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Specific host-algae relationship, yet flexible bacterial
microbiome, in diatom-bearing foraminifera

Elsa B. Girard'%*, Laura del Rio-Hortega1'3, Andi M. A. Pratama®, Sophie Volkenandt',

Jan-Niklas Macher'”, Susanne Wilken?, Willem Renema'2

Whether the adaptive strategies of marine mixotrophs, organisms that combine heterotrophic and autotrophic
nutrition, in response to global change are rooted in their symbiotic relationships is debated, especially for larger
benthic foraminifera. Despite their importance in the ecosystem, there are controversial findings regarding the
specificity of their algal endobionts, preventing a deeper understanding of their adaptive strategies. Using single-
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cell metabarcoding on 243 diatom-bearing foraminifera specimens from Indonesia, we found one highly domi-
nant diatom strain in each foraminiferal host species bearing at least 90% of the reads in a majority of host species,
whereas the bacterial community was very flexible, with only 25% of the variation explained by water depth,
substrate type, location, and host species. Our results suggest that the adaptive strategy of the foraminiferal ho-
lobiont rather lies within its bacterial endobiome. Its dynamism likely facilitates the adaptive potential of foramin-
ifera, supporting their proliferation across different environmental settings.

INTRODUCTION

Marine organisms have evolved multiple strategies to survive and
thrive in nutrient-scarce ocean regions (1-3). One particularly well-
adapted group of organisms to such oligotrophic environments are
mixotrophs, organisms that combine photosynthesis and phagotro-
phic nutrition, the engulfment of nutritive particles, to obtain re-
sources (especially carbon, nitrogen, phosphorus, and iron) necessary
to sustain themselves (4, 5). Several ancestrally heterotrophic organ-
isms acquired the potential for mixotrophic nutrition by hosting
photosynthetic endosymbionts (4, 6), a strategy to integrate new
metabolic functions (7). These symbioses, often obligate, enable ef-
ficient resource use and internal nutrient recycling (6, 8), ideal in
oligotrophic environments such as coral reefs. However, changing
environmental conditions can trigger a shift in the relative impor-
tance of feeding versus photosynthesis of mixotrophic organisms in
the ecosystem (9) and be detrimental to their survival by disrupting
symbioses from mutualistic to neutral or parasitic ones (10, 11). One
well-known example of such a harmful phenomenon to the host is
the disruption of the symbiosis leading to bleaching (12), reported
worldwide in corals (13) and large benthic foraminifera (LBF) (14).
It is, therefore, crucial to better understand the intricacy of these
mixotrophic symbioses to foreshadow their sensitivity to future cli-
matic conditions (15). This knowledge is especially relevant consid-
ering that most of marine mixotrophs are key organisms to ecosystem
functioning by contributing largely to the ocean’s carbon fixation
and sequestration (16, 17).

Many mixotrophs are found among protists, eukaryotic unicellu-
lar organisms, and those that host endosymbionts are very abundant
and globally distributed across oceans (18). Mixotrophic marine pro-
tists are very successful due to their generalistic nature, likely giving
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them an advantage to adapt on the doorstep of changing environmen-
tal conditions (5). Despite their importance in the ecosystem, there
is a marked lack of available datasets and knowledge of the holobiont
composition as well as the understanding of adaptive strategies of ma-
rine mixotrophic protists. These important gaps are mainly due to the
fact that protists are very small and overlooked in most ecosystems,
additionally to having extraordinary and complex genetics (19, 20).
Symbiont-bearing LBF are unicellular, mixotrophic, marine pro-
tists that excel as carbonate producers (21, 22). Those LBF form a
symbiosis with microalgae next to hosting a diverse prokaryotic
community (23-26). Compared to the well-studied coral and plank-
ton holobionts (27-30), relatively little research has focused on un-
derstanding these benthic mixotroph holobionts (7, 23, 31, 32).
Within the available literature, the specificity and selectivity of algal
symbionts by LBF are subject to controversy. LBF have mostly been
seen as “flexible” hosts simply because different foram taxa house
different microalgal groups (i.e., rhodophyte, chlorophyte, diatom,
and dinoflagellate) (26). Beyond that, histological, morphological,
and molecular analyses revealed that single individuals can house a
variety of symbiotic algal taxa, hinting toward a flexible foram-algae
symbiotic relationship (33-37). Conflicting molecular results rather
showed the dominance of one photosymbiont in single individuals,
suggesting that LBF might be rather specific in their symbiotic algae
relationship (38, 39). Additionally, variations in the composition of
the bacterial assemblages in LBF was shown to be triggered by water
depth and surrounding microhabitat, underlining their flexibility
within host species (39-42), while a number of bacterial taxa were
found to be specific to the host species (24, 43). Among those stud-
ies, only two studies compared the foraminifera microbiome to the
environmental microbiome from the sediment (24) or seawater (41).
We aim to resolve the debates by bringing a complete dataset of
the algal and bacterial microbiomes for six species of diatom-
bearing foraminifera and shed light into the understanding of adap-
tive strategies of LBF to support their proliferation across a range of
different environmental settings. We hypothesize that symbiotic di-
atoms are host specific, with one species dominating the endobiont
community while being scarce in the environment, whereas the
bacterial community within the host is more flexible and reflects the

10of 14


mailto:elsa.​girard@​naturalis.​nl
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adx4098&domain=pdf&date_stamp=2025-09-17

SCIENCE ADVANCES | RESEARCH ARTICLE

composition of the environmental microbiome. To test the hypoth-
esis, we used single-cell metabarcoding from the foraminiferal holo-
biont to study the microalgal and bacterial communities present
within the foram host, which we define as endobiomes with no as-
sumption of a positive, neutral, or negative relationship. We collected
specimens from three LBF families across coral reefs along a gradi-
ent of turbidity in the Spermonde Archipelago, Indonesia, in the
middle of the Coral Triangle, a marine biodiversity hotspot (Fig. 1).
We integrated the algal dataset from Barnes (44) to our data, the only
published study providing data comparable to ours. Our results confirm
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the species specificity of the algal endobiont communities in diatom-
bearing foraminifera and suggest the bacterial endobiome to drive
the host adaptation to environmental changes.

RESULTS

Foram host species as the greatest predictor for

endobiome compositions

Diatom-bearing foraminifera (forams) endobiomes sampled across
six host species, three sampling depths, and six islands (Fig. 1) along
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Fig. 1. Map of the Spermonde Archipelago and schematic representation of the endobionts. Sampling sites in the Spermonde Archipelago, South Sulawesi, Indone-
sia, with Sentinel 3 satellite image of the chlorophyll a (Chl-a; mean July 2022) following a near to offshore gradient. Sixteen sampling sites at six islands are displayed,
indicating which host foraminifera species were analyzed. At the bottom: A specimen of H. depressa, diatom-bearing foraminifera, as a whole and partially decalcified,

described with a schematic representation of its endobionts (from left to right).
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a gradient of turbidity from the Spermonde Archipelago (South Su-
lawesi, Indonesia) resulted in a total of 1615 diatom and 2437 bacte-
rial exact sequence variants (ESVs). We performed a redundancy
analysis (RDA) to assess to what degree our variables (host species,
depth, substrate type, and island location) explain the patterns in the
diatom and bacterial endobiomes, both between host species (Fig. 2)
and within host species (Table 1). The island location is used as a
proxy for the change in the water quality along the gradient of turbid-
ity in the Spermonde Archipelago. The foram host species was the
greatest predictor of the diatom and the bacterial endobiome compo-
sitions (Fig. 2). Half of the variation in the diatom endobiomes was
solely explained by the host species [RDA, 47.68%; analysis of vari-
ance (ANOVA), P < 0.001], while this was true for only a tenth of the
variation in the bacterial species (RDA, 10.07%; ANOVA, P < 0.001).
When performing the analysis only with the variables linked to the
microhabitat, i.e., the local environment around each sampling site
(depth, substrate type, and island location), the amount of variation
in the bacterial endobiome explained by the model almost double
(RDA, 17.60%; ANOVA, P < 0.001). Depth, substrate type, and is-
land location contributed only a tenth to explain the variation in the
diatom endobiomes (RDA, 10.63%; ANOVA, P < 0.001). The diatom
endobiomes within Amphistegina lobifera, Amphistegina radiata, and
Neorotalia calcar and the bacterial endobiomes within every host
species were also significantly shaped by the island location (Table 1).

Weak core community across all foram host species
One way of testing for host specificity of endobiomes is by identify-
ing a core community, which we define as an ESV present in >95%

of the specimens considered across all host specimens, indepen-
dently of the read abundance. There was no core diatom or bacterial
endobiome identified across all 243 foram specimens. However,
host-specific core diatom ESVs were detected in Amphistegina lessonii,
Heterostegina depressa, Calcarina spengleri and N. calcar (fig. S1A).
Host-specific core bacterial ESVs were also detected in A. lessonii
and C. spengleri (fig. S1B). Overall, five diatom ESVs and five bacte-
ria ESVs were present in more than 50% of all specimens (fig. S1,
C and D). Most host species showed unique diatom and bacterial
endobiomes, except for the endobiomes of C. spengleri, which
were not significantly different from all other (in diatoms) and some
other (in bacteria) host species endobiomes (Dunn’s post hoc test,
table S1).

Highly specific host-algae relationship

A simple overview of the 20 most abundant ESVs in the diatom and
bacterial endobiomes revealed the community structure and the
level of host specificity of those communities. Notably, the diatom
endobiome of each host species was dominated by a single, highly
abundant diatom ESV, except for A. radiata, which had two (Fig. 3A).
Those ESV's accounted for more than 90% of the reads in all foram
host species, except in A. lobifera (30 to 80%). Every host species had
a strong relationship to one endobiont diatom species (>75% mean
relative read abundance) in a majority of the specimens (Fig. 3A),
referred to as the primary endobiont. A. lessonii and A. lobifera were
populated by a diatom of the genus Serratifera (ESV2 and ESVS5,
respectively), A. radiata by Talaroneis posidoniae (<95% ID; ESV4
and ESV5), C. spengleri by Nitzschia cf. microcephala (ESV8), H. depressa
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Fig. 2. Foram host species as predictor for endobiome compositions. Redundancy analysis (RDA), using Bray-Curtis dissimilarities, performed with foram host species
as the sole predictor for the diatom (A) and the bacteria (B) endobiomes. Only the first two axes are displayed. Samples are coded by colors and shapes indicating the host
species (dark red circles, A. lessonii; green triangles, A. lobifera; blue squares, A. radiata; turquoise crosses, C. spengleri; brown squares, H. depressa; orange stars, N. calcar).

