
The ISME Journal (2019) 13:2334–2345
https://doi.org/10.1038/s41396-019-0437-5

ARTICLE

Proteomics quantifies protein expression changes in a model
cnidarian colonised by a thermally tolerant but suboptimal
symbiont

Ashley E. Sproles1 ● Clinton A. Oakley 1
● Jennifer L. Matthews1 ● Lifeng Peng1

● Jeremy G. Owen1
●

Arthur R. Grossman2
● Virginia M. Weis3 ● Simon K. Davy1

Received: 5 April 2018 / Revised: 23 April 2019 / Accepted: 3 May 2019 / Published online: 22 May 2019
© International Society for Microbial Ecology 2019

Abstract
The acquisition of thermally tolerant algal symbionts by corals has been proposed as a natural or assisted mechanism of
increasing coral reef resilience to anthropogenic climate change, but the cell-level processes determining the performance of
new symbiotic associations are poorly understood. We used liquid chromatography–mass spectrometry to investigate the
effects of an experimentally induced symbiosis on the host proteome of the model sea anemone Exaiptasia pallida.
Aposymbiotic specimens were colonised by either the homologous dinoflagellate symbiont (Breviolum minutum) or a
thermally tolerant, ecologically invasive heterologous symbiont (Durusdinium trenchii). Anemones containing D. trenchii
exhibited minimal expression of Niemann-Pick C2 proteins, which have predicted biochemical roles in sterol transport and
cell recognition, and glutamine synthetases, which are thought to be involved in nitrogen assimilation and recycling between
partners. D. trenchii-colonised anemones had higher expression of methionine-synthesising betaine–homocysteine
S-methyltransferases and proteins with predicted oxidative stress response functions. Multiple lysosome-associated proteins
were less abundant in both symbiotic treatments compared with the aposymbiotic treatment. The differentially abundant
proteins are predicted to represent pathways that may be involved in nutrient transport or resource allocation between
partners. These results provide targets for specific experiments to elucidate the mechanisms underpinning compensatory
physiology in the coral–dinoflagellate symbiosis.

Introduction

The cnidarian–dinoflagellate symbiosis allows biodiverse
coral reef ecosystems to thrive within nutrient-limited

oceans [1]. A range of cnidarian taxa, such as corals, sea
anemones, and jellyfish, are obligate hosts of dinoflagellate
algal symbionts from the family Symbiodiniaceae, which
support their hosts through the exchange of photosynthetic
products [2]. Genetic diversity within the Symbiodiniaceae
is extensive, and this family has been recently reclassified
into seven genera containing a rapidly increasing number of
formally described species [3–5]. Symbiodiniaceae exhibit
variation in their physiologies, with a range of thermal
tolerances and host specificities [6, 7]. Some Symbiodi-
niaceae can form symbioses with a diversity of hosts,
whereas many hosts only associate with a single dominant
symbiont species [8, 9]. The underlying mechanisms of
host–symbiont specificity remain only partially described
but include cellular recognition and nutrient exchange
between the partners [2, 10, 11]. Symbiotic interactions
between cnidarians and Symbiodiniaceae are thought to
exist on a continuum from mutualism to parasitism [12, 13].
Symbionts can exhibit less beneficial qualities such as
impairing host metabolism and reproduction, reducing the
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proportion of photosynthate translocated to the host, or
increasing nitrogen assimilation at the expense of the host,
particularly at elevated temperatures [13–15]. Symbiont
genotypes that are found naturally in a given host species
are considered to be homologous, while symbioses with
heterologous symbionts can occur due to perturbation of the
symbiosis by environmental stress, geographic invasion, or
experimental manipulation [16, 17]. Some heterologous
symbionts have been demonstrated to translocate lower
amounts of photosynthetically fixed carbon to their hosts
compared with homologous symbionts [16, 17].

Coral reefs worldwide are threatened by warming oceans
inducing the breakdown of the coral–dinoflagellate sym-
biosis, also called coral bleaching [18–20]. Unless a sym-
biont population can be re-established quickly, coral
bleaching may lead to host mortality [21]. Some Symbio-
diniaceae are particularly tolerant of higher temperatures,
both while free living and in symbiosis, potentially pro-
viding greater resistance to host bleaching [22–24]. These
thermally-tolerant algae can act as opportunists, replacing
the previously dominant symbiont genotype if its popula-
tion declines, as occurs in a bleaching event [25, 26]. It has
been proposed that corals may be able to adapt to climate
change by ‘shuffling’ or ‘switching’ their symbiont
assemblages, resulting in a more thermally tolerant sym-
biont species as the dominant partner, and a more thermally
robust holobiont of coral, symbiont and associated microbes
[7, 27–29]. Durusdinium trenchii (formerly Symbiodinium
trenchii) is endemic to the Indo-Pacific, where it exists in
mutualisms with multiple scleractinian coral genera, often
in warm-water environments, and has been recently intro-
duced into the Caribbean [16, 23, 30, 31]. In many Car-
ibbean coral species, it exists as a background population
that becomes temporarily dominant after bleaching, an
example of shuffling [32, 33]; however, it is unknown if
heterologous symbionts are capable of supplanting the
homologous symbiont species and establishing a lasting
true mutualism that increases host fitness and persists over
multiple host generations. Given that D. trenchii has no
coevolutionary history with Caribbean cnidarians but has
become established, if at very low cell densities, in a wide
diversity of Caribbean corals, it is an ideal genotype in
which to test the effects of heterologous symbiont coloni-
sation on a naive host.

In the anemone Exaiptasia pallida, a model for corals
commonly known as Aiptasia [2, 34–36], colonisation by
heterologous symbionts results in poorly understood dif-
ferences in host phenotype [11, 17, 37]. Reduced, poorly
regulated, or inefficient nutrient or metabolite exchange
might reduce growth and fitness of either or both partners,
resulting in a less mutualistic symbiosis. Additionally,
heterologous symbionts may be less tolerated by host
immune functions and consequently limited to a lower

maximum density within host tissues, further restricting
their potential contribution to the symbiosis. We hypothe-
sise that nutrient transport and resource allocation between
partners, as well as host immune tolerance of intracellular
symbionts, is more optimal in established symbioses and
that novel heterologous symbioses will exhibit deficiencies
in these functions. Therefore, proteins predicted to be
involved in host immune responses, nutrient regulation of
symbionts, or transporting specific metabolites between
partners are primary candidates for determining symbiosis
success, and we anticipate differences in their abundances
between symbioses.

To test these hypotheses, we compared the effects of
colonisation with a heterologous symbiont (D. trenchii
[23]), with those of colonisation with a homologous sym-
biont (Breviolum minutum, formerly Symbiodinium minu-
tum [38]) on the Aiptasia host proteome. Aiptasia
experimentally colonised by D. trenchii have been
demonstrated to show greatly reduced growth and asexual
reproductive output, despite displaying similar photo-
synthetic rates and symbiont densities to Aiptasia colonised
by the homologous symbiont [17]. Furthermore, combined
transcriptomic and metabolomic analyses of the D.
trenchii–Aiptasia symbiosis showed an increased host cat-
abolism of storage compounds and a differential expression
of signalling and reactive oxygen species pathways, indi-
cating a suboptimal symbiosis [11]. Here, we performed a
proteomic characterisation of cnidarians hosting homo-
logous and heterologous symbionts to clarify what cell-level
changes are associated with the presence of different sym-
biont partners. This comparative approach was undertaken
for its ability to identify for further study candidate proteins
and functions that contribute to the successful establishment
and persistence of the cnidarian–dinoflagellate symbiosis
and to better understand the implications of symbioses with
non-endemic dinoflagellate symbionts.

Materials and methods

Experimental organisms

Individuals of the symbiotic sea anemone Aiptasia were
collected from a clonal laboratory stock, strain NZ1. Ane-
mones were rendered aposymbiotic (i.e., symbiont-free)
using the menthol treatment method [39] and maintained
in 0.22 µm-filtered seawater (FSW). Approximately 750
aposymbiotic individuals were divided amongst 18 con-
tainers and placed into 25 °C water baths designated
for the three treatment groups: B. minutum-colonised,
D. trenchii-colonised, and aposymbiotic anemones.
Light was provided by fluorescent lamps at ~ 95 µmol
photons m−2s −1 on a 12 h:12 h light:dark cycle.
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Dinoflagellate cultures were grown in f/2 medium at 25 °C
under 100 µmol photons m−2 s−1 on a 12 h:12 h light:dark
cycle for 6 weeks prior to inoculation. The B. minutum
culture (strain ‘FLAp2’) was originally isolated from
Exaiptasia pallida, while the D. trenchii culture (strain
‘Ap2’) was originally isolated from an unknown anemone
in Okinawa. The genetic identity of each culture was ver-
ified by direct sequencing of ITS2 rDNA and cp23S [40].

Inoculation of Aiptasia

Anemones were inoculated during the midpoint of the light
cycle by applying dinoflagellate cultures at a cell density of
~3 × 106 mL−1, combined with a dilute suspension of
Artemia sp. nauplii to induce phagocytosis. This process
was repeated weekly for three weeks (four weeks total). Full
details of the inoculation procedure are provided in the
Supplemental Materials.

Protein extraction

Five weeks after initial colonisation, anemones were flash
frozen in liquid nitrogen five hours into the photoperiod
and stored at −80 °C. Each biological replicate (n= 6) was
composed of a pool of 20 individual anemones. Each
biological replicate was thawed, mechanically homo-
genised, and an aliquot removed for symbiont cell density
estimates. Symbiont cell densities were analysed as per
Matthews et al. [11]. Protein content was quantified using
the Bradford assay [41]. Low-speed centrifugation (2500 ×
g) was used to pellet the algae and the host fractions were
lyophilised at –105 °C for 18 h. The genetic identity of
dinoflagellates in each anemone sample was verified by
ITS2 and cp23S sequencing as before [40]. 30 mg of
lyophilised host material was extracted with methanol for a
parallel metabolite study [37] before storage at –20 °C.
These host samples were then solubilised, alkylated,
digested with trypsin and desalted using the methods of
Oakley et al. [42], which are fully detailed in the Sup-
plemental Materials.

Identification of proteins using LC-ESI-MS/MS

Peptides were analysed by liquid chromatography–
electrospray ionisation–tandem mass spectrometry
(LC-ESI-MS/MS) using the instrumentation, settings and
software described in [42]. The resulting spectra were
searched against a custom Aiptasia database constructed
primarily from the Aiptasia genome [43] and a contaminant
database [44] using the Sequest algorithm in Proteome
Discoverer (v2.1, Thermo Scientific). The X! Tandem
algorithm in Scaffold (v4.4.8, Proteome Software, Inc.) was
used to validate MS/MS-based peptide and protein

identifications. Peptide and protein identifications required
>99% probability by the Scaffold Local false discovery rate
algorithm and a minimum of two peptides. Proteins sharing
significant peptide evidence were grouped into protein
clusters. Each biological replicate was analysed twice as
technical replicates, and protein abundance calculated as the
simple mean between technical replicates at the protein
cluster level. To confirm that contaminating symbiont pro-
teins were not present, all spectra were searched as above
against a Symbiodinium microadriaticum protein sequence
database [45]. This analysis identified minimal algal pro-
teins (mean of 14 per sample), most of which are highly
conserved among eukaryotes (data not shown). Full details
are available in the Supplemental Materials. Mass spectro-
metry data are publically available at the PRIDE repository
with the dataset identifier PXD009253.

Statistical analysis

Tests for significant differences in symbiont cell density
between algal species were performed with SPSS (v. 20,
IBM Corporation). Non-normal or heteroscedastic data
were log10-transformed prior to analysis with Student’s
t-tests (p < 0.05). Protein clusters were quantified by pre-
cursor intensity in Scaffold and statistical analyses were
conducted in R v. 3.3.1 (www.r-project.org). To identify
proteins with significantly different abundances between
treatments, a custom R script for multivariate analysis with
post hoc identifications and protein load normalisation was
used, as described in Oakley et al. [42]. A linear model with
treatment effects was fitted and compared against an
intercept-only null model using an analysis of deviance χ2

test, where α= 0.05. This script is available online at
https://zenodo.org/record/1327230#.W2Y-0FD-iUk. Pro-
tein clusters with significantly different concentrations
between treatments were identified with the false discovery
rate correction method of Benjamini and Hochberg [46], at
a q-threshold of 0.05.

Proteins that were significantly different between treat-
ments were searched against the UniProtKB database using
BLAST in Geneious v10.0.2 (Biomatters Ltd, Auckland,
New Zealand). The top manually-reviewed SwissProt
match for each protein with an E-value ≤ 1 × 10−5 was used
to assign an annotation, and any without a match were
designated as hypothetical proteins. If the only match with
an E-value ≤ 1 × 10−5 was an unannotated UniprotKB
Nematostella vectensis sequence, that sequence identifier is
listed. Principal component analysis (PCA) and heatmap
plots were generated by ClustVis, using ln(x) transformed
protein abundance values, Pearson’s correlations for row
and column clustering, and average distances for row and
column linkage [47]. Singular value decomposition with
imputation was used to calculate principal components.
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Comparison of transcript and protein data

A parallel study, using different biological samples, used
RNASeq-based transcriptomics to assess changes in gene
expression in B. minutum- and D. trenchii-colonised Aip-
tasia [11]. We attempted to assess the concordance of this
dataset with the results of the proteomic analysis; full
methods are available in the Supplemental Material. Briefly,
transcripts from the original dataset (n= 80,703) were
matched against the proteins identified (as above) using
blastx with a threshold of 98% identity and an E-value of
less than 1 × 10−20. Pearson’s correlation coefficient was
calculated to test if the relationship between treatments was
conserved between datasets by comparing the magnitude
and direction of gene expression in protein abundances and
mRNA counts of each matched gene.

Results and discussion

Colonisation success

Examination of anemones in the aposymbiotic control
treatment revealed no re-establishment of background
symbionts at the end of the experiment. Genotyping con-
firmed that symbionts at the end of the experiments were the
same as those originally used for inoculation. Symbiont cell
densities in anemones colonised by B. minutum (average of
1.12 × 107 ± 1.16 × 106 std. error) were 1.5-fold higher (p=
0.040) than those in anemones colonised by D. trenchii
(average of 7.29 × 106 ± 1.19), which is in agreement with
past studies [11, 17, 48]. D. trenchii cells are approximately
1.9-fold greater in volume than B. minutum cells, however,
indicating similar total symbiont biomass density [5].

Proteins affected by symbiont presence and species

A total of 1608 proteins were identified among all treat-
ments; 31 decoy (known false match) sequences were dis-
carded, and 276 sequences were not analysed further due to
their being detected in fewer than 25% of samples. Overall,
142 proteins were significantly differentially abundant
between the three treatments (aposymbiotic, B. minutum
and D. trenchii-colonised animals, q < 0.05). Of these,
129 sequences were annotated using sequence similarities
from the SwissProt database (E-value ≤ 1 × 10−5), and the
remaining 13 were categorised as hypothetical proteins; five
of these 13 were homologues of predicted proteins in
Nematostella vectensis. Between the B. minutum-colonised
and aposymbiotic samples, 105 proteins were differentially
expressed (Fig. S1, Tables S1, S2); 22 proteins were dif-
ferentially expressed between B. minutum-colonised and D.
trenchii-colonised anemones (Table S3), and 108 proteins

were differentially expressed between D. trenchii-colonised
and aposymbiotic anemones (Tables S1, S4). Anemones
colonised by B. minutum and those colonised by D. trenchii
shared 74 differentially expressed proteins when compared
with aposymbiotic anemones (Table S1).

A principal component analysis of all detected proteins
(Fig. 1a) and the differentially abundant proteins (Fig. 1b)
showed that aposymbiotic Aiptasia were clearly dis-
tinguished from those colonised by either of the symbiont
species. Anemones colonised by B. minutum or D. trenchii
demonstrated overlap in their differentially expressed pro-
teins, relative to the aposymbiotic anemones (Fig. 1b).
Cluster analysis illustrated that the protein abundances of
aposymbiotic anemones were separate from those of ane-
mones colonised by B. minutum or D. trenchii (Fig. 1c).
When compared to a previous transcriptomic analysis of the
same symbioses [11], we found no consistent correlation
between abundances of transcripts and proteins detected in
both experiments (details in the Supplemental Materials).
These data represent snapshots of independent experiments;
thus, any correlation or lack thereof should be interpreted
cautiously. Furthermore, correlations between transcript
and protein abundances have been demonstrated to be low
in other organisms [49], demonstrating the value of addi-
tional methodologies to complement transcript-based gene
expression studies.

Symbiont presence, regardless of species, was associated
with changes in a suite of Aiptasia proteins (summarised in
Table 1), which we interpret as primarily representing
changes to host cell physiology in accommodating symbiont
cells and the gain of photosynthetic capability via symbiosis.
These proteins have predicted functions in inorganic carbon
acquisition, host immune processes, and catabolism of fatty
acids, carbohydrates, and proteins (see below). The homo-
logous and heterologous symbiont associations displayed
differences in their abundances of proteins with predicted
lipid transport, methionine metabolism, and immune reg-
ulation functions (Table 2). These reflect host cell-level
differences in response to the nature of the symbiosis. The
potential roles of these proteins and their relevance to the
physiological performance of the different symbioses, based
on known homologue functions, are discussed below.

Dissolved inorganic carbon (DIC) transport

Two carbonic anhydrase homologues were found to be
highly upregulated (4-fold) in both symbiotic associations
when compared with the aposymbiotic state (q < 1.3 × 10−2,
Tables 1, 2). Carbonic anhydrase is an integral part of the
carbon concentrating mechanism used by symbiotic cni-
darians to facilitate the interconversion of DIC species,
which, in turn, makes the transport of DIC from seawater
to symbiont plastids for carbon fixation more efficient
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Table 1 Selected proteins that are differentially abundant in both symbioses when compared with aposymbiotic anemones, in order of log2 fold
change

Fold Change vs Aposymbiotic Aiptasia
(q-value)

Sequence ID UniProtKB ID Best annotation match

B. minutum D. trenchii

4.81 (8.7E-5) 4.10 (4.5E-4) BAB83090.1 Q8UWA5 Carbonic anhydrase 2 (CA)

4.45 (6.5E-3) 4.03 (1.3E-2) AIPGENE2901 Q8UWA5 Carbonic anhydrase 2 (CA)

3.99 (1.7E-2) 7.64 (6.6E-5) EDO34868.1 Q8T5Z4 40 S ribosomal protein S19

2.97 (9.1E-3) 2.79 (1.4E-2) AIPGENE6089 P38976 Ras-like protein RAS2

2.96 (9.9E-3) 3.80 (1.4E-3) A7SGL1 Q922R8 Protein disulphide-isomerase A6 (PRDX6)

2.30 (4.9E-2) 3.13 (8.0E-3) AIPGENE19216 A5A6P2 Acid ceramidase (ASAH1)

2.20 (1.4E-2) 1.85 (3.9E-2) AIPGENE2351 Q9TSX9 Peroxiredoxin-6 (PRDX6)

−0.87 (3.2E-2) −1.21 (3.3E-3) EDO49845.1 P06865 Beta-hexosaminidase subunit alpha (HEXA)

−1.00 (3.9E-2) −1.40 (4.6E-3) AIPGENE26156 Q26636 Cathepsin L

−1.31 (5.2E-3) −0.97 (3.5E-2) EDO48107.1 Q9EPB1 Dipeptidyl peptidase 2 (DPP2)

−1.72 (1.8E-4) −1.25 (3.1E-3) AIPGENE473 P05689 Cathepsin Z

−1.87 (3.8E-3) −3.19 (2.2E-5) AIPGENE7506 Q9SEE4 Pirin-like protein

−1.89 (1.4E-2) −2.09 (6.8E-3) AIPGENE6148 Q60HE9 Lysosomal alpha-mannosidase (MAN2B1)

−2.87 (1.0E-2) −2.48 (2.5E-2) AIPGENE13027 Q90744 Alpha-N-acetylgalactosaminidase (NAGA)

−3.34 (3.3E-3) −4.56 (2.0E-4) EDO45852.1 Q95029 Cathepsin L

−4.01 (9.6E-3) −4.16 (7.5E-3) AIPGENE28006 P54802 Alpha-N-acetylglucosaminidase (NAGLU)

−5.03 (5.5E-3) −5.06 (5.3E-3) CnidEF Q2ESH8 CnidEF

−7.77 (2.8E-6) −7.01 (9.4E-6) AIPGENE8259 O95571 Persulfide dioxygenase (ETHE1)

Proteins shown are those discussed in the text. Lysosomal proteins are named in bold. The full list of proteins that are differentially abundant in
both symbioses is available in Table S1 (FDR, q < 0.05)

Fig. 1 Principal component analysis plot and heatmap of proteins in
aposymbiotic Aiptasia versus Aiptasia colonised by Breviolum minutum
or Durusdinium trenchii. a Principal component analysis plot of all
detected proteins, where each point represents one biological replicate
(n= 6). Ellipses represent 95% confidence intervals. b Principal com-
ponent analysis plot of differentially abundant proteins. c. Heatmap
where each row represents one differentially abundant protein (n= 131)

and each column represents one biological replicate. Proteins and bio-
logical replicates are clustered using average linkage and Pearson cor-
relation distance. Protein abundances represent the mean of two unitless
precursor intensities (as technical replicates) normalised to total protein
content, ln(x) transformed and displayed relative to the mean. Proteins
of note are indicated as follows: *NPC2; †glutamine synthetase;
‡betaine–homocysteine S-methyltransferase; §carbonic anhydrase

2338 A. E. Sproles et al.



[50–52]. The significantly higher abundance of carbonic
anhydrase homologues suggests that DIC transport func-
tions are induced in both homologous and heterologous
symbiont associations. When comparing the physiology of
multiple Symbiodiniaceae in the coral Orbicella spp., Pettay
et al. [16] noted that D. trenchii-colonised hosts had similar
rates of photosynthetic oxygen evolution but much lower
rates of host calcification, indicating that algal DIC acqui-
sition was uninhibited but that the host was not benefiting
substantially from the produced photosynthate. Photo-
synthetic activity alters DIC and pH within host tissues
[53]; however, whether the apparent carbonic anhydrase
expression in hosts containing symbionts is a homeostatic

response to regulate these parameters or is induced by
recognition of the symbionts is unknown.

Endolysosomal processes

Of the 74 shared proteins differentially expressed between
anemones colonised by either of the symbiont species and
aposymbiotic anemones (Fig. S1), many are homologues of
proteins typically localised to the lysosome (Table 1). Most
of these differentially expressed and presumably endoly-
sosomal proteins were less abundant in either of the sym-
biotic associations relative to the aposymbiotic state. The
symbiosome membrane, which surrounds intracellular

Table 2 Selected proteins that are differentially abundant between Aiptasia symbioses

B. minutum vs D.
trenchii fold change
(q-value)

B. minutum vs
aposymbiotic fold
change (q-value)

D. trenchii vs
aposymbiotic fold
change (q-value)

Sequence ID UniProtKB ID Best annotation match

Unique, B. minutum
(1.8E-9)

Unique, B. minutum
(1.8E-8)

N/A AIPGENE22527 Q9VQ62 Protein NPC2 homologue
(NPC2-d)

Unique, B. minutum
(8.1E-9)

Unique, B. minutum
(1.7E-8)

N/A AIPGENE22473 P79345 Niemann–Pick type C2 protein
homologue (NPC2-d)

4.70 (1.2E-3) 4.91 (7.7E-4) – Q6S3M2 P09606 Glutamine synthetase (GS)

4.68 (2.6E-3) – – AIPGENE23106 Q95M12 Legumain (LGMN)

4.54 (8.0E-4) 3.64 (5.0E-3) – A7S6S5 P15103 Glutamine synthetase (GS)

3.93 (2.1E-2) 4.45 (9.3E-3) – AIPGENE13275 P06915 Circumsporozoite protein (CSP)

3.04 (1.2E-2) – – AIPGENE14763 Q5R9V6 Neurolysin

1.32 (3.8E-2) −1.87 (3.8E-3) −3.19 (2.2E-5) AIPGENE7506 Q9SEE4 Pirin-like protein

– −3.34 (3.3E-3) −4.56 (2.0E-4) EDO45852.1 Q95029 Cathepsin L

– 4.81 (8.7E-5) 4.10 (4.5E-4) BAB83090.1 Q8UWA5 Carbonic anhydrase 2 (CA)

– 4.45 (6.5E-3) 4.03 (1.3E-2) AIPGENE2901 Q8UWA5 Carbonic anhydrase 2 (CA)

– −1.00 (3.9E-2) −1.40 (4.6E-3) AIPGENE26156 Q26636 Cathepsin L

– 1.25 (1.9E-2) – EEN66183.1 Q9VQ62 Protein NPC2 homologue
(NPC2-a)

– −5.03 (5.5E-3) −5.06 (5.3E-3) CnidEF Q2ESH8 CnidEF

– −1.31 (5.2E-3) −0.97 (3.5E-2) EDO48107.1 Q9EPB1 Dipeptidyl peptidase 2 (DPP2)

−0.40 (4.2E-2) – – AIPGENE12496 P07823 78 kDa glucose-regulated
protein (GRP-78, Hsp70, BiP)

– −1.72 (1.8E-4) −1.25 (3.1E-3) AIPGENE473 P05689 Cathepsin Z

−2.16 (3.5E-4) −2.96 (1.2E-5) – AIPGENE10977 Q5M8Z0 Betaine—homocysteine S-
methyltransferase 1 (BHMT1)

−2.85 (3.3E-2) −3.70 (6.1E-3) – A7RIN6 Q5RF32 Betaine—homocysteine S-
methyltransferase 2 (BHMT2)

−3.28 (1.8E-2) −3.14 (2.3E-2) – KXJ15780.1 B4QX46 Armet (Ar)

−3.65 (2.3E-2) 3.99 (1.7E-2) 7.64 (6.6E-5) EDO34868.1 Q8T5Z4 40 S ribosomal protein S19

−7.60 (4.2E-6) −9.49 (2.6E-7) – EDO47743.1 Q95332 Betaine—homocysteine S-
methyltransferase 1 (BHMT1)

N/A Unique, aposymbiotic
(2.8E-6)

Unique, aposymbiotic
(9.4E-6)

AIPGENE8259 O95571 Persulfide dioxygenase,
mitochondrial (ETHE1)

Proteins shown are those discussed in the text. Values are log2 fold changes. Only significant values are shown (FDR, q < 0.05). ‘Unique' refers to
proteins that were only detected in one treatment. The full list of significant differentially abundant proteins is available in Tables S2, S3, and S4
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symbiont cells, is an arrested endosomal membrane that
avoids lysosomal fusion [2, 54].

The protein that most significantly differentiates Aiptasia
hosting the homologous B. minutum is Niemann-Pick 2
(NPC2); two homologues of NPC2 were detected exclu-
sively in anemones colonised by B. minutum, and they were
undetectable in aposymbiotic anemones or those hosting
D. trenchii (q < 2 × 10−8, Table 2). In the broader Uni-
ProtKB database, these proteins were most similar to the
NPC2-d protein of Anemonia viridis [55]. Although a third
NPC2 protein, most similar to NPC2-a, was detected at low
levels in aposymbiotic anemones, it was significantly more
abundant following colonisation with B. minutum (q=
1.9 × 10−2, Table 2). None of the NPC2 homologues had
significantly different abundances between aposymbiotic
and D. trenchii-colonised anemones. Four NPC2 genes
have been found in the symbiotic sea anemone Anemonia
viridis, where NPC2-d is localised to the symbiosome
compartment [55, 56], and six NPC2 genes have been
identified in the Aiptasia genome [43]. In mammals, NPC2
is a soluble lysosomal protein that rapidly binds and shuttles
cholesterol to the membrane-bound NPC1 protein for
transfer and export across the lysosomal membrane [57, 58].
The cnidarian NPC2 protein may act in symbiont recogni-
tion and persistence, based on its role in the immune sig-
nalling pathways of other invertebrates [55, 59], and it has
been proposed that NPC2 participates in the transport of
sterols between partners [43, 55, 56, 60, 61], but this
hypothesised function requires further investigation.
Homologues of acid ceramidase and peroxiredoxin, both of
which have predicted lysosomal lipid degradation functions
[62, 63], were also upregulated in both symbioses (Table 1).

A successful intracellular mutualism requires host
recognition of potential symbiont cells, tolerating their pre-
sence while regulating their growth, and this process begins
with the formation of the symbiosome [2]. To persist, the
symbiosome must then avoid host lysosomal fusion, which
may be a potential mechanism for symbiont population
regulation [2]. A homologue of the Ras-related protein
Rab2, a signalling protein that is required for the fusion of
late endosomes and lysosomes in Drosophila [64], was more
abundant in anemones colonised by either B. minutum or
D. trenchii when compared with aposymbiotic anemones
(q= 1.4 × 10−2, Table 1). We detected differential abun-
dances of several proteins with predicted immune-related
protease functions depending on symbiotic state and
symbiont species, including homologues of legumain, neu-
rolysin, and several cathepsins. A legumain homologue
was 4.7-fold more abundant in anemones colonised by
B. minutum versus D. trenchii (q < 3 × 10−3, Table 2), while
anemones hosting either B. minutum or D. trenchii
expressed much lower abundances of homologues of
cathepsins L, Z, and the lysosomal dipeptidyl peptidase 2

than did aposymbiotic anemones (q < 2 × 10−2, Tables 1, 2).
Legumain is primarily localised to acidic compartments of
the endolysosomal system [65]. It is has a role in antigen
processing and Toll-like receptor (TLR) signalling via the
highly-specific cleavage of TLR receptors [66]. TLR sig-
nalling is thought to be a primary means of immune reg-
ulation in the cnidarian innate immune system [67]. A
homologue of the peptidase neurolysin was also upregulated
(3.0-fold, q= 1.2 × 10−2) in B. minutum versus D. trenchii-
colonised anemones. Like legumain, the cathepsins are
cysteine proteases of the endolysosomal system that play
roles in TLR signalling and immunity; they also have pro-
tein catabolic functions in autophagic and endosomal
vacuoles [68]. Legumain and neurolysin are unlike the other
peptidases in that their homologues were upregulated in the
B. minutum symbiosis relative to the D. trenchii symbiosis
(Table 2), and this may be a result of host immune responses
that differ in the presence of different symbiont species.
Furthermore, both cathepsin L and Z homologues exhibited
much lower expression when Aiptasia hosted either algal
species than when the anemones were devoid of symbionts
(Table 1). Interestingly, cathepsin L deficiency in mice
results in the generation of large, long-lived autophagoly-
sosomes [69]. As a hypothesis, a potential role of cathepsins
in symbiosome maturation merits further study.

Potential immune responses to symbiont presence

The role of the coral immune response in symbiont speci-
ficity is an area of active research [70]. Compared with
aposymbiotic anemones, a homologue of the 40 S ribosomal
protein S19 was elevated 4-fold and 7.6-fold in anemones
colonised by B. minutum and D. trenchii, respectively (q <
1.7 × 10−2, Table 1). As this pattern was not found for other
ribosomal protein homologues, we considered the possibi-
lity that cnidarian S19 has roles in regulation of the sym-
biosis. In addition to its ribosomal functions, S19 attenuates
the activity of the pro-inflammatory cytokine macrophage
migration inhibitory factor (MIF) in vertebrates [71]. Api-
complexans, a sister taxon to the dinoflagellates, appear to
exploit this to facilitate parasitic infection of vertebrates
[72, 73], and MIF is also involved in regulating parasite
populations in other invertebrates [74]. Given the increased
abundance of an S19 homologue in anemones colonised by
dinoflagellates, especially D. trenchii, S19 and its potential
role in the cnidarian host immune response to dinoflagellate
colonisation should be a topic for further targeted study. A
homologue of the circumsporozoite protein (CSP) was
highly upregulated (4.5-fold) in B. minutum-colonised
anemones compared with D. trenchii-colonised or apos-
ymbiotic anemones (q < 2.1 × 10−2, Table 2). CSP is the
primary surface antigen produced by the apicomplexan
Plasmodium, and it plays a role in the invasion of host cells
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by receptor-mediated binding to the host plasma membrane
[75]. A potential role of the CSP homologue in the
cnidarian–dinoflagellate symbiosis as a host surface ligand
is interesting given the close evolutionary relationship
between apicomplexans and dinoflagellates, but more
directed investigation is needed to determine both the
function and localisation of this protein.

Nitrogen and methionine metabolism

Nitrogen exchange between partners is central to the
cnidarian–dinoflagellate symbiosis, particularly in oligo-
trophic reef waters, and glutamine synthetase is thought to be
the primary enzyme responsible for inorganic nitrogen
assimilation in both host and symbiont [76–78]. Two gluta-
mine synthetase homologues were more abundant in
B. minutum- versus D. trenchii-colonised anemones (q <
1.2 × 10−3, Table 2). Increased glutamine synthetase activity
has previously been reported to be characteristic of symbiotic
Aiptasia and other cnidarians [60, 76, 79]. Ammonium can be
assimilated by both the host and symbiont through the glu-
tamine synthetase/glutamine oxoglutarate aminotransferase
cycle [78], which is used to catalyse the conversion of
ammonia and glutamate into the amino acid glutamine [80].
Parallel metabolomic analysis of the Aiptasia specimens used
in this study measured greater abundances of labelled gluta-
mine in D. trenchii-colonised hosts relative to B. minutum-
colonised hosts [37], suggesting either an increased demand
or a reduced synthesis of glutamine in anemones hosting
B. minutum. When combined, the glutamine synthetase pro-
tein and glutamine metabolite data seem to be consistent with,
but cannot confirm, simultaneous increased host glutamine
synthesis and consumption when hosting homologous sym-
bionts. This may simply be a direct result of the higher
density of B. minutum cells than D. trenchii; alternately, an
enhanced abundance of glutamine synthetase may serve as a
mechanism for avoiding nitrogen limitation of the holobiont.

Given the importance of nitrogen and amino acid
exchange in a productive coral–algal symbiosis, the
observed differential expression of homologues of the
methionine-synthesising enzyme betaine–homocysteine S-
methyltransferase (BHMT) between symbiont species is
also notable. BHMT synthesises methionine from homo-
cysteine and betaine and acts as a central enzyme in the
methionine cycle responsible for molecular methylation
[81, 82]. The expression levels of two and three different
BHMT protein homologues, respectively, were lower in
anemones colonised by B. minutum and in those hosting D.
trenchii, relative to aposymbiotic anemones (q < 3.3 × 10−2,
Table 2). Aposymbiotic Aiptasia have previously been
demonstrated to both synthesise methionine and exhibit
high abundances of BHMT compared with Aiptasia colo-
nised by homologous symbionts [60, 83, 84]. There is

evidence that, in symbiotic corals, half of the methionine
pathway enzymes are expressed by the host while the other
half are expressed by the symbiont, suggesting that partner
coordination may be important for the proper functioning of
this pathway [85]. The observed changes in BHMT
homologue abundances suggest a change in either the
methionine demand by the host or its supply by the sym-
biont. In a parallel study, metabolomic analysis detected
doubled concentrations of methionine in Aiptasia colonised
by D. trenchii rather than B. minutum [11]. One hypothesis
consistent with these data is that although aposymbiotic
Aiptasia are capable of de novo methionine synthesis via
the BHMT pathway, they may receive sufficient methionine
(or methionine precursors) from homologous B. minutum,
but not heterologous D. trenchii, thus necessitating an
upregulation of BHMT in D. trenchii-colonised anemones;
this topic requires further research.

Besides being required for protein synthesis, methionine is
a substrate for synthesis of the methyl donor s-
adenosylmethionine and the antioxidants dimethylsulfonio-
propionate (DMSP) and glutathione. DMSP is a strong
reactive oxygen species scavenger, and its impact on med-
iating coral bleaching is of interest given that DMSP con-
centrations in coral tissues are greatly elevated during acute
thermal stress concurrent with photoinhibition and reactive
oxygen species generation [86], as well as being dependent on
symbiont genotype [87]. Increased BHMT transcript expres-
sion corresponded with increased DMSP concentrations in
Acropora under osmotic stress [88]. A persulfide dioxygenase
homologue was much less abundant in symbiosis, regardless
of symbiont species (q < 2.8 × 10−6, Table 1). This enzyme
catabolizes toxic hydrogen sulphide, which is generated from
the interconversion of homocysteine to cysteine, to glu-
tathione [89]. The upregulation of BHMT homologues and of
other proteins with predicted functions in oxidative stress
responses in anemones hosting D. trenchii, together with
previously reported methionine accumulation, suggest that
symbioses may differ in their redox state. Direct measure-
ments of host reactive oxygen species concentrations, and
studies of the metabolic origins of antioxidants in the host, are
needed to test whether hosts harbouring heterologous sym-
bionts suffer elevated oxidative stress.

ER and oxidative stress

Among the proteins that were more abundantly expressed in
the D. trenchii-colonised Aiptasia, two have predicted func-
tions which suggest changes in protein assembly or endo-
plasmic reticulum (ER) performance. A homologue of the
neurotropic factor protein Armet was upregulated 3.3-fold in
these anemones relative to those hosting B. minutum (q <
1.8 × 10−2, Table 2). Armet is secreted in response to mis-
folded protein accumulation in the ER, protecting cells against
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stress-induced cell death [90]. Additionally, BiP, a 78 kDa
glucose-regulating protein that also plays a role in the ER
protein folding stress-response [91], was previously found to
be both constitutively abundant and upregulated in Aiptasia
during heat shock [42]. Here, a homologue of BiP was more
abundant in D. trenchii-colonised than in B. minutum-colo-
nised anemones (q < 4.2 × 10−3). The upregulation of BiP and
Armet homologues suggests an elevated Aiptasia host stress
response when colonised by D. trenchii, as supported by
previously reported gene transcript and metabolite data [11].

Pirin is a highly conserved, redox-sensitive regulator of
the transcription factor NF-κB that is upregulated in
response to oxidative stress [92]. A pirin homologue was
significantly more abundant in aposymbiotic anemones than
in those colonised by either B. minutum or D. trenchii (q <
3.9 × 10−3) and was also more abundant in B. minutum-

than in D. trenchii-colonised anemones (q < 3.8 × 10−2,
Table 2). In its oxidised form, pirin is proposed to bind and
activate NF-κB [92], which is highly conserved, moderates
immune function, and has been shown to be suppressed by
dinoflagellate colonisation in Aiptasia [93].

Conclusion

This study identified proteins (summarised in Fig. 2) that
differed in abundance between Aiptasia hosting different
dinoflagellate symbiont species, and the predicted functions of
these proteins give rise to hypotheses regarding the estab-
lishment and regulation of effective cnidarian–dinoflagellate
symbioses. A NPC2-d homologue distinguished the homo-
logous symbiosis and expression of a glutamine synthetase

Fig. 2 Summary of differentially abundant proteins and their predicted
functions in Aiptasia colonised by Breviolum minutum, Durusdinium
trenchii, or lacking symbionts (aposymbiotic). Coloured proteins were
significantly more abundant in the indicated treatment(s) than in the
remaining treatment(s), and proteins shown in white were unchanged.
Proteins have predicted functions in the indicated compartments, or their
localisation was inferred by homology. Metabolite translocations that
have not been experimentally confirmed are shown with dotted lines.
Dashed boxes indicate proteins grouped by predicted protein metabolic
function. ER endoplasmic reticulum, Golgi Golgi apparatus. Ar armet,
ASAH1 acid ceramidase, BiP 78 kDa glucose-regulated protein, BHMT
betaine-homocysteine S-methyltransferase, CA carbonic anhydrase,
CatL/Z cathepsin L/Z, CSP circumsporozoite protein, DPP2 dipeptidyl
peptidase 2, ETHE1 persulfide dioxygenase, GS glutamine synthetase,

HEXA beta-hexosaminidase subunit alpha, LGMN legumain, MAN2B1
lysosomal alpha-mannosidase, NAGA alpha-n-acetylgalactosaminidase,
NAGLU alpha-n-acetylglucosaminidase, NPC2 Niemann-Pick type C2
protein, PRDX6 peroxiredoxin-6, S19 40 S ribosomal protein S19.
GOGAT glutamine synthetase/glutamine oxoglutarate aminotransferase
cycle, Gln glutamine, NH3 ammonia, NH4

+ ammonium, Hcy homo-
cysteine, Met methionine. CA catalyses the interconversion of inorganic
carbon species to facilitate diffusion into the algal cell for photosynthetic
carbon fixation. CSP is a potential surface antigen, whereas NPC2 is
localised to the symbiosome in other anemone symbioses. GS reduces
ammonia into glutamine while also acting in the GOGAT cycle. BHMT
reacts with homocysteine to produce methionine. Ar and BiP have
predicted roles in protein misfolding in the ER and Golgi. Lysosomal
proteins are grouped by the metabolite classes they catabolise
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homologue varied between symbioses. Anemones colonised
by the homologous B. minutum exhibited elevated levels of
proteins with predicted nitrogen and lipid metabolism func-
tions, whereas those colonised by the heterologous D. trenchii
had greater abundances of proteins with predicted methionine
pathway and oxidative stress functions. Homologues of car-
bonic anhydrases were expressed in both symbioses,
emphasising the importance of DIC availability and photo-
synthetic performance for the symbiont. Only those anemones
colonised by B. minutum expressed detectable levels of a
homologue for NPC2-d protein, for which there is increasing
evidence of a role in successful cnidarian–dinoflagellate
associations [55, 56]. If this finding is confirmed in corals, it
may offer a potential mechanism to explain why D. trenchii
rarely dominates cnidarian hosts in its invasive range despite
its ubiquity and thermal resilience [16]. Even in hosts in
which it is homologous, D. trenchii is known to trade fitness
for thermal tolerance [94]. D. trenchii colonisation also
increases the methionine concentration [37] and BHMT
homologue abundance in Aiptasia. These data identify new
targets for investigating the cell biology of the
cnidarian–dinoflagellate symbiosis as well as host
metabolic processes that may be affected by symbiosis with
heterologous symbionts. If consistent among novel
cnidarian–dinoflagellate pairings, these responses may serve
as physiological barriers to the establishment of successful,
ecologically fit coral symbioses unless they are mutable over
timescales relevant to the increasing frequency of coral
bleaching events.
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