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Abstract

Noncoding RNAs (ncRNAs) play critical regulatory roles in gene expression regulation that influence diverse biological processes. Yet,
their characterization in nonmodel organisms, particularly sessile, benthic ecosystem engineers such as reef-building corals, remains
limited. This study provides the first comprehensive analysis of expressed ncRNAs from three ecologically important coral genera from
Mo'orea, French Polynesia: Acropora, Pocillopora, and Porites. We identified homologs for ncRNA biogenesis and functional machinery,
characterized long ncRNAs (IncRNAs), microRNAs (miRNAs), and piwiRNAs (piRNAs), and assessed their genomic context and poten-
tial targets. Our findings reveal the presence of conserved ncRNA machinery across these coral species, indicating their capability to
generate and utilize ncRNAs for gene expression regulation. We identified a single miRNA conserved with corals and Eumetazoans (miR-
100), four miRNAs shared across all three species and previously identified in other cnidarian taxa (miR-100, miR-2023, miR-2025, and
miR-2036), as well as several species-restricted miRNAs. Predicted gene targets of characterized miRNAs included immune response reg-
ulation in A. pulchra and P. tuahiniensis and signal transduction pathways in P. evermanni and P. tuahiniensis. Proximity analysis indicated
~71%-99% of piRNAs overlapped with genes, with genomic maintenance and stability identified as the primary functional enrichment
of those genes. IncRNA characterization found little sequence overlap across species (<1%), although IncRNAs in all species were of-
ten in proximity to immune-related genes. This study characterizes the genomic features of diverse ncRNAs in reef-building corals and
identifies putative regulatory associations between ncRNAs and genes involved in core biological processes.

Keywords noncoding RNAs, long ncRNAs, microRNAs, piwiRNAs, corals

Introduction mal RNAs (rRNAs) and transfer RNAs (tRNAs) that primarily facili-
tate translation through their secondary structures, and regulatory
ncRNAs, including long and small noncoding RNAs [2] that interact
with mRNA transcripts to regulate their translation or degradation.
Regulatory ncRNAs can be further subdivided into different fami-
lies based on their functions in the cell and the length of the tran-
script, typically being categorized as long ncRNA (IncRNA; >200 nu-
cleotides) and small ncRNA (sncRNA; <200 nucleotides). SncRNAs can
be further divided into microRNAs (miRNAs, ~21-24 nucleotides) that

Long thought to be the molecular “junk” of the cell, noncoding RNAs
(ncRNAs) have emerged as pivotal regulators of cellular structure and
function through gene expression regulation across diverse cell types
and tissues [1]. Unlike protein-coding RNAs (i.e. messenger RNAs;
mRNAs), ncRNAs do not encode for proteins, but instead perform
crucial structural and regulatory functions [2]. ncRNAs can be cat-
egorized into two broad classes: structural RNAs, such as riboso-
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regulate mRNA translation and degradation, piwi interacting RNAs
(piRNAs, ~24-32 nucleotides) with a mRNA silencing role, and other
nuclear ncRNAs, such as small nuclear RNAