], as described in Cui
et al. [49]. It should be noted that KEGG pathway analysis
in this study was based on mammalian and yeast genes
due to the lack of KEGG pathway data for Aiptasia, so
confirming whether the genes discovered in Aiptasia per-
form the same functions would require future work.

2.1.3. Confirmation of Gene Identity. Protein sequences of
differentially expressed transcripts from the Aiptasia tran-
scriptome were BLAST searched using the BLASTp function
against the NCBI non-redundant database. Genes were
annotated based on the hits with an e value above 1 × 10−5.
Aiptasia genes were then submitted to InterProScan [54] to
identify gene domains and check that they matched to the
gene annotation based on the NCBI non-redundant data-
base results. Homologs from other eukaryotes were acquired
and aligned against the Aiptasia genes using the MUSCLE
alignment in Geneious v.11.1.5. Alignments were trimmed
and run through ProtTest (v3.4.) [55] to find the optimal
model of evolution using the corrected Akaike information
criterion (AICc). Maximum-likelihood trees were then gen-
erated by PhyML (v3.1) [56], and branch support was calcu-
lated using aLRT analysis. aLRT has been shown to produce
similar final tree topologies to bootstrap analysis [57, 58].
Trees were rooted for CDK and cyclin genes using sister
genes from Homo sapiens, whilst all other trees were rooted
using homologs from Placozoa, Porifera, or Arabidopsis
thaliana. Trees were edited in the interactive tree of life
(iToL) software (v.5.6.3) [59]. The final classification of Aip-
tasia transcripts was based on these phylogenies.

2.1.4. Data Accession. The tissue-specific transcriptome
method described in this current study and the cell-cycle
transcript data collected are part of a wider transcriptome
dataset collected by Cui etal. (in prep.). The full tran-
scriptome dataset can be accessed at the NCBI database
(accession number: PRJNA631577). The data for this spe-
cific study can be found in Supplementary File 1.

2.2. Microscopic Analysis of Host Cell Proliferation

2.2.1. Modification of Aiptasia Symbiotic State. In this study,
clonal Aiptasia were used in three different symbiotic states:
fully symbiotic, symbiont-free (i.e., aposymbiotic), and two
days postinoculation with cultured symbionts. In total, 45
anemones were used in this study, with 15 animals per sym-
biotic state. These anemones were distributed across three 6-
well plates, with three biological replicates per well. Experi-
mental conditions were chosen to mimic field conditions
as closely as possible, with animals kept at 25°C in auto-
claved seawater from the Red Sea, with the salinity adjusted
to ~37 ppt. The irradiance was similar to that measured on
local Red Sea reefs (~40μmol photons m−2·s−1), set to a
12 h light/12 h dark cycle. All animals were fed with freshly
hatched Artemia sp. nauplii approximately three times a
week, with a water change on the day after feeding. The last
feeding occurred two days before EdU imaging, so that feed-
ing did not affect the host cell proliferation rate [14].
Recently inoculated anemones were obtained by inoculating
aposymbiotic individuals with laboratory-cultured Brevio-
lum minutum (previously known as Symbiodinium clade B
strain SSB01) two days before sample processing, to repre-
sent an early symbiotic state. Note that, while Aiptasia regu-
larly associates with B. minutum across the Indo-Pacific
region [60], this strain was not sourced from the stock
anemone cultured used here.
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2.2.2. Visualization of Cell Proliferation. To observe cell pro-
liferation in Aiptasia tissues, we measured the incorporation
of a thymidine nucleotide substitute 5-ethynyl-2′-deoxyuri-
dine (EdU) into the DNA (Click-iT® EdU Imaging Kit, Invi-
trogen). Animals were exposed to 10μM EdU (solvent
DMSO) for 48h [61, 62]. After incubation, an equal volume
of 3.7% MgCl2 solution was added to seawater and this mix-
ture was used to anesthetize anemones for 30min. To initi-
ate fixation of the specimens, they were held in 4%
paraformaldehyde at 4°C overnight. Fixation was followed
by washing the specimens twice with phosphate buffer saline
(PBS) and dehydration with ethanol. Dehydration was per-
formed by transferring animals into 50%, 60%, 70%, 80%,
and 95% EtOH for 10min at each concentration. Follow-
ing this incubation, animals were transferred into absolute
EtOH twice for 15min and then into m-Xylene twice for
15min. Specimens were then embedded in paraffin and
sectioned with a rotary microtome to a thickness of
7μm, and the sections were gently positioned on glass
slides. A minimum of three slides were analyzed per indi-
vidual. The paraffin was then carefully removed, and sam-
ples were rehydrated by placing them in m-Xylene for
15min. After the m-Xylene incubation, the slides were
transferred to 100%, 80%, 60%, and 50% EtOH and incu-
bated for 7min at each concentration. After rehydration,
slides were washed once with PBS, and a blocking solution
of 3% bovine serum albumin (BSA) in PBS was applied
before permeabilizing the samples with 0.5% Triton X-
100 in PBS. Additional washes with the blocking solution
(3% BSA in PBS) and then with PBS were performed.
Samples were treated with Click-iT® EdU reaction cocktail,
prepared according to the manufacturer’s recommenda-
tions, and incubated at room temperature for 30min in
the dark. A negative control, without Click-iT® reaction,
was also imaged (n = 3–4 per symbiotic state). After the
30min incubation, the reaction mixture was washed with
PBS, followed by Hoechst 33342 staining at a final concen-
tration of 3μg/mL for 10min in the dark to visualize all
nuclear DNA. Slides were thoroughly washed once more
with PBS and then mounted and imaged.

A Leica SP8 TCS STED 3× confocal microscope was
used to observe the EdU and Hoechst 33342 fluorescence
signals. Images were taken where gastrodermal and epider-
mal tissues could be identified in up to three random areas.
Acquired pictures were analyzed with CellProfiler 3.1.9 [63]
using an adapted pipeline for particle counting from the
manufacturer. Nuclei from both gastrodermal and epider-
mal tissue layers were counted together and separately (see
below). Unfortunately, not every biological replicate pro-
duced good quality pictures, which led to some of the indi-
viduals not being used for further analysis. Altogether, 10
aposymbiotic individuals, 12 inoculated individuals, and 14
fully symbiotic individuals were analyzed for host cell prolif-
eration counts.

(1) Nuclei Counts. Proliferating cell counts obtained from
Click-iT® EdU-stained cells were normalized to the Hoechst
33342-stained nuclei number, as a proxy for the total cell
number. Mean values of nuclei count per sample were calcu-
lated based on the counts from two to three images, depend-

ing on the image quality. Statistical analysis was performed
using R version 3.5.2 [64]. The normality of the data distri-
bution was determined with the Shapiro-Wilk test. Outlier
values found in the datasets were removed from further
analysis. Evaluation of homogeneity of variances was con-
ducted using Levene’s test, followed by a Student’s t-test
for independent samples to compare between different con-
ditions. A p value < 0.05 was classed as statistically
significant.

(2) Nuclei Counts in Separate Tissue Layers. To calculate the
cell proliferation rate in separate tissue layers, fluorescence
microscopy images were analyzed once more, this time by
manually counting the nuclei using ImageJ software with
the Cell Counter plugin [65]. We selected representative
150μm by 50μm areas within the gastrodermis and epider-
mis and separated different channels from the original pic-
ture into blue (for Hoechst 33342 signal) and green (for
EdU signal). Five images were analyzed per symbiotic state
(aposymbiotic, recently inoculated and symbiotic). The
EdU nuclei count number was normalized to the total nuclei
number (Hoechst 33342-stained nuclei). Statistical analysis
was performed using R version 4.0.0 [64]. The normality of
data distribution was determined with the Shapiro-Wilk test,
while the homogeneity of variances was evaluated using
Levene’s test. Comparisons between groups were performed
using the Student’s t-test for independent samples and anal-
ysis of variance (ANOVA). Games-Howell post hoc analysis
was used to further investigate significant differences after
performing analysis of variance. A p value < 0.05 was con-
sidered to show statistically significant differences.

3. Results/Discussion

3.1. Differentially Expressed Genes (DEGs) between Symbiotic
States and Host Tissues. Altogether, 29 transcripts differed in
expression with regard to the symbiotic state and tissue type
(Table 1). These transcripts corresponded phylogenetically
to at least 25 separate Aiptasia cell-cycle genes (Supplemen-
tary Figures 1–22). Only one cell-cycle transcript was
discarded after bioinformatic analysis (AIPGENE27523).
This transcript was originally annotated as SMAD4, and
when searching against the Aiptasia genome [48], the
transcript also corresponded to a gene annotated as
SMAD4. However, after BLAST searches against both the
NCBI database and Reef Genomics database, analyzing the
conserved domains, and subsequent phylogenetic analysis,
it could not be determined whether the transcript was a
SMAD protein or a myosin protein.

3.1.1. Symbiotic Gastrodermis versus Aposymbiotic
Gastrodermis. The levels of 21 transcripts differed between
the gastrodermis with and without symbionts. Eight tran-
scripts showed elevated expression in the symbiotic gastro-
dermis when compared with the aposymbiotic
gastrodermis (Table 1; Figure 1), and this mainly included
genes involved in G0 to G1 phase transitions, whilst the
remaining 13 transcripts which showed a depressed expres-
sion were mainly involved in DNA synthesis and mitosis.
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Table 1: Differentially expressed host cell-cycle genes between symbiotic states and host tissues in Aiptasia. Numbers represent log-fold
change in expression between samples.

Gene
Cell-
cycle
stage

Role References
Aiptasia
transcript

ID

Symbiotic
gastrodermis

vs
aposymbiotic
gastrodermis

Symbiotic
gastrodermis
vs epidermis
of symbiotic

hosts

Epidermis of
symbiotic vs
aposymbiotic

hosts

Aposymbiotic
gastrodermis
vs epidermis

of
aposymbiotic

hosts

ATM/ATR S

DNA damage response
proteins that check for

DNA damage during DNA
replication; activation leads
to apoptosis and cell-cycle
arrest at the S and G2/M
checkpoints and DNA

repair

[41]; [66]
AIPG

ENE9815
−0.821

Bub1 G2

Forms the mitotic
checkpoint complex

(MCC); MCC produces the
“wait anaphase” signal and

inhibits the anaphase
promoting complex APC/C
by directly phosphorylating
its activator (Cdc20) in the
interphase, allowing the

accumulation of cyclin B in
the G2 phase and inhibiting

mitotic exit

[67]; [68];
[69]; [70];
[71]; [72];

[73]

AIPG
ENE2130

−0.833

Cdc14A
phosphatase

M

Regulation of the G2/
damage checkpoint and
essential for the exit from

mitosis by
dephosphorylation of

CDK1 substrates—mitotic
cyclins; indirect role during

DNA replication by
suppressing CDKs upon
mitotic exit, allowing the
effective formation of pre-
RC complexes during the S

phase

[74]; [75];
[76]; [77];

[78]

AIPG
ENE20570

1.492 −0.584

Cdc20 M

Activator of anaphase-
promoting complex (APC/

C) which initiates
chromosome separation
and subsequently destroys
cyclin B and deactivates
CDK1, allowing the exit
from mitosis and the

completion of the cell cycle

[79]; [70]
AIPG

ENE561
−1.489

Cdc25B,C
G2/
M

Phosphorylation of Cdc25B
activates the cyclin B-CDK1
complexes whose activity

remains high until
anaphase

[80]; [81];
[82]

AIPG
ENE19331

−1.022

Cyclin B M
Forms complex with CDK1
in mitosis and required for

mitotic progression
[83]

AIPG
ENE10534

−1.255
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Table 1: Continued.

Gene
Cell-
cycle
stage

Role References
Aiptasia
transcript

ID

Symbiotic
gastrodermis

vs
aposymbiotic
gastrodermis

Symbiotic
gastrodermis
vs epidermis
of symbiotic

hosts

Epidermis of
symbiotic vs
aposymbiotic

hosts

Aposymbiotic
gastrodermis
vs epidermis

of
aposymbiotic

hosts

CDK1
G2/
M

Forms complex with cyclin
A in the G2 phase to fortify
cells for commitment to

mitosis as it is an upstream
regulator of Plk1; forms
complex with cyclin B in
the M phase for mitotic

progression

[84]
AIPG

ENE3823
−1.644

CDK4,6 G1

Regulator of the restriction
point in G1 through

phosphorylation of the Rb-
E2F complex

[85]
AIPG

ENE14397
−0.782

c-Myc G0

Cell-cycle entry of quiescent
(G0) cells and increasing
apoptotic sensitivity by

amplifying death receptor
pathways

[86]; [87];
[88]; [89];

[90]

AIPG
ENE2563

−3.550

AIPG
ENE2519

−1.052

Dp-1,2 G1/S

Makes complexes with E2F
transcription factors that
then bind to different

proteins and changes their
function for cell-cycle

progression

[91]

AIPG
ENE10647

1.356

AIPG
ENE22485

1.439 1.881

AIPG
ENE22512

−0.596

E2F1,2,3
G0 to
S

G0 to S phase progression;
DNA stability;

transcriptional activators of
essential cell-cycle genes

[91]
AIPG

ENE28094
1.287

GADD45
G2/
M

Inhibitor of cyclin B/CDK1;
apoptosis; cell-cycle arrest

[92]; [93]
AIPG

ENE19027
0.914

HDAC1 G1/S

Repress transcription
through the deacetylation of
lysine residues on histones,

changing chromatin
conformation and actively
stopping protein function

[94]
AIPG

ENE13245
0.713

Mcm3

S

Forms MCM helicase
complex that is required
during DNA replication;
loaded onto chromatin by
the origin recognition

complex (ORC) at the sites
of replication during the G1

phase; unwinds DNA;
elicits replication and
elongation; strict

localization and timings to
ensure that DNA

replication only occurs once
per cell cycle

[95]; [96];
[97]; [98]

AIPG
ENE29020

−0.675 −0.799

Mcm6
AIPG

ENE8456
−0.859
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Table 1: Continued.

Gene
Cell-
cycle
stage

Role References
Aiptasia
transcript

ID

Symbiotic
gastrodermis

vs
aposymbiotic
gastrodermis

Symbiotic
gastrodermis
vs epidermis
of symbiotic

hosts

Epidermis of
symbiotic vs
aposymbiotic

hosts

Aposymbiotic
gastrodermis
vs epidermis

of
aposymbiotic

hosts

Mdm2
G2/
M

Antagonistic controller of
p53 and inhibits its role in
apoptotic initiation and the
G1 arrest; delays cell-cycle
progression in the G2/M

phase

[99];
[100];
[101];
[102]

AIPG
ENE26697

1.111 0.889

Mob1 M

Cell polarity marker
involved in the mitotic exit
network (MEN) signalling
cascade and associates with

spindle pole bodies
throughout the cell cycle

[103]
AIPG

ENE20640
0.979

Mps1 M

Forms the mitotic
checkpoint complex

(MCC); MCC produces the
“wait anaphase” signal and

inhibits the anaphase
promoting complex APC/C
by directly phosphorylating
its activator (Cdc20) in the
interphase, allowing the

accumulation of cyclin B in
the G2 phase and inhibiting

mitotic exit

[67]; [68];
[69]; [70];
[71]; [72];

[73]

AIPG
ENE12491

−0.920

ORC3 S

Forms the ORC (origin
recognition complex) and

binds to replicating
sequences in the chromatin,
allowing the attachment of
other replication proteins,

e.g., MCM-helicase

[104];
[96]; [105]

AIPG
ENE5780

−0.675

Plk1 M

Promotes mitotic entry by
inducing the

phosphorylation of
Cdc25B/C and is the kinase
required for mitotic spindle
function in chromosome

separation

[106]; [84]

AIPG
ENE7783

−0.583

AIPG
ENE16487

−2.327

p27 kip1 G1/S

CDK inhibitor that binds to
CDK 2-cyclin E complexes
at the G1/S phase to inhibit

cell-cycle progression

[107];
[108]

AIPG
ENE22427

−0.770

SCF (Skp1/
Cullin/F-
Box
protein)

G1/S

E3 ubiquitin ligase involved
in controlling the

progression of the cell cycle
by degrading cell-cycle

antagonists, e.g., p57, p27,
p21, Wee1, and Emi1;

regulates entry into the S
phase with increasing levels

destroying S-phase

[109];
[110];
[111];
[112]

AIPG
ENE5823
(Cullin-1)

0.504

AIPG
ENE15738
(S-phase
associated
kinase)

1.180

−0.902
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These results suggest that the presence of symbionts in the
gastrodermis may arrest more host cells at the G1/S-phase
checkpoint than in aposymbiotic hosts, and subsequently
inhibit the mitotic progression and completion of a larger
proportion of host cells (Figure 2).

(1) G1-Phase Genes. Cullin-1 and an S-phase-associated
kinase that form part of the SCF (Skp1-Cul1-F-box protein)
were upregulated in the symbiotic gastrodermis. SCF and
APC/C (anaphase-promoting complex or cyclosome) are
the two major E3 ubiquitin ligases involved in controlling
the cell cycle [112]. SCF acts throughout the cell cycle and
regulates entry into the S phase by degrading cell-cycle

antagonists that inhibit cell-cycle progression (Table 1;
[110, 111]). It is unclear whether the SCF was promoted or
inhibited in the symbiotic gastrodermis when compared
with the aposymbiotic gastrodermis as, although a cullin-1
transcript and a S-phase kinase transcript were elevated,
another S-phase kinase transcript (AIPGENE15719) showed
a decrease in expression.

CDK4/6 was downregulated in the symbiotic gastroder-
mis. CDK4/6 is active in the G1 phase, and its function is
to phosphorylate the Rb-E2F complex at the restriction
checkpoint in the G1/S phase [85]. Until phosphorylation
by CDK4/6, the Rb-E2F complex represses the transcription

Table 1: Continued.

Gene
Cell-
cycle
stage

Role References
Aiptasia
transcript

ID
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gastrodermis

vs
aposymbiotic
gastrodermis

Symbiotic
gastrodermis
vs epidermis
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hosts

Epidermis of
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aposymbiotic

hosts

Aposymbiotic
gastrodermis
vs epidermis

of
aposymbiotic

hosts

antagonists p21and p27,
allowing the cells to enter

the S phase

AIPG
ENE15719
(S-phase
associated
kinase)

14-3-3
protein

G2/
M
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Figure 1: KEGG map of differentially expressed host cell-cycle genes between the symbiotic gastrodermis when compared with the
aposymbiotic gastrodermis. Scale represents the fold-change in expression. Blue signifies downregulation and red signifies upregulation.
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factor complex, E2F-Dp, by histone deacetylase (HDAC)
activity [113–116]. This gene suppression negatively regu-
lates the G1/S transition [117]. As HDACs were upregulated
in the symbiotic gastrodermis and CDK4/6 was downregu-
lated, it suggests that HDACs were inducing the arrest of
the gastrodermal cells at the restriction point in the G1
phase.

Two out of three Dp-1,2 transcripts showed elevated
expression in the symbiotic gastrodermis, whilst the third
showed a decrease in expression. Dp proteins form com-
plexes with transcription factor E2F [118]. There are two
types of E2F which have different functions: E2F1-3 are
transcriptional activators whereas E2F4-5 are transcriptional
suppressors [118]. As it is unknown which Dp transcripts
were associated with transcriptional suppressors (E2F4-5)
or activators (E2F1-3), it is hard to draw conclusions about
what this finding may mean. However, as genes involved
in transcriptional suppression were upregulated (HDAC)
and genes involved in G1 progression were downregulated
(CDK4/6), it is fair to assume that the upregulated Dp gene
transcripts do not lead to cell-cycle progression.

(2) S-Phase Genes. Two important genes involved in DNA
synthesis were downregulated in the symbiotic gastroder-
mis: Mcm3 and Mcm6. The mini-chromosome mainte-
nance proteins (Mcm2-7) are essential for the initiation
of DNA replication during the S phase, as their function

is to identify chromatins which can duplicate in the G2/
M phase [97]. Mcm3 inhibition leads to the arrest of cells
in G1 with unduplicated DNA [119]. Thus, the downregu-
lation of Mcm3 and Mcm6 suggests that, in the presence
of symbionts, fewer gastrodermal host cells synthesize
DNA. This may be a regulatory path elicited by the pres-
ence of the symbiont to allow algal proliferation while
slowing the proliferation of host cells. This has been
shown to occur in certain viral infections, where the
downregulation of the host’s prereplication complex facili-
tates proliferation of the viral infection [120].

(3) G2/M-Phase Genes. Two antagonists of the cyclin B-
CDK1 complex were simultaneously upregulated in the
symbiotic gastrodermis—GADD45 and Cdc14
(Table 1)—whilst many genes involved in mitotic progres-
sion were downregulated (Figure 1). GADD45 is a potent
inhibitor of the CDK1/cyclin B complex [92, 93] and is a
protein often induced by cellular stress, such as DNA dam-
age, cell injury, apoptosis, and cell-cycle checkpoint mainte-
nance in growth arrest [93] (Figure 3(a)). In addition to
inhibiting the CDK1/cyclin B complex, GADD45 can block
the activator of this complex, Cdc25B/C [81]. The upregula-
tion of GADD45 may therefore explain the downregulation
of CDK1, cyclin B (and presumably the CDK1/cyclin B com-
plex), Cdc25B/C, and the regulator of Cdc25B/C, 14-3-3, in
the symbiotic gastrodermis.

Symbiotic Aposymbiotic
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Reduced cell division
Reduced DNA synthesis
Dampened cell-cycle progression
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s

n

n

m m

Figure 2: Differences in host cell-cycle gene expression and progression between symbiotic states and tissue types in Aiptasia. Green
symbolizes upregulated and grey represents downregulated cell-cycle phases, whilst white represents no recorded changes to the cell-
cycle phase in the respective comparisons. “s” refers to symbiont, “n” refers to host nuclei, and “m” refers to mesoglea.

9Cellular Microbiology



Death receptor (FGFR/TNFR1/DR4/5)

Death ligand (FasL/TNF-𝛼/TRAIL)

Adaptor protein (FAAD/TRADD)

Cleaved-caspase 8Pro-caspase 3

Cleaved-caspase 3

Caspases 6,7

Cell death

p53

Cytochrome C
release

Apaf-1Caspase 9

Host nuclei

DNA damage/ROS

Extrinsic apoptotic pathway

Intrinsic apoptotic
pathway

Host gastrodermal cell Pro-caspase 8

ATMATR

p38 Chk1/2

G2 cell-cycle arrest

Mdm2

c-Myc

ARF

Symbiont GADD45

Cyclin B/CDK1

G1/S/G2
cell-cycle arrest

G2 cell-cycle progression

(a) Symbiotic gastrodermis versus aposymbiotic gastrodermis
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(b) Symbiotic gastrodermis versus epidermis of symbiotic hosts

Figure 3: Apoptosis pathway changes in the host elicited by the presence of the symbiont in the gastrodermal tissue. Red text and arrows
refer to upregulated genes and blue text and arrows refer to downregulated genes.
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As CDK1 was downregulated in the symbiotic gastroder-
mis and it is the upstream regulator of the mitotic cascade
(through activating the gene required for mitotic entry,
Plk1, during its association with cyclin A) [84], this may
explain the subsequent downregulation of downstream
mitotic progression genes (Bub1, Plk1, Mps1, Cdc20, and
cyclin B; Table 1).

GADD45 can also induce an apoptotic cascade by p38
activation, which in turn activates the tumour suppressor
gene p53 and creates a positive feedback loop ([93];
Figure 3(a)). However, p53 expression remained unchanged,
and instead, we saw its antagonistic controller Mdm2 upreg-
ulated (Table 1). This suggests that the end point of the
GADD45 upregulation was likely to be the downregulation
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Figure 4: Differences in host cell-cycle gene expression in the symbiotic gastrodermis when compared with the epidermis of symbiotic
anemones. The scale represents the fold-change in expression. Blue signifies downregulation and red signifies upregulation.
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of the cyclin B-CDK1 complex rather than p53 activation
(Figure 3(a)). This finding agrees with a past study investi-
gating gene expression changes caused by the symbiotic state
in Aiptasia [36] that found that symbiosis elicited the upreg-
ulation of GADD45 by 5.1-fold. Furthermore, the same
study identified the apoptotic pathway as one of the main
cellular functions that differed between symbiotic states,

with 13 genes significantly changing their expression [36].
The upregulation of Mdm2 suggests that the presence of
compatible symbionts reduces apoptotic rates in host cells,
agreeing with a past study [37], which found decreases in
host apoptosis in the presence of homologous symbionts
compared with aposymbiotic anemones under stable
conditions.
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A triggering of an apoptotic cascade by the host in the
presence of symbionts is consistent with this post-
phagocytotic mechanism controlling the symbiont popula-
tion, as had been suggested previously with respect to sym-
biosis onset, and homeostatic and stress-induced regulation
of the symbiont population in the fully symbiotic state [4,
18, 25]. Therefore, it favours the symbiont to block host apo-
ptotic mechanisms to allow persistence within the host.
Along with apoptosis regulation, Mdm2 also delays cell-
cycle progression through the G2/M phase by degrading
Cdc25C [121]. Thus, both the upregulation of Mdm2 and
the downregulation of genes that facilitate G2/M progression
highlight the reduction of host gastrodermal cells progres-
sing through, and completing, mitosis in the presence of
symbionts.

3.1.2. Differentially Expressed Genes (DEGs) in the Symbiotic
Gastrodermis versus Epidermis of Symbiotic Anemones. In
the current study, three genes were differentially upregu-
lated, Dp-1,2, Mdm2, and E2F1-3, while four were downreg-
ulated, ATM/ATR, PIK1, Mcm3, and c-Myc, in the
gastrodermis versus epidermis of symbiotic anemones
(Figure 4).

(1) G1/S-Phase Genes. Dp-1,2 levels were upregulated in the
symbiotic gastrodermis versus the epidermis of symbiotic
anemones as with the symbiotic gastrodermis versus apos-
ymbiotic gastrodermis. The partners of Dp-1,2, E2F1-3, were
also upregulated. These complexes have cyclical interactions
with important regulators of the cell cycle, e.g., cyclin A [91,
122]. The upregulation of the transcriptional activator E2F-

Dp complex points to increased numbers of cells transcrib-
ing genes for cell-cycle progression in the G1/S-phase transi-
tion [123], compared with epidermal cells (Figure 2).

However, although more cells were transcribing genes
for cell-cycle progression in the G1/S phase, genes essential
for DNA replication (Mcm3) were downregulated in the
gastrodermis versus epidermis of symbiotic anemones. This
suggests that the presence of symbionts elicits increased
transcription of cell-cycle genes but reduced DNA synthesis
in host gastrodermal cells, as confirmed here via fluores-
cence microscopy (Figure 5).

Genes with functions in apoptotic initiation (e.g., DNA
damage response proteins ATM/ATR and the apoptotic
sensitizer c-Myc) were downregulated in the symbiotic
gastrodermis relative to the epidermis of symbiotic anem-
ones (Table 1; Figure 3(b)). In cnidarians, apoptosis has
been shown to influence the colonization success of sym-
bionts in a host, with high levels of apoptosis reducing
colonization success [18]. Likewise, host apoptosis has
been shown to increase and contribute to the loss of the
resident symbiont population under stress, i.e., bleaching
[17, 124]. Furthermore, previous studies have shown that
host apoptotic gene expression decreases in the presence
of symbionts [37] and that the inhibition of host apoptosis
allows the recolonization of hosts by symbionts during
thermal stress [124]. Altogether these findings, along with
the findings in this current study, suggest that host apo-
ptosis is a major regulatory mechanism of the symbiont
population that is influenced by both the host's symbiotic
state and stress.
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Figure 8: Differences in host cell-cycle gene expression in the gastrodermis when compared with the epidermis of aposymbiotic anemones.
The scale represents the fold change in expression. Blue signifies downregulation and red signifies upregulation.
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(2) G2/M-Phase Genes. Mdm2, the antagonistic controller of
p53 and the G2/M phase inhibitor, was upregulated in the
symbiotic gastrodermis when compared with the epidermis
in the symbiotic state, as well as the aposymbiotic gastroder-
mis (Table 1; Figure 3(b)). Furthermore, Plk1, required for
mitotic spindle assembly (Table 1; [84]), was also downreg-
ulated. This further suggests that there is a downregulation
in the host apoptotic pathway and fewer cells progressing
through mitosis in the symbiotic gastrodermis.

ATM/ATR was downregulated in the symbiotic gastro-
dermis versus the epidermis of symbiotic anemones. ATM
and ATR are two of the three kinases (the other being
DNA-PK) that control the DNA damage response (DDR)
pathway in cells [66]. The downregulation of ATM/ATR
may be another method employed by the symbiont to allow
its persistence and proliferation. Viruses have been shown to
inhibit ATM/ATR, as viral proliferation induces the DDR
pathway which would limit the proliferation of the infection
through upregulating cell checkpoint pathways [66, 125].
Interestingly, ROS have also been shown to induce ATM
activation [126]. Thus, it would be interesting to know
whether the symbiont reduces the host’s sensitivity to ROS
by downregulating ATM/ATR, with ROS being a known
driver for coral bleaching and the subsequent expulsion of
symbionts [127]. This hypothesis warrants future
investigation.

3.1.3. Differentially Expressed Genes (DEGs) in the Epidermis
of Symbiotic Anemones versus the Epidermis of Aposymbiotic
Anemones. Only one gene was differentially expressed in the
epidermis of symbiotic versus aposymbiotic anemones:
Mob1 (Table 1; Figure 6). The upregulation of the protein
required for mitotic exit, Mob1, may highlight that more
host cells are exiting mitosis in the epidermis when in the
symbiotic state (Figure 2). This finding agrees with both
the cell proliferation rates found in the current study

(Figure 7), which revealed that host cell proliferation was
lowest in aposymbiotic anemones, and findings from a pre-
vious study which showed that host cell division was upreg-
ulated in the presence of symbionts [27].

It is well known that symbiotic algae translocate photo-
synthetic products to their cnidarian hosts, supporting the
host’s metabolism, growth, and reproduction [128, 129].
Consequently, growth rates in symbiotic hosts are higher
than those in aposymbiotic ones, even with host feeding
[130, 131], with enhanced growth presumably occurring in
all tissues irrespective of whether symbionts are present or
not [27].

3.1.4. Differentially Expressed Genes (DEGs) of the
Gastrodermis versus Epidermis of Aposymbiotic Anemones.
In the aposymbiotic state, only three genes were differen-
tially expressed in the gastrodermis versus the epidermis:
p27kip1, ORC3, and Cdc14 (Table 1; Figure 8). All three
DEGs in the aposymbiotic gastrodermis were downregu-
lated; however, p27kip1 is a cell-cycle antagonist, while
ORC3 and Cdc14 are cell-cycle synergists (Table 1).

The downregulation of all cell-cycle genes in the apos-
ymbiotic gastrodermis compared with the epidermis of
aposymbiotic anemones suggests that, as in the symbiotic
state, fewer gastrodermal than epidermal cells were progres-
sing through the cell cycle (Figure 2). This highlights that the
epidermis has a higher host-cell turnover regardless of the
symbiotic state, agreeing with past studies [27, 61, 132, 133].