The ellipses show the 95% confidence interval for each host species.
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Table 1. Redundancy analysis (RDA) performed on all host species and per host species. Analyzing all host species together and each host species
individually, we assessed the impact of predictors linked to the microhabitat (water depth, substrate type, and island location) in shaping the diatom and
bacterial endobiomes within foram host species. Island location is used as a proxy for the change in the water quality along the gradient of turbidity in the
Spermonde Archipelago. Only the two first RDA axes are displayed here. ANOVA was used to assess the significance of the RDA model, the axes and the terms
(predictors), marked with asterisks: *, 0.05; **, 0.01; ***,0.001.

Endobiome Host species RDA P value model P value axes P value terms
Diatoms All together® 47.68% 0.007 s RDAT, 0.0071 s Host species, 0.001%%*
RDA2, 0.001%**
" Alltogether  1063% 0,007+ RDAT, 0.001 %+ Substrate, 0.002%%
RDA2, 0.033* Depth, 0,001+
CAlessonii 1399% 03 Al >0.7
" Alobifera  2376% 0.022* All, >0.093
A radi C4263% 0,002+ RDAT, 0.001 %+
C.spengle C1821% 0.139 All, >0.1
" H. depressa ©2005% 0.207 All, >0.2
" Necdlear  #612% 0.008%* RDAT, 0.004%*
Bacteria  Alltogether'  1007% 0.0017#* RDAT, 0.001 %+
RDA2, 0.001%**
" Alltogether  1760% 0.001%#* RDAT, 0.001 %+ Island, 0.001%5%
RDA2, 0.003#*3* Substrate, 0.001%:*
Depth, 0.007%:*
" Alessonii 2787% 0,001+ RDAT, 0,001+ Island, 0.001%%%
Substrate, 0.024*
Depth, 0.0027*
" Alobifera  3140% 0,007+ RDAT, 0.001 %+ Island, 0.001%%%
RDA2, 0.002%*
" Aradiata  47.13% 0.0077%* RDAT, 0.001 %+ Island, 0.001%%%
RDA2, 0.0067* Substrate, 0.0071 s
: 0.017* RDAT,0.011% 0.007%%
" H.depressa 33.24% 0.007%%% RDAT, 0.001%** Island, 0.001#%%
RDA2, 0.004**
" Necalear  4986% 0.001 5% RDAT, 0.001 %+ lsland, 0.001%%%

RDA2, 0.001#%**

1TRDA performed on all host species together using only host species as predictor (term). #RDA performed on all host species together using water depth,

substrate type, and island location as predictors (term).

by Thalassionema frauenfeldii (ESV1), and N. calcar by Nitzschia
inconspicua (ESV6). We performed a species occupancy model-
ing to test the observed host specificity from the community
composition. Results from the model showed that the primary
diatom endobiont was more likely to be found in that specific
host than in the environment (P < 0.01) (fig. S3). The diversity
indices of the host-associated diatom endobiomes supported this
notable prevalence, with a low Pielou evenness value, a low Simp-
son’s index (model 1-D) value, and a low diversity based on the
Shannon-Wiener index (fig. S2). Despite the primary diatom spe-
cies dominating the endobiome, its abundance still varied be-
tween specimens, especially in the host species A. lobifera (Fig. 3A
and fig. S1A). Additionally, between 6 and 33% of the specimens
had an abundant diatom endobiont different from the primary
endobiont of the host species (fig. S4).

To grasp the foram-diatom relationship, we analyzed phylogenetic
relationships between the primary endobiont diatom species and be-
tween their respective host species, which were congruent with
high bootstrap values (>70%) (Fig. 4). The amphisteginids and the

Girard et al., Sci. Adv. 11, eadx4098 (2025) 17 September 2025

calcarinids form each their own clade, so did their primary endobionts
from the Serratifera and Nitzschia genera, respectively. H. depressa is
a sister group to the calcarinids, similarly to its primary endobiont
closest to the diatom species T. frauenfeldii, which is sister to Nitzschia
(Fig. 4). However, most of the shallow branches were not well sup-
ported (bootstrap values of <70%). The endobiont diatom sequences
of A. lobifera, A. lessonii, and A. radiata published by Barnes (44),
from Hawai‘i and Papua New Guinea, grouped within short dis-
tances to our primary diatom sequences for the respective foram
hosts. In addition, most of Barnes” A. radiata diatom clones (Papua
New Guinea) are identical to the diatom ESVs we sequenced from
our Indonesian A. radiata samples, which were most similar (<95%
ID) to the diatom T. posidoniae.

Flexible host-bacteria relationship

Contrasting with the diatom endobiomes, the bacterial endobi-
omes did not have extremely abundant ESVs (fig. S1B), and its di-
versity was much higher than that of diatoms per specimen (fig. S2).
The 20 most abundant bacteria ESVs had lower overall relative
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Fig. 3. Endobiome compositions across the six host species. Relative read abundance (RA) of the 20 most abundant diatom (A) and bacterial (B) ESVs. The bottom panel
of each facet displays the taxonomic assignment of the ESVs, where the diatoms are color coded at the species level, and the bacteria at the family level (class of Proteobac-
teria in parentheses). The remaining composition of the endobiomes was grouped into “other,” marked in gray in all panels. Note: The four panels have their own legends, and
colors are not correlated between panels. Each host foraminifera species has its own logo, which is used to highlight the primary diatom endobiont in the legend (A).

abundances (5 to 35%), with a great proportion of the diversity
contributed by low abundance ESVs (Fig. 3B and fig. S1B), and
were more evenly distributed across foram host species compared
to the diatom endobiomes (Figs. 2B and 3B). The majority was as-
signed to the class Gammaproteobacteria and, to a lesser extent, to
Alphaproteobacteria (Fig. 3B). The flexible nature of the bacteria
endobiome was supported by the diversity indices demonstrating
the evenness of the endobiome and the absence of primary bacteria
endobionts (fig. S2). The number of bacterial ESVs shared between
specimens of the same host species from a single microhabitat was
significantly higher than from different microhabitats (fig. S5A).
Similarly, the number of ESVs shared between two specimens of
the same host species was significantly higher than between two
specimens of different host species from the same microhabitat, in
56% of the studied sites (fig. S5B).

Girard et al., Sci. Adv. 11, eadx4098 (2025) 17 September 2025

To better understand the foram-bacteria relationship, we per-
formed a taxonomy-based analysis to predict functional roles of the
bacterial community within host species and the environment. The
bacterial endobiome had the same basic functional roles across all
foram host species at all depths and islands. Four putative metabolic
functions were highly represented: ammonia oxidation, nitrite re-
duction, sulfate reduction, and dehalogenation (fig. S6). A group of
bacteria predicted to perform chitin and xylan degradation was less
abundant in the endobiomes but was slightly more represented in
H. depressa compared to that in other host species (fig. S6).

Limited presence of endobionts in the

environmental microbiomes

We compared the host endobiomes with the environmental microbi-
ome (water and sediment) to confirm the level of specificity of the
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Fig. 4. Overview of the phylogenies of hosts and algal endobionts. Phylogenetic relationships of the host species (A) and the primary diatoms (B). Molecular dis-
tances between all ESVs assigned to the primary diatom per host specimen (black, the most abundant ESV in bold), the reference diatom sequence from the database R-
Syst:diatom v8 database (94) (red) and the diatom clones of A. radiata, A. lessonii, and A. lobifera samples from Barnes (44) (white). The colored regions represent the foram
host species in which the diatom is predominantly living. Supporting bootstrap values of >70 are indicated at the branches with a red dot. The tree scale and bootstrap
legend are valid for both phylogenies. Note: the phylogenies are restricted to the forams and primary diatom species studied here, and therefore incomplete.
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endobiomes and to provide hints toward the acquisition of those en-
dobionts. The diatom and bacterial endobiomes of all foram host
species were significantly different from the seawater and the sub-
strate microbiomes (Dunn’s pairwise statistical test, table S1). The 20
most abundant diatom and bacterial ESVs in the host species were
observed on average in low relative read abundance (<5%) in the
environment (Fig. 5, A and B). ESVs observed in the host endobi-
omes and the environment were more likely to be found in the sub-
strate than in the seawater (Fig. 5, C and D). Nonetheless, 15 diatom
ESVs (considering also singletons) were shared between the foram,
the seawater, and the substrate samples, of which four ESVs (ESV1,
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ESV2, ESV3, and ESV4) dominated the diatom endobiome in three
foram host species (Fig. 5, A and C).

DISCUSSION

Single-cell metabarcoding of six diatom-bearing LBF species along
an environmental gradient revealed a highly specific host-diatom
relationship, where each host species harbored a unique diatom
dominating at least 90% of the endobiomes. These results were sig-
nificantly supported by the RDA and the species occupancy model-
ing. In contrast, the bacterial endobiome was highly variable between
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host species, with bacterial relative read abundances rarely ex-
ceeding 35% in the endobiomes. The 20 most abundant endobiotic
diatoms and bacteria in the host were rare, if not absent, in the
surrounding environment.

Highly specific host-algae relationship

We consistently observed one primary diatom endobiont species in
each host species, congruent with our hypothesis. Previous studies
based on culturing isolated microalgae (26, 34, 45) reported a more
flexible composition of the algal endobiome, with more than 10 al-
gal species. Furthermore, direct comparisons between culturing
versus cloning and metabarcoding of diatom DNA directly isolated
from the intact host demonstrated an even more diverse microalgal
community than the culturing experiments (34, 44). Unexpectedly,
most of diatom species identified from cultures, often dominated by
Nitzschia spp., were not the same as the ones identified directly from
the host specimens, both histologically and molecularly (44). Addi-
tionally, we observed little similarity between the environmental
microalgal communities and the host’s diatom endobiomes, under-
lining the rarity of the primary diatom endobiont outside the host.
Following our results in combination with observations by Barnes
(44), Prazeres et al. (33), and Versteegen et al. (42), we postulate that
the primary diatom endobiont identified by histology, cloning, and
metabarcoding is the main (mutualistic) endosymbiont and that
many microalgae identified from culturing were likely prey or bio-
film forming on the shell. Nonetheless, we cannot disregard that most
studies cover largely different geographical locations, thus acknowl-
edging that some of the variations observed between isolation tech-
niques might be due to regional differences within morphospecies.

Histological studies have shown that the main endosymbiotic
diatoms do not form a frustule inside their host (46), which is the
main morphological aspect used to identify diatoms in cultures.
From this, we infer that either the formation of a frustule is suppressed
by the host or the capability of frustule formation might have been
lost altogether as an adaptation to an obligate endosymbiotic life-
style by the diatoms. If the endosymbiotic diatoms do not produce a
frustule outside the host, then it is expected that discrepancies arise
between the findings from culturing and DNA due to the impossi-
bility of identifying the microalgae [see (44)]. Genetic and morpho-
logical modifications of microalgae between the free-living and
symbiotic stages have been observed in other obligate host-symbiont
systems. For example, the phytoplankton Phaeocystis cordata is a
known symbiont in Radiolaria, yet also ubiquitous in the surface
water of the ocean (47). The endosymbiotic P. cordata was 10-fold
larger and had a higher volume of chloroplasts and associated thyla-
koids (units within chloroplasts) compared to their free-living coun-
terparts (47). To conclude, we contribute to resolving the controversy
by highlighting that the main endosymbiont is host-specific in
diatom-bearing forams.

The rarity of the abundant diatom taxa in the surrounding envi-
ronment raises the question of how endobionts are acquired. The
acquisition of endosymbionts can go two ways: via horizontal trans-
mission, i.e., phagocytosis of organisms from the environment, and
vertical transmission, i.e., heritable from parent to offspring (48).
The high fidelity of the host-diatom relationship resulting from our
study suggests that vertical transmission of the endosymbiont is the
main acquisition mechanism in diatom-bearing foraminifera. A live
recording further showed vertical transfers of algal endosymbionts
during asexual reproduction (29). Additionally, theories advanced
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that sexually reproduced LBF juveniles might bear symbiotic cells, a
hypothesis based on cell and zygote sizes (48). Our results showed
that the host species A. lobifera had the highest variability in the dia-
tom endobiomes across all host species, by hosting multiple closely-
related diatom strains of the genus Serratifera. Freshwater diatoms
were observed to have high intragenomic variability and bear mul-
tiple copies of the rbcL gene within a single species (49), supporting
the presence of a single species of endosymbiotic diatom in A. lobifera
and its high host specificity. On the other hand, endosymbionts with
closely-related strains can exhibit markedly different physiological
traits and functional roles, as shown in the thermotolerance of dino-
flagellates (50-52), which may have implications in the resilience of
the host to changing environmental conditions. Whether the latter
statement is also applicable to diatoms needs further investigation.
Compared to all other host species we studied, A. lobifera is distrib-
uted worldwide (33) and known to be an invasive species in the
Mediterranean Sea (53, 54). Insights from intragenomic variations
revealed that the expansion of A. lobifera from the Red Sea toward
the Mediterranean Sea was at the cost of its sexual reproduction po-
tential (54). As such, vertical transmission of the diatom endosym-
biont via asexual reproduction is likely the predominant scenario;
however, the reasons behind the higher intragenetic diversity of dia-
toms in A. lobifera remain uncertain.

Our study is limited to six diatom-bearing LBF from the Sper-
monde Archipelago and is not directly applicable to foraminifera
from all other geographical regions or those hosting different micro-
algal groups. However, phylogenetic analyses from direct single-
fragment sequencing demonstrated that chlorophyte-bearing forams
harbor chlorophyte species that cluster closely to each other (55),
suggesting that a similar host specificity of the main symbionts may
hold for chlorophyte-bearing LBE. However, dinoflagellate-bearing
LBF were shown to harbor multiple genera of Symbiodiniaceae
(56, 57), lacking any host-specific patterns (58) and influenced by
environmental conditions (59). Additional studies using single-cell
metabarcoding or metagenomes of the hosts are needed to confirm
the symbiont specificity and the nature of the algal endobiome in
other host groups.

Conserved bacterial metabolic functions across

hosts and sites

Contrary to the host specificity of the diatom symbionts, we ob-
served no specific or dominant bacteria in the diatom-bearing
forams, suggesting a flexible nature of the bacterial endobiome. In
case of an obligate symbiotic association with bacteria, we would
have expected a uniform presence of one or more ESV's across most
host specimens, which were not shown in our data. The bacterial
endobiomes were different between the host species within the same
sample and along the gradient of turbidity, but the 20 most abun-
dant ESVs were almost equally prevalent across host species. Al-
though the bacterial endobiome was partially overlapping with the
substrate microbiome, bacterial ESVs found in high abundance in
the hosts were rare in the environment. Salonen et al. (60) observed
similar results by studying intertidal nonphotosymbiotic small ben-
thic forams, and they suggested that those bacteria were likely not
prey. We suggest that bacterial endobionts might rather have a fac-
ultative symbiotic relationship with the host or with the endosymbi-
otic diatom, in both cases likely facilitating the host performance.
We observed highly conserved bacterial metabolic functions be-
tween all host species, despite the variability and the flexibility of the
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bacterial endobiomes. Most of the putative functions of the bacteria
concentrate within the nitrogen and sulfur cycles, through ammo-
nia oxidation, nitrite reduction, and sulfate reduction. While those
functions were also expressed in the environmental microbiome,
our results show unique bacterial communities living within the
host foram, different from the environment, suggesting that those
functions are beneficial to the host metabolisms. Functions associ-
ated with the nitrogen cycle appear to be also important amongst
other photosymbiotic organisms like the benthic upside-down jel-
lyfish Cassiopea xamachana (61), reef invertebrates (62), and many
coral species (63-66). Additionally, less dominant functional roles
unique to the foram bacterial endobiomes corresponded to chitin
and xylan degradation, which are possibly related to food waste and
nutrient recycling. Chitin-degrading bacteria were observed to set-
tle on diatom frustules and to degrade it (67), an advantageous
mechanism to help forams process preyed-upon diatoms to extract
most of its nutrient. The efficient nutrient use by the foram holobi-
ont through its mixotrophic lifestyle could be facilitated by the met-
abolic versatility of various bacterial endosymbionts. Additionally,
chitin-degrading bacteria were recognized to participate in the im-
munity of the host through fungal pathogen defense in plant-
microbe interaction (68). Whether such an immune mechanism is
active in marine protists needs to be further tested in controlled cul-
turing laboratory experiments.

Bacterial endosymbionts might, furthermore, contribute to the
supply of inorganic nutrients to photosymbionts, in addition to
those supplied by the host. Diatoms lack the ability to fix nitrogen
and, therefore, need nitrogen-fixing endosymbionts such as cyano-
bacteria and some gammaproteobacteria to thrive in case bioavail-
able forms of nitrogen are limiting (7, 69). Our data show that
cyanobacteria of the genus Synechococcus and gammaproteobacte-
ria of the genus Alteromonas were especially abundant in the host
species A. lobifera, A. lessonii, and N. calcar. Synechococcus spp. were
also observed to participate in nitrogen fixation in reef-building
corals (70). Furthermore, Alteromonas sp. and Vibrio alginolyticus
were observed to fix nitrogen that was readily incorporated by the
algal symbiont in corals (65). As a result, host-associated bacteria
may also be in direct symbiosis with the microalgal symbiont, which,
in turn, benefits the host and improves its adaptability to changing
environmental conditions. The bacterial endobiome may, there-
fore, play a role in filling in nutritive gaps of the foram holobiont,
potentially contributing to the host adaptation to a large range of
environmental conditions (e.g., increase water temperature and
eutrophication) (40, 61). To further investigate the functional di-
versity of the microbial community in foraminifera and their role in
the adaptation of the host to changing environmental conditions,
metagenomic and metatranscriptomic analyses might validate our
conclusions. Additionally, it would help us identify the biologically
relevant interactions between the host, the photosymbionts, and
the bacteria, including the roles that the endobiome plays in the
host’s physiology.

Adaptation to changing conditions: A comparison with the
coral holobiont

Algal-bearing LBF often live side by side to the well-studied reef-
building corals. Similarly to forams, those marine mixotrophs are
complex holobionts composed of a variety of eukaryotic and pro-
karyotic partners in a coelenterate host (71). Corals form an obligato-
ry symbiosis with photosynthetic dinoflagellates (72). Their bacterial
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endobiome provides nutrients to the host and its endosymbiotic
dinoflagellates (27, 71). Corals are known to be specific in the choice
of dinoflagellates. One coral species usually hosts one genus of the
family Symbiodiniaceae (73) as the dominant symbiotic group while
hosting some other genera at lower abundance (74-76), similarly to
the results in diatom-bearing forams in our study. However, some
species of corals host two or more genera of the family Symbiodini-
aceae and were observed to shift, at least temporarily, the relative
abundance of those genera with shifting environments (74, 77, 78).
This flexibility was suggested to align with a shift in the host meta-
bolic requirements (79) and correlates with the host geographic range
(80). However, the ability of some corals to shift or adapt their sym-
biotic community is species specific and context dependent (74, 81).
Environmental conditions, such as sea surface temperature, pH, sa-
linity, and photosynthetically active radiation, can also shape the
Symbiodiniaceae community within the coral holobiont (74). Equiva-
lent changes in the endosymbiont communities were not observed
in the six species of diatom-bearing LBF from the Spermonde Archi-
pelago. Contrastingly, we rather observed a species-specific relation-
ship between the six host foram and their respective endosymbiotic
diatom. This species specificity held even across geographical dis-
tances in Amphistegina spp. (Papua New Guinea and Hawai‘i) (44).
Three of the six host species (A. lobifera, A. radiata, and N. calcar)
show significant variations in their diatom endobiomes along the
regional gradient of turbidity in the Spermonde Archipelago. These
variations are likely associated with the diatom endobionts present
at low background abundance. Our results also show that some
foram specimens (6 to 33% of each host species) hosted a different
symbiotic species of diatoms from the prevalent primary diatom
species. These different foram-diatom associations did not correlate
with a change in (a)biotic factors, unlike the patterns observed in
coral-Symbiodiniaceae associations (74). In that sense, diatom-
bearing LBF appear less flexible than reef-building corals regarding
their host-algae symbiosis, but additional studies across a wider
range of environmental conditions and geographical localities need
to be conducted to confirm this hypothesis.

Our sampling design covered multiple depths and varying levels
of light intensity, associated with turbidity, and eutrophication (82)
within a single region. We observed clear variations in the bacterial
endobiomes, which was significantly shaped by the microhabitat, fol-
lowing changes along depth and the turbidity gradients. We, there-
fore, speculate that the different environmental conditions triggered
the dynamism observed in bacterial communities. Similar shifts in
the bacterial endobiome in photosymbiotic organisms were also re-
cently highlighted through bleaching events (40), across water
depths (42), and the reef shelf (39). The flexibility of the bacterial
endobiome appears to not affect the basic bacterial metabolic func-
tions performed within the foram host, with different but function-
ally equivalent taxa, potentially contributing to the host adaptation
and proliferation in different environmental settings. Corals also
have a highly flexible bacterial microbiome primarily dependent on
abiotic factors associated with the microhabitat (83, 84). Despite
their eukaryotic and prokaryotic flexibility, reef-building corals are
sensitive to environmental fluctuations such as heat waves (85, 86).
A study contradicting the paradigm that generalists are more resil-
ient to change found that flexibility in the algal symbiosis correlates
negatively with resilience (87). Putnam et al. (87) analyzed the dino-
flagellate endobiomes of Acropora, Pocillopora (both generalists),
and Porites (specialist) from Moorea and observed that generalist
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species had flexible host-algae relationships while being less resilient
to sudden changes in the environmental conditions compared to
their specialist neighbors. Yet, a contradicting study shows that the
renewal of the photosymbiotic partners during a heat wave with
heat-tolerant symbionts allowed the host to tolerate the prolonged
exposure to thermal stress (88). This flexibility was also observed in
LBF, both within their microalgal (34) and bacterial endobiomes (40).
How the activities of the bacterial endobiome and its flexibility benefit
(or hinder) the adaptation of marine mixotrophs to environmental
stress remains largely unanswered. Nonetheless, the flexible nature
of those holobionts, lying within its prokaryotic endobionts, appears
to be an advantage to environmental adaptation.

MATERIALS AND METHODS
Experimental design
In August 2022, benthic samples (n = 16) containing forams (uni-
cellular organisms) were collected from six reefs located at different
islands (Samalona, Kodingareng Keke, Pajenekang, Badi, Langkai,
and Kapoposang) in the Spermonde Archipelago, South Sulawesi,
Indonesia (see Fig. 1). At each reef, we visited three sites: the reef flat
(~1-m water depth), the mid-reef slope (~10 m) and the bottom of
the reef slope (~20 m) (see table S2 for details). Forams were col-
lected by filling a cotton bag (18 cm by 32 cm) with coral rubble,
sand, and/or algae. The coral rubble and the algae were brushed on
the boat directly after collection to detach the forams inhabiting the
surface. The brushed product concentrated in forams was immedi-
ately transferred to an 8-ml tube filled with ethanol 96% on the boat
and preserved at —20°C on shore until brought to Naturalis Biodi-
versity Center (NBC), Leiden, The Netherlands, for analysis. We thank
the Indonesian authorities (Ministry of Law and Human Rights, Re-
public of Indonesia) for approving the collection of reef sediment
samples (permit holder, E. Girard; permit number 2C11FB0145-W).
Data on free-living bacterial and diatom communities in the im-
mediate environment (substrate and seawater from the benthic
boundary layer) were collected at the exact same location as our
foraminifera samples (SRA BioProject PRJNA1105779), published
by Girard et al. (82). In summary, the substrate was collected in fal-
con tubes (coral rubble, sand, and/or algae), and the seawater was
exchange with ethanol 96% on the boat immediately after collection.
Seawater was collected in triplicates with 50-ml syringes, which
were stored in a cool box on the boat until filtered through a single-
use 0.2-pm filter on shore. The filters were subsequently stored in a
tissue lysis buffer (ATL) at room temperature until DNA extraction
was performed at NBC. Extracted DNA from all the samples were
amplified with the same primer sets for bacteria and diatoms as for
the foraminifera samples described in our study. We used these data
to compare the microbiome in foraminifera with its counterpart
from the environment (table S2).

Morphological and molecular identification of foraminifera

LBF specimens (n = 254) were isolated from the brushed product
with soft tweezers under a stereo microscope. Specimens were se-
lected on the basis of their color, indicating the presence of photo-
symbionts, to distinguish between live and dead specimens. Between
four and seven specimens identified as A. lessonii (n = 75), A. lobifera
(n = 36), A. radiata (n = 49), C. spengleri (n = 10), H. depressa
(n =55), and N. calcar (n = 30) were selected from each sampling
site (Fig. 1). Note that C. spengleri was only found at two sampling
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sites, explaining its limited number of specimens to 10. Species iden-
tification was based on morphological features of their tests, follow-
ing the criteria outlined by Renema (89). These particular species
were chosen because they are all known to be diatom-bearing, abun-
dant in the samples, as well not having spikes on their test, which
reduces the risk of contamination of material adhering to the test
(see below). Nonetheless, we acknowledge that the porosity of cer-
tain tests might increase the potential for contamination, which is
why we used stringent filtering and postprocessing of the datasets.
Pictures were taken of every specimen to verify the identification af-
ter DNA extraction. Each specimen was carefully stored in separate
tubes with ethanol 96% to prevent any potential cross-contamination.

Before DNA extraction, the specimens underwent multiple clean-
ing steps to thoroughly eliminate external microorganisms and or-
ganic matter from the shells. First, specimens were brushed with a
thin brush and transferred to a new individual tube containing clean
ethanol 96%. The utensils used in this step were sterilized between
the cleaning of each individual. Then, the specimens were rinsed
three times with Milli-Q water, with vortexing carried out between
each rinse to enhance the removal of remaining impurities. Last, the
cleaned specimens were stored in a new tube filled with ethanol
96%. Each specimen was dried in a new 1.5-ml Eppendorf tube and
crushed using a sterile metal pestle. We performed the DNA extrac-
tion and amplification of the cytochrome c oxidase subunit I (COI)
mitochondrial region (90) following the protocol of Girard et al.
(91), using 35 cycles instead of 40 in the polymerase chain reaction
(PCR) program. During DNA extraction, all manipulations were
performed at a clean bench to enact a sterile environment. To serve
as negative controls, the same method was carried out in tubes with-
out any biological samples. Additionally, a negative control was per-
formed with Milli-Q water instead of DNA template for each PCR
run to check for potential (cross-)contamination. The samples were
sequenced using Sanger sequencing at BaseClear B.V,, Leiden, The
Netherlands. We processed the sequences in Geneious Prime (ver-
sion 2023.2.1). The sequences were assembled with de novo assembly,
checked, and edited according to the quality of the base and cropped
to the same length. The sequences were assigned a taxonomic name
with BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). If the closest
hit corresponded to the morphological species identification, then
we confirmed the taxonomy of the foraminifera host (see table S2);
otherwise, the sample was disregarded (n = 4).

Library preparation for metabarcoding of the endobiome

To study the endobiome of foraminifera, we performed single-cell
metabarcoding on individual unicellular foraminifera specimens,
which host bacterial and diatom cells. Both the bacterial (variable
regions V4 and V5 of the 16S rRNA gene) and the diatom [variable
region ribulose-bisphosphate carboxylase (rbcL) gene] communities
were sequenced from the extracted DNA in the previous step. The
two libraries were prepared from a two-step PCR to first amplify the
target region and, second, to label the DNA using IDT 10-base pair
unique dual indexes (Integrated DNA Technologies, Coralville, IA,
USA). We used the same primers and the library preparation meth-
od as published by Girard et al. (82).

To ensure even representation during sequencing, all samples
were pooled in equimolar ratios using the Qiagility robotic worksta-
tion (QIAGEN) into a subpool. The DNA concentration of the sub-
pools was measured on the 4150 TapeStation System (Agilent) and
equimolarly pooled into one final pool, one per marker. Last, the

100f 14


https://blast.ncbi.nlm.nih.gov/Blast.cgi

SCIENCE ADVANCES | RESEARCH ARTICLE

samples were sequenced on an Illumina NovaSeq 6000 platform
(250 paired-end reads) at BaseClear B.V. (Leiden, The Netherlands).

Metabarcoding data processing

Demultiplexed reads for both bacteria and diatoms were processed
separately in APSCALE (Advanced Pipeline for Simple yet Compre-
hensive AnaLysEs), a VSEARCH-based software to correct ampli-
con errors and identify chimaeras (92, 93). The details on the processing,
settings, and programs used, as well as the sequence treatment re-
port are compiled in tables S3 and S4. The sequences were denoised
into ESVs. The processing pipeline resulted in an ESV table, free of
chimaeras. To be conservative as well as to limit cross-contamination
and index-hopping, we removed the ESVs with less than 0.1% rela-
tive abundance per sample, and we analyzed samples with a total read
number > 1000 reads. We merged the triplicates (the reads were
summed) and analyzed ESV's present in at least two of the triplicates.
Last, reads were normalized to the sample with the lowest number
of reads (diatoms of 5927 reads and bacteria of 1130 reads). The
ESVs were identified with Megablast (80% minimum coverage and
80% minimum similarity) using Silva 138.1 SSUParc database for
bacteria (www.arb-silva.de/documentation/release-1381/) and R-
Syst::diatom v8 database (2020) for diatoms (94). The sequence per-
centage identity threshold (ID) used for bacteria followed the study
of Yarza et al. (95). Because we are only interested in bacteria, ESV's
assigned to mitochondria, chloroplasts, and Archaea were disregarded.
Diatom ESV's (strictly classifying within the phylum Bacillariophy-
ta) were considered to be a diatom species if the percentage ID was
>95% similar to the reference, a threshold commonly used for dia-
toms (96, 97). To verify this threshold, we calculated a similarity dis-
tance matrix in Geneious Prime (version 2023.2.1), using the aligned
rbcL barcode from the entire R-Syst::diatom v8 database (fig. S7).

Quality control of the dataset

We identified and removed potential ESV contaminants using the R
package “decontam” (98). We compared the samples with the nega-
tive controls using the function isContaminant() with the prevalence
threshold set at 0.2. Once a contaminant was identified, its read
number was set to zero in the corresponding samples. To strengthen
the removal of contaminants in the bacteria dataset, we manually
screened through ESV assignment results and further removed ESV's
which are documented to be associated with the human microbiome
(“human gut metagenome,” “human oral metagenome,” “human
metagenome;” “Streptococcus, “Cutibacterium acnes, and “Burkholderia
pseudomultivorans”). We performed the latter steps to be conserva-
tive in our analysis (99) to overcome possible method-related
(cross-)contamination and index-hopping, ensuring the study of rel-
evant taxa only.

Statistical analysis

After normalizing the number of reads, the data were transformed
into ESV relative abundances (%) per sample. The following analy-
ses of the data test for the host specificity of the endobiomes and aim
to identify the main drivers shaping the two endobiomes in the
hosts. We hypothesize that symbiotic diatoms are host specific, with
one species dominating the community while being scarce in the en-
vironment, whereas the bacterial community within the host is more
flexible and reflects the composition of the environmental microbi-
ome. To confirm the different specificity levels of the endobiomes,
we assessed the presence of the endobiomes in the environment by
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analyzing the proportion of ESVs shared between the host and the
surrounding environment. Additionally, we identified potential sym-
bionts within the endobiomes, which supports the concept of speci-
ficity. We performed all data manipulations and analyses in R version
4.4.0 (100). Mean relative abundances exclude zeros, and the SD is
displayed whenever possible.

Determining the host-specificity level of endobiomes

To understand which variables have the greatest impact on the en-
dobiomes, we performed an RDA on all ESVs remaining after qual-
ity control with the functionrda(..., dist=“bray”, scaling = “species”),
using the Bray-Curtis distance matrix, from the R package “vegan”
(101). The analysis was performed for both bacteria and diatom en-
dobiomes. Different groupings were tested: host species (A. lobifera,
A. lessonii, A. radiata, C. spengleri, H. depressa, and N. calcar) and
the local environmental variables around each sampling site (re-
ferred to as “microhabitat”), such as substrate type (seawater, coral
rubble and algae, coral rubble and sand, and coral rubble), water
depth (1, 10, and 20 m) and island (Samalona, Kodingareng Keke,
Pajenekang, Badi, Langkai, and Kapoposang). We performed an
ANOVA to test the significance of the RDA model, including testing
the significance of the axis (by = “axis” with 500 permutations) and
the environmental parameters (by = “terms” with 200 permuta-
tions). Additionally, we performed the RDA and ANOVA analyses
on each foram host species separately. Subsequently, we performed
the post hoc Dunn’s statistical test to verify pairwise similarities and
dissimilarities between sample types, using the function dunn_test()
from the R package “rstatix” (102). The Dunn’ test was performed
on both the ESV presence-absence dataset and the ESV relative
abundance, because the communities from the substrate, the seawa-
ter, and the foraminifera were extracted with different extraction kits,
which can create a bias in the relative abundance (103).
Community composition of endobiomes

We hypothesized a skewed distribution of the diatom community
with a dominating species and a more evenly distributed bacterial
endobiome. To test this hypothesis, we calculated multiple diversity
indices [Pielou evenness, Simpson’s index (model 1-D), Shannon-
Wiener index, and species richness] using the function diversity()
from the R package “vegan.” Additionally, we displayed the commu-
nity composition in the form of bar charts and heatmaps using the
20 most relatively abundant ESVs of the endobiomes. These ESV's
were identified by summing the relative abundance of every ESV
across all foram hosts.

Relationship between the endobionts and the host

Two additional analyses were performed, where only the ESVs as-
signed to the most abundant diatom species endobionts in every
host foraminifera were selected. First, we tested whether the most
abundant diatom endobionts were more likely to be found in a spe-
cific host foraminifera using an occupancy model from the R pack-
age “camtrapR” (104). The model uses Markov chain Monte Carlo to
assess the fit and takes the environmental community as a baseline
for comparison. Last, we performed a phylogenetic analysis to com-
pare the foraminifera phylogeny with that of the diatom ESVs as-
signed to the primary diatom endobiont, their closest hits on the
R-Syst::diatom V8 database and the diatom clones from A. lessonii,
A. lobifera, and A. radiata from Barnes (44), representing some of
the few available rbcL sequences from foraminiferal endosymbionts
in the literature. The sequences were aligned in Geneious Prime using
MAFFT (105) with default settings and then trimmed to the length
of the rbcL amplicons, and duplicate sequences were removed. We
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built the phylogenetic tree with PhyML (106) with the option substi-
tution model HKY85 (107) and 100 bootstraps. The same method
was applied on the Sanger foraminifera COI sequences for the fora-
minifera phylogeny.

Taxonomy-based functional prediction

To infer functional roles of bacteria in the foram holobiont, we used
the statistical tool for comparative metagenomics METAGENassist
(108). The software predicts a range of phenotypes based on taxon-
omy. Following the authors™ protocol for data input, we compiled
two csv-format files: one with the relative abundance of every taxon
and one with the metadata. The taxa table was built by merging the
number of reads (sum) per taxon for a foram host species at a cer-
tain depth and certain island, therefore grouping biological repli-
cates to obtain an overview of the functions across all habitats. The
metadata file included the following variables: foram host species,
island, depth category, and substrate type. The data were filtered on
the basis of the interquantile range to improve the robustness of the
model [number of ESV removed during filtering = 516 (40%)]. Be-
cause the dataset was normalized during the data analysis (to the
lowest number of reads of all samples), no additional normalization
was performed.

Supplementary Materials
The PDF file includes:

Figs.S1to S7

Legends for tables S1 to S4

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S4

REFERENCES AND NOTES

1. C. M. Moore, M. M. Mills, K. R. Arrigo, |. Berman-Frank, L. Bopp, P. W. Boyd, E. D. Galbraith,
R. J. Geider, C. Guieu, S. L. Jaccard, T. D. Jickells, J. La Roche, T. M. Lenton, N. M. Mahowald,
E. Maraion, |. Marinov, J. K. Moore, T. Nakatsuka, A. Oschlies, M. A. Saito, T. F. Thingstad,
A.Tsuda, O. Ulloa, Processes and patterns of oceanic nutrient limitation. Nat. Geosci. 6,
701-710(2013).

2. J.D.Thompson, Ocean deserts and ocean oases. Clim. Change 1, 205-230 (1978).

3. A.J.Irwin, M. J. Oliver, Are ocean deserts getting larger? Geophys. Res. Lett. 36, L18609
(2009).

4. A.Mitra, K. J. Flynn, U. Tillmann, J. A. Raven, D. Caron, D. K. Stoecker, F. Not, P. J. Hansen,
G. Hallegraeff, R. Sanders, S. Wilken, G. McManus, M. Johnson, P. Pitta, S.Vage, T. Berge,
A. Calbet, F. Thingstad, H. J. Jeong, J. Burkholder, P. M. Glibert, E. Granéli, V. Lundgren,
Defining planktonic protist functional groups on mechanisms for energy and nutrient
acquisition: Incorporation of diverse mixotrophic strategies. Protist 167, 106-120
(2016).

5. B.A.Ward, Mixotroph ecology: More than the sum of its parts. Proc. Natl. Acad. Sci. U.S.A.
116, 5846-5848 (2019).

6. M. D.Johnson, The acquisition of phototrophy: adaptive strategies of hosting
endosymbionts and organelles. Photosynth. Res. 107, 117-132 (2011).

7. E.C.M.Nowack, M. Melkonian, Endosymbiotic associations within protists. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 365, 699-712 (2010).

8. N.Radecker, S. Escrig, J. E. Spangenberg, C. R. Voolstra, A. Meibom, Coupled carbon and
nitrogen cycling regulates the cnidarian-algal symbiosis. Nat. Commun. 14, 6948 (2023).

9. S.Wilken, J. Huisman, S. Naus-Wiezer, E. Van Donk, Mixotrophic organisms become more
heterotrophic with rising temperature. Ecol. Lett. 16, 225-233 (2013).

10. K. M. Oliver, C. H.V. Higashi, “Symbiosis in a rapidly changing world” in Advances in
Environmental Microbiology (Springer International Publishing, 2021), pp. 263-296.

11. E.S.McGinty, J. Pieczonka, L. D. Mydlarz, Variations in reactive oxygen release and
antioxidant activity in multiple Symbiodinium types in response to elevated temperature.
Microb. Ecol. 64, 1000-1007 (2012).

12. A.E.Douglas, Coral bleaching——How and why? Mar. Pollut. Bull. 46, 385-392 (2003).

13. T.P.Hughes, K. D. Anderson, S. R. Connolly, S. F. Heron, J.T. Kerry, J. M. Lough, A. H. Baird,
J. K. Baum, M. L. Berumen, T. C. Bridge, D. C. Claar, C. M. Eakin, J. P. Gilmour,

N. A.J. Graham, H. Harrison, J.-P. A. Hobbs, A. S. Hoey, M. Hoogenboom, R. J. Lowe,
M.T. McCulloch, J. M. Pandolfi, M. Pratchett, V. Schoepf, G. Torda, S. K. Wilson, Spatial and

Girard et al., Sci. Adv. 11, eadx4098 (2025) 17 September 2025

20.

21.

22.

23.

24,

25.

26.
27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

temporal patterns of mass bleaching of corals in the Anthropocene. Science 359, 80-83
(2018).

. C. Schmidt, P. Heinz, M. Kucera, S. Uthicke, Temperature-induced stress leads to

bleaching in larger benthic foraminifera hosting endosymbiotic diatoms. Limnol.
Oceanogr. 56, 1587-1602 (2011).

. H.Kawahata, K. Fujita, A. Iguchi, M. Inoue, S. Iwasaki, A. Kuroyanagi, A. Maeda, T. Manaka,

K. Moriya, H. Takagi, T. Toyofuku, T. Yoshimura, A. Suzuki, Perspective on the response of
marine calcifiers to global warming and ocean acidification—Behavior of corals and
foraminifera in a high CO, world “hot house”. Prog. Earth Planet Sci. 6, 5 (2019).

. A. Mitra, K. J. Flynn, J. M. Burkholder, T. Berge, A. Calbet, J. A. Raven, E. Granéli,

P. M. Glibert, P. J. Hansen, D. K. Stoecker, F. Thingstad, U. Tillmann, S. Vage, S. Wilken,
M. V. Zubkov, The role of mixotrophic protists in the biological carbon pump.
Biogeosciences 11, 995-1005 (2014).

. M.R. Stukel, J. P.Irving, T. B. Kelly, M. D. Ohman, C. K. Fender, N. Yingling, Carbon

sequestration by multiple biological pump pathways in a coastal upwelling biome. Nat.
Commun. 14,2024 (2023).

. E.Faure, F. Not, A.-S. Benoiston, K. Labadie, L. Bittner, S.-D. Ayata, Mixotrophic protists

display contrasted biogeographies in the global ocean. ISME J. 13, 1072-1083 (2019).

. J-N. Macher, N. L. Coots, Y.-P. Poh, E. B. Girard, A. Langerak, S. A. Muioz-Gémez,

S.D. Sinha, D. Jirsova, R. Vos, R. Wissels, G. H. Gile, W. Renema, J. G. Wideman, Single-cell
genomics reveals the divergent mitochondrial genomes of Retaria (Foraminifera and
Radiolaria). MBio 14, €0030223 (2023).

D. A. Caron, H. Alexander, A. E. Allen, J. M. Archibald, E. V. Armbrust, C. Bachy, C. J. Bell,
A.Bharti, S.T. Dyhrman, S. M. Guida, K. B. Heidelberg, J. Z. Kaye, J. Metzner, S. R. Smith,
A.Z.Worden, Probing the evolution, ecology and physiology of marine protists using
transcriptomics. Nat. Rev. Microbiol. 15, 6-20 (2017).

D. Pinko, S. Abramovich, E. Rahav, N. Belkin, M. Rubin-Blum, M. Kucera, R. Morard,

M. Holzmann, U. Abdu, Shared ancestry of algal symbiosis and chloroplast sequestration
in foraminifera. Sci. Adv. 9, eadi3401 (2023).

V. Keitelman, A brief review of the study of symbiotic relationships in extant and fossil
Foraminifera. ameg 57, 327-335 (2020).

M. Prazeres, W. Renema, Evolutionary significance of the microbial assemblages of large
benthic Foraminifera. Biol. Rev. Camb. Philos. Soc. 94, 828-848 (2019).

1. S. Salonen, P-M. Chronopoulou, H. Nomaki, D. Langlet, M. Tsuchiya, K. A. Koho, 165
rRNA gene metabarcoding indicates species-characteristic microbiomes in deep-sea
benthic Foraminifera. Front. Microbiol. 12, 694406 (2021).

S. Leutenegger, Specific host-symbiont relationship in larger Foraminifera.
Micropaleontology 29, 111-125 (1983).

J.J. Lee, Algal symbiosis in larger foraminifera. Symbiosis 42, 63-75 (2006).

L. L. Blackall, B. Wilson, M. J. H. van Oppen, Coral-the world’s most diverse symbiotic
ecosystem. Mol. Ecol. 24, 5330-5347 (2015).

D. K. Stoecker, Conceptual models of mixotrophy in planktonic protists and some
ecological and evolutionary implications. Eur. J. Protistol. 34, 281-290 (1998).

H.Takagi, A. Kurasawa, K. Kimoto, Observation of asexual reproduction with symbiont
transmission in planktonic foraminifera. J. Plankton Res. 42, 403-410 (2020).

F.Rohwer, V. Seguritan, F. Azam, N. Knowlton, Diversity and distribution of coral-
associated bacteria. Mar. Ecol. Prog. Ser. 243, 1-10 (2002).

R.J. Gast, R.W. Sanders, D. A. Caron, Ecological strategies of protists and their symbiotic
relationships with prokaryotic microbes. Trends Microbiol. 17, 563-569 (2009).

M. Schweizer, T. Jauffrais, C. Choquel, V. Méléder, S. Quinchard, E. Geslin, Trophic
strategies of intertidal foraminifera explored with single-cell microbiome metabarcoding
and morphological methods: What is on the menu? Ecol. Evol. 12, e9437 (2022).

M. Prazeres, T. E. Roberts, S. F. Ramadhani, S. S. Doo, C. Schmidt, M. Stuhr, W. Renema,
Diversity and flexibility of algal symbiont community in globally distributed larger
benthic foraminifera of the genus Amphistegina. BMC Microbiol. 21, 243 (2021).

C. Schmidt, R. Morard, O. Romero, M. Kucera, Diverse internal symbiont community in
the endosymbiotic Foraminifera Pararotalia calcariformata: Implications for symbiont
shuffling under thermal stress. Front. Microbiol. 9, 2018 (2018).

P. Momigliano, S. Uthicke, Symbiosis in a giant protist (Marginopora vertebralis, Soritinae):
Flexibility in symbiotic partnerships along a natural temperature gradient. Mar. Ecol.
Prog. Ser. 491, 33-46 (2013).

M. Stuhr, A. Meyer, C. E. Reymond, G. R. Narayan, V. Rieder, J. Rahnenfiihrer, M. Kucera,
H. Westphal, C. A. Muhando, P. Hallock, Variable thermal stress tolerance of the
reef-associated symbiont-bearing foraminifera Amphistegina linked to differences in
symbiont type. Coral Reefs 37, 811-824 (2018).

M. Ziegler, S. Uthicke, Photosynthetic plasticity of endosymbionts in larger benthic coral
reef Foraminifera. J. Exp. Mar. Bio. Ecol. 407,70-80 (2011).

L. Garcia-Cuetos, X. Pochon, J. Pawlowski, Molecular evidence for host-symbiont
specificity in soritid Foraminifera. Protist 156, 399-412 (2005).

M. Prazeres, T. Ainsworth, T. E. Roberts, J. M. Pandolfi, W. Leggat, Symbiosis and
microbiome flexibility in calcifying benthic foraminifera of the Great Barrier Reef.
Microbiome 5, 38 (2017).

120f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Girard et al., Sci. Adv. 11, eadx4098 (2025)

M. Prazeres, Bleaching-associated changes in the microbiome of large benthic
foraminifera of the Great Barrier Reef, Australia. Front. Microbiol. 9, 2404 (2018).

E.S. Botté, H. M. Luter, E. Marangon, F. Patel, S. Uthicke, N. S. Webster, Simulated future
conditions of ocean warming and acidification disrupt the microbiome of the calcifying
foraminifera Marginopora vertebralis across life stages. Environ. Microbiol. Rep. 12,
693-701 (2020).

E.Versteegen, J. N. Macher, S. J. Rowley, W. Renema, Changes in the microbial community
associated with the large benthic foraminifera Cycloclypeus Carpenteri, along a depth
gradient. J. Foram. Res. 54, 65-74 (2024).

M. M. Martin, C. A. Kellogg, P. Hallock, Microbial associations of four species of algal
symbiont-bearing foraminifers from the Florida reef tract, USA. J. Foram. Res. 49, 178-190
(2019).

K. H. Barnes, “Diversity and distribution of diatom endosymbionts in Amphistegina spp.
(Foraminifera) based on molecular and morphological techniques,” thesis, University of
South Florida (2016).

J.J. Lee, M. E. McEnery, B.T. Kuile, J. Erez, R. Réttger, R. F. Rockwell, W. W. Faber Jr.,

A. Lagziel, Identification and distribution of endosymbiotic diatoms in larger
Foraminifera. Micropaleontology 35, 353-366 (1989).

S. Leutenegger, Ultrastructure and motility of dinophyceans symbiotic with larger,
imperforated foraminifera. Mar. Biol. 44, 157-164 (1977).

J. Decelle, H. Stryhanyuk, B. Gallet, G. Veronesi, M. Schmidst, S. Balzano, S. Marro,

C. Uwizeye, P-H. Jouneau, J. Lupette, J. Jouhet, E. Maréchal, Y. Schwab, N. L. Schieber,

R. Tucoulou, H. Richnow, G. Finazzi, N. Musat, Algal remodeling in a ubiquitous
planktonic photosymbiosis. Curr. Biol. 29, 968-978.e4 (2019).

P. Hallock, C. E. Reymond, Contributions of trimorphic life cycles to dispersal and
evolutionary trends in large benthic foraminifers. J. Earth Sci. 33, 1425-1433 (2022).

J. Pérez-Burillo, D. G. Mann, R. Trobajo, Biogeography and genetic diversity of freshwater
diatoms: The potential of large combined rbcL metabarcoding datasets. Sci. Total Environ.
966, 178727 (2025).

E. M. Diaz-Almeyda, C. Prada, A. H. Ohdera, H. Moran, D. J. Civitello, R. Iglesias-Prieto,

T. A. Carlo, T. C. Laleunesse, M. Medina, Intraspecific and interspecific variation in
thermotolerance and photoacclimation in Symbiodinium dinoflagellates. Proc. Biol. Sci.
284,20171767 (2017).

J.S. Mansour, F. J. Pollock, E. Diaz-Almeyda, R. Iglesias-Prieto, M. Medina, Intra- and
interspecific variation and phenotypic plasticity in thylakoid membrane properties
across two Symbiodinium clades. Coral Reefs 37, 841-850 (2018).

T.D. Swain, J. Chandler, V. Backman, L. Marcelino, Consensus thermotolerance ranking for
110 Symbiodinium phylotypes: An exemplar utilization of a novel iterative partial-rank
aggregation tool with broad application potential. Funct. Ecol. 31,172-183 (2017).
D.Titelboim, A. Almogi-Labin, B. Herut, M. Kucera, S. Asckenazi-Polivoda, S. Abramovich,
Thermal tolerance and range expansion of invasive foraminifera under climate changes.
Sci. Rep. 9,4198 (2019).

D.S.Raposo, R. A. Zufall, A. Caruso, D. Titelboim, S. Abramovich, C. Hassenrtick, M. Kucera,
R. Morard, Invasion success of a Lessepsian symbiont-bearing foraminifera linked to high
dispersal ability, preadaptation and suppression of sexual reproduction. Sci. Rep. 13,
12578 (2023).

J. Pawlowski, M. Holzmann, J. F. Fahrni, P. Hallock, Molecular identification of algal
endosymbionts in large miliolid foraminifera: 1. Chlorophytes. J. Eukaryot. Microbiol. 48,
362-367 (2001).

S. A. Fay, M. X. Weber, J. H. Lipps, The distribution of Symbiodinium diversity within
individual host foraminifera. Coral Reefs 28, 717-726 (2009).

X.Pochon, L. Garcia-Cuetos, A. C. Baker, E. Castella, J. Pawlowski, One-year survey of a
single Micronesian reef reveals extraordinarily rich diversity of Symbiodinium types in
soritid foraminifera. Coral Reefs 26, 867-882 (2007).

J. Pawlowski, M. Holzmann, J. F. Fahrni, X. Pochon, J. J. Lee, Molecular identification of
algal endosymbionts in large miliolid foraminifera: 2. Dinofiagellates. J. Eukaryot.
Microbiol. 48, 368-373 (2001).

A. Maeda, K. Hamamoto, M. Nishijima, A. Iguchi, A. Suzuki, Dinoflagellate diversity of
large benthic foraminifera in harsh shallow-water environments. Coral Reefs 44,
1197-1209 (2025).

1. S. Salonen, P-M. Chronopoulou, C. Bird, G.-J. Reichart, K. A. Koho, Enrichment of
intracellular sulphur cycle-associated bacteria in intertidal benthic foraminifera revealed
by 16S and aprA gene analysis. Sci. Rep. 9, 11692 (2019).

T.Rathig, G. Puntin, J. C. Y. Wong, A. Burian, W. McLeod, D. M. Baker, Holobiont nitrogen
control and its potential for eutrophication resistance in an obligate photosymbiotic
jellyfish. Microbiome 9, 127 (2021).

D. G. Bourne, P. G. Dennis, S. Uthicke, R. M. Soo, G. W. Tyson, N. Webster, Coral reef
invertebrate microbiomes correlate with the presence of photosymbionts. ISME J. 7,
1452-1458 (2013).

R.V.Thurber, D. Willner-Hall, B. Rodriguez-Mueller, C. Desnues, R. A. Edwards, F. Angly,

E. Dinsdale, L. Kelly, F. Rohwer, Metagenomic analysis of stressed coral holobionts.
Environ. Microbiol. 11, 2148-2163 (2009).

17 September 2025

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

. M. P Lesser, C. H. Mazel, M. Y. Gorbunov, P. G. Falkowski, Discovery of symbiotic

nitrogen-fixing cyanobacteria in corals. Science 305, 997-1000 (2004).

J. Ceh, M. R. Kilburn, J. B. Cliff, J.-B. Raina, M. van Keulen, D. G. Bourne, Nutrient cycling in
early coral life stages: Pocillopora damicornislarvae provide their algal symbiont
(Symbiodinium) with nitrogen acquired from bacterial associates. Ecol. Evol. 3, 2393-2400
(2013).

E. Rosenberg, O. Koren, L. Reshef, R. Efrony, I. Zilber-Rosenberg, The role of
microorganisms in coral health, disease and evolution. Nat. Rev. Microbiol. 5, 355-362
(2007).

Y. Li, X. Lei, H. Zhu, H. Zhang, C. Guan, Z. Chen, W. Zheng, L. Fu, T. Zheng, Chitinase
producing bacteria with direct algicidal activity on marine diatoms. Sci. Rep. 6, 21984
(2016).

A. Sanchez-Vallet, J. R. Mesters, B. P. H. J. Thomma, The battle for chitin recognition in
plant-microbe interactions. FEMS Microbiol. Rev. 39, 171-183 (2015).

R. A. Foster, M. M. M. Kuypers, T. Vagner, R. W. Paerl, N. Musat, J. P. Zehr, Nitrogen fixation
and transfer in open ocean diatom-cyanobacterial symbioses. ISME J. 5, 1484-1493
(2011).

C. L. Fiore, J. K. Jarett, N. D. Olson, M. P. Lesser, Nitrogen fixation and nitrogen
transformations in marine symbioses. Trends Microbiol. 18, 455-463 (2010).
J.R.Thompson, H. E. Rivera, C. J. Closek, M. Medina, Microbes in the coral holobiont:
Partners through evolution, development, and ecological interactions. Front. Cell. Infect.
Microbiol. 4,176 (2014).

J.Baumann, A. G. Grottoli, A. D. Hughes, Y. Matsui, Photoautotrophic and heterotrophic
carbon in bleached and non-bleached coral lipid acquisition and storage. J. Exp. Mar. Biol.
Ecol. 461, 469-478 (2014).

T. C. LaJeunesse, J. E. Parkinson, P. W. Gabrielson, H. J. Jeong, J. D. Reimer, C. R. Voolstra,
S.R. Santos, Systematic revision of Symbiodiniaceae highlights the antiquity and
diversity of coral endosymbionts. Curr. Biol. 28, 2570-2580.e6 (2018).

M. S.Ng, N. Soon, L. Afig-Rosli, I. Kunning, R. R. Mana, Y. Chang, B. J. Wainwright, Highly
diverse Symbiodiniaceae types hosted by corals in a global hotspot of marine
biodiversity. Microb. Ecol. 87,92 (2024).

M. J. Lee, H.J. Jeong, S. H. Jang, S.Y. Lee, N. S. Kang, K. H. Lee, H. S. Kim, D. C. Wham,

T. C. LaJeunesse, Most low-abundance “background” Symbiodinium spp. are transitory
and have minimal functional significance for symbiotic corals. Microb. Ecol. 71, 771-783
(2016).

L.K. Lee, C. P. Leaw, L. C. Lee, Z. F. Lim, K. S. Hii, A. A. Chan, H. Gu, P.T. Lim, Molecular
diversity and assemblages of coral symbionts (Symbiodiniaceae) in diverse scleractinian
coral species. Mar. Environ. Res. 179, 105706 (2022).

R. N. Silverstein, A. M. S. Correa, A. C. Baker, Specificity is rarely absolute in coral-algal
symbiosis: Implications for coral response to climate change. Proc. Biol. Sci. 279,
2609-2618 (2012).

M. Stat, D. M. Yost, R. D. Gates, Geographic structure and host specificity shape the
community composition of symbiotic dinoflagellates in corals from the Northwestern
Hawaiian Islands. Coral Reefs 34, 1075-1086 (2015).

D. J. Suggett, M. E. Warner, W. Leggat, Symbiotic dinoflagellate functional diversity
mediates coral survival under ecological crisis. Trends Ecol. Evol. 32, 735-745
(2017).

D. Zarate, J. Gary, J. Li, Flexibility in coral-algal symbiosis is positively correlated with the
host geographic range. Ecol. Lett. 27, 14374 (2024).

E. M. Sampayo, T. Ridgway, L. Franceschinis, G. Roff, O. Hoegh-Guldberg, S. Dove, Coral
symbioses under prolonged environmental change: Living near tolerance range limits.
Sci. Rep. 6,36271 (2016).

E.B. Girard, A. M. A. Pratama, L. del Rio-Hortega, S. Volkenandst, J.-N. Macher, W. Renema,
Coastal eutrophication transforms shallow micro-benthic reef communities. Sci. Total
Environ. 961, 178252 (2025).

A.Hernandez-Agreda, W. Leggat, P. Bongaerts, T. D. Ainsworth, The microbial signature
provides insight into the mechanistic basis of coral success across reef habitats. mBio 7,
e00560-16 (2016).

E. F. Camp, D. J. Suggett, C. Pogoreutz, M. R. Nitschke, F. Houlbreque, B. C. C. Hume,

S. G. Gardner, M. Zampighi, R. Rodolfo-Metalpa, C. R. Voolstra, Corals exhibit distinct
patterns of microbial reorganisation to thrive in an extreme inshore environment. Coral
Reefs 39, 701-716 (2020).

D.Bourneg, Y. lida, S. Uthicke, C. Smith-Keune, Changes in coral-associated microbial
communities during a bleaching event. ISME J. 2, 350-363 (2008).

D. M. Baker, J. P. Andras, A. G. Jordan-Garza, M. L. Fogel, Nitrate competition in a coral
symbiosis varies with temperature among Symbiodinium clades. ISME J. 7, 1248-1251
(2013).

H. M. Putnam, M. Stat, X. Pochon, R. D. Gates, Endosymbiotic flexibility associates with
environmental sensitivity in scleractinian corals. Proc. Biol. Sci. 279, 4352-4361 (2012).
D. C.Claar, S. Starko, K. L. Tietjen, H. E. Epstein, R. Cunning, K. M. Cobb, A. C. Baker,

R. D. Gates, J. K. Baum, Dynamic symbioses reveal pathways to coral survival through
prolonged heatwaves. Nat. Commun. 11, 6097 (2020).

130f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

89. W.Renema, Terrestrial influence as a key driver of spatial variability in large benthic
foraminiferal assemblage composition in the Central Indo-Pacific. Earth Sci. Rev. 177,
514-544 (2018).

90. J.-N.Macher, J. G. Wideman, E. B. Girard, A. Langerak, E. Duijm, J. Jompa, A. Sadekov,
R.Vos, R. Wissels, W. Renema, First report of mitochondrial COl in foraminifera and
implications for DNA barcoding. Sci. Rep. 11, 22165 (2021).

91. E.B.Girard, A. Langerak, J. Jompa, O. S. Wangensteen, J.-N. Macher, W. Renema,
Mitochondrial cytochrome oxidase subunit 1: A promising molecular marker for species
identification in Foraminifera. Front. Mar. Sci. 9, doi.org/10.3389/fmars.2022.809659 (2022).

92. D.Buchner, T-H. Macher, F. Leese, APSCALE: Advanced pipeline for simple yet
comprehensive analyses of DNA metabarcoding data. Bioinformatics 38,4817-4819 (2022).

93. T.Rognes, T. Flouri, B. Nichols, C. Quince, F. Mahé, VSEARCH: A versatile open source tool
for metagenomics. Peer J. 4, 2584 (2016).

94. F.Rimet, P. Chaumeil, F. Keck, L. Kermarrec, V. Vasselon, M. Kahlert, A. Franc, A. Bouchez,
R-Syst:diatom: An open-access and curated barcode database for diatoms and
freshwater monitoring. Database 2016, baw016 (2016).

95. P Yarza, P.Yilmaz, E. Pruesse, F. O. Gl6ckner, W. Ludwig, K.-H. Schleifer, W. B. Whitman,

J. Euzéby, R. Amann, R. Rossell6-Mora, Uniting the classification of cultured and
uncultured bacteria and archaea using 165 rRNA gene sequences. Nat. Rev. Microbiol. 12,
635-645 (2014).

96. K.Tapolczai, F. Keck, A. Bouchez, F. Rimet, M. Kahlert, V. Vasselon, Diatom DNA
metabarcoding for biomonitoring: Strategies to avoid major taxonomical and
bioinformatical biases limiting molecular indices capacities. Front. Ecol. Evol. 7, doi.
org/10.3389/fevo.2019.00409 (2019).

97. K.Tapolczai, V. Vasselon, A. Bouchez, C. Stenger-Kovacs, J. Padisék, F. Rimet, The impact of
OTU sequence similarity threshold on diatom-based bioassessment: A case study of the
rivers of Mayotte (France, Indian Ocean). Ecol. Evol. 9, 166-179 (2019).

98. N.M. Davis, D. M. Proctor, S. P. Holmes, D. A. Relman, B. J. Callahan, Simple statistical
identification and removal of contaminant sequences in marker-gene and
metagenomics data. Microbiome 6, 226 (2018).

99. S.J.Salter, M. J. Cox, E. M. Turek, S.T. Calus, W. O. Cookson, M. F. Moffatt, P. Turner,

J. Parkhill, N. J. Loman, A. W. Walker, Reagent and laboratory contamination can critically
impact sequence-based microbiome analyses. BMC Biol. 12, 87 (2014).

100. R CoreTeam, R: A Language and Environment for Statistical Computing (2020);
www.R-project.org/.

101. J. Oksanen, G. L. Simpson, F. G. Blanchet, R. Kindt, P. Legendre, P. R. Minchin, R. B. O'Hara,
P. Solymos, M. H. H. Stevens, E. Szoecs, H. Wagner, M. Barbour, M. Bedward, B. Bolker,
D. Borcard, G. Carvalho, M. Chirico, M. De Caceres, S. Durand, H. B. A. Evangelista,
R. FitzJohn, M. Friendly, B. Furneaux, G. Hannigan, M. O. Hill, L. Lahti, D. McGlinn,
M.-H. Ouellette, E. Ribeiro Cunha, T. Smith, A. Stier, C. J. F. Ter Braak, J. Weedon, Ordination
methods, diversity analysis and other functions for community and vegetation
ecologists, vegan: Community Ecology Package (2022); https://CRAN.R-project.org/
package=vegan.

Girard et al., Sci. Adv. 11, eadx4098 (2025) 17 September 2025

102. A.Kassambara, rstatix: Pipe-friendly framework for basic statistical tests, CRAN (2023).
https://CRAN.R-project.org/package=rstatix.

103. L.K.Hallmaier-Wacker, S. Lueert, C. Roos, S. Knauf, The impact of storage buffer, DNA
extraction method, and polymerase on microbial analysis. Sci. Rep. 8, 6292 (2018).

104. J.Niedballa, R. Sollmann, A. Courtiol, A. Wilting, camtrapR: An R package for efficient
camera trap data management. Methods Ecol. Evol. 7, 1457-1462 (2016).

105. K. Katoh, D. M. Standley, MAFFT multiple sequence alignment software version 7:
Improvements in performance and usability. Mol. Biol. Evol. 30, 772-780 (2013).

106. S.Guindon, J.-F. Dufayard, V. Lefort, M. Anisimova, W. Hordijk, O. Gascuel, New algorithms
and methods to estimate maximum-likelihood phylogenies: Assessing the performance
of PhyML 3.0. Syst. Biol. 59, 307-321 (2010).

107. M. Hasegawa, H. Kishino, T. Yano, Dating of the human-ape splitting by a molecular clock
of mitochondrial DNA. J. Mol. Evol. 22, 160-174 (1985).

108. D.Arndt, J. Xia, Y. Liu, Y. Zhou, A. C. Guo, J. A. Cruz, |. Sinelnikov, K. Budwill, C. L. Nesbg,
D. S. Wishart, METAGENassist: A comprehensive web server for comparative
metagenomics. Nucleic Acids Res. 40, W88-W95 (2012).

Acknowledgments: We thank everyone who participated in the sample collection, especially
M. Halwi. We thank K. Barnes for sharing his rbcL sequence data on Amphistegina. We thank

S. Dubbeldam, T. Meijers, M. Peeters, and C. Vaglienti for help performing the molecular
laboratory work at the Naturalis Biodiversity Center. Last, we thank the reviewers for
constructive comments, contributing to the improvement of this article. Funding: This study
was funded by the European Union’s Horizon 2020 research and innovation programme under
the Marie Sktodowska-Curie grant agreement (4D- REEF, No 813360; grant recipient, W.R.).
Author contributions: Writing—original draft: E.B.G., L.d.R-H., S.V,, J-N.M., SW., and W.R.
Conceptualization: E.B.G., J.-N.M., S.W., and W.R. Investigation: E.B.G., L.d.R.-H., S.V., AM.AP,
J.-N.M., and W.R. Writing—review and editing: E.B.G,, L.d.R.-H., S.V.,, AM.A.P, J-N.M,, SW.,

and W.R. Methodology: E.B.G., L.d.R-H., S.V,, J.-N.M., and W.R. Data curation: E.B.G., AM.A.P,
and J.-N.M. Resources: W.R., AM.A.P, and J.-N.M. Funding acquisition: W.R. Validation: E.B.G.,
L.d.R-H., S.V,, J-N.M,, and W.R. Supervision: J.-N.M., S.W., and W.R. Project administration:

W.R. Formal analysis: E.B.G. and J.-N.M. Software: J.-N.M. Visualization: E.B.G. Competing
interests: The authors declare that they have no competing interests. Data and materials
availability: Raw sequencing data are deposited on the Sequence Read Archive (www.ncbi.
nlm.nih.gov/sra?term=PRINA1237565) under the BioProject (project number PRINA1237565).
All datasets and associated statistical analyses (R codes) are available on Zenodo (https://
zenodo.org/records/16325654; DOI: http://dx.doi.org/10.5281/zenodo.16325653) and as a
GitHub repository (https://github.com/EBGirard/ForamEndobioms). Complementing data are
available in the Supplementary Materials.

Submitted 12 March 2025
Accepted 15 August 2025
Published 17 September 2025
10.1126/sciadv.adx4098

140f 14


https://doi.org/10.3389/fmars.2022.809659
https://doi.org/10.3389/fevo.2019.00409
https://doi.org/10.3389/fevo.2019.00409
https://www.r-project.org/
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=rstatix
http://www.ncbi.nlm.nih.gov/sra?term=PRJNA1237565
http://www.ncbi.nlm.nih.gov/sra?term=PRJNA1237565
https://zenodo.org/records/16325654
https://zenodo.org/records/16325654
http://dx.doi.org/10.5281/zenodo.16325653
https://github.com/EBGirard/ForamEndobioms

	Specific host-algae relationship, yet flexible bacterial microbiome, in diatom-bearing foraminifera
	INTRODUCTION
	RESULTS
	Foram host species as the greatest predictor for endobiome compositions
	Weak core community across all foram host species
	Highly specific host-algae relationship
	Flexible host-bacteria relationship
	Limited presence of endobionts in the environmental microbiomes

	DISCUSSION
	Highly specific host-algae relationship
	Conserved bacterial metabolic functions across hosts and sites
	Adaptation to changing conditions: A comparison with the coral holobiont

	MATERIALS AND METHODS
	Experimental design
	Morphological and molecular identification of foraminifera
	Library preparation for metabarcoding of the endobiome
	Metabarcoding data processing
	Quality control of the dataset
	Statistical analysis
	Determining the host-specificity level of endobiomes
	Community composition of endobiomes
	Relationship between the endobionts and the host
	Taxonomy-based functional prediction


	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

	NIEUW Template embargo 6 maanden Repository Taverne (46).pdf
	​Naturalis Repository 