3.2. Cell Proliferation in Different Symbiotic States. Following
the findings of the transcriptomic analysis, host-cell prolifer-
ation of Aiptasia in different symbiotic states was measured
to determine whether the presence of symbionts did indeed
cause an increase in cell turnover. Microscopic analysis
revealed that the EdU nucleotide was successfully incorpo-
rated into both gastrodermal and epidermal cells of all ani-
mals, irrespective of the symbiotic state (Figure 9). Samples

0 250𝜇m
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Hoechst 33342 
EdU
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0 250𝜇m
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Figure 9: Transverse section of an aposymbiotic Aiptasia column (a) and a symbiotic Aiptasia column (b). Sections are stained with
Hoechst 33342 (blue) and EdU (green), visualized under a fluorescence microscope. Blue cells indicate all noncycling Aiptasia cells
present, whereas green cells indicate the proliferating (cycling) Aiptasia cells, through the incorporation of EdU into cells progressing
through their cell cycle during DNA synthesis (S phase).
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that were not treated with the Click-iT® EdU reaction mix
showed no EdU signal (data not shown), confirming EdU
incorporation specificity and the absence of significant auto-
fluorescence from tissues.

When the gastrodermal and epidermal tissue layers were
analyzed together, the presence of symbionts significantly
changed the proliferation rate of host cells (one-way
ANOVA, F ð2, 32Þ = 5.295, p = 0:01), with fully symbiotic
anemones having a significantly higher host-cell prolifera-
tion rate (0:39 ± 0:04 Edu+/Hoechst+ cells) than aposymbio-
tic anemones (0:24 ± 0:03 Edu+/Hoechst+ cells) (Tukey post
hoc, p = 0:008; Figure 7). However, there was no statistical
difference between recently colonized Aiptasia and aposym-
biotic anemones (Tukey post hoc, p = 0:388). The similarity
between recently colonized and aposymbiotic Aiptasia is
possibly due to the low population density of symbionts in
the former, with a concomitantly small amount of photosyn-
thate translocated to the host and hence minimal influence
on host cell growth.

When microscope imaging, it appeared that the epidermis
had a greater number of proliferating cells than the gastroder-
mis in all symbiotic states (Figure 9). This was confirmed by
additional image analysis, where we manually counted the
nuclei of the epidermal and gastrodermal layers separately
(Figure 5). There was a significantly higher number of prolif-
erating host cells in the epidermis versus the gastrodermis in
all symbiotic states (Student’s t-test, p < 0:05; Figure 5). This
finding is consistent with the results from the DEG analysis
and suggests that a smaller proportion of gastrodermal cells
was progressing through mitosis (Table 1; Figures 2 and 4).
Moreover, this finding agrees with a recent study that investi-
gated the proliferation rate of host cells during symbiont colo-
nization in Aiptasia [27]; these authors reported a
proliferation rate of 58.3% versus 41.7% in the epidermis and
gastrodermis, respectively. Similarly, in adult corals, the epi-
dermis has been shown to have a faster proliferation rate in
the symbiotic state than the gastrodermis [132]. Future work
should aim at further confirming the nutritional benefit of
symbionts to the host by investigating the effect of photosyn-
thetic inhibitors on tissue-specific cell proliferation rates in
the host in different symbiotic states.

4. Conclusion

In summary, the presence of symbionts in gastrodermal cells
is associated with (1) a downregulation of host apoptotic ini-
tiators and sensitizers, (2) the downregulation of genes that
function in G1 and mitotic progression, (3) the downregula-
tion of genes involved in the DNA damage response path-
way, and (4) the downregulation of genes involved in DNA
synthesis, when compared with both aposymbiotic gastro-
dermal cells and epidermal cells in symbiotic hosts. The
changes in host cell-cycle gene expression are likely to reflect
the downstream pathways influenced by inter-partner com-
munication during symbiosis and its subsequent regulation
of the symbiont population, aiding the persistence and pro-
liferation of this symbiont population in the host. In contrast
to reduced mitotic progression and DNA synthesis in gas-
trodermal cells, our observations in the epidermal cells of

symbiotic anemones suggest that the presence of symbionts
in the gastrodermis increases the rates of mitotic completion
and host cell proliferation, possibly due to the translocation
of photosynthetic products from the symbionts to the host.
Our findings suggest which host genes play a role in symbi-
ont persistence in the host cell and which genes are involved
in host-cell proliferation in the symbiotic state, thereby fur-
thering our understanding of host-symbiont biomass coor-
dination in the cnidarian-dinoflagellate symbiosis.
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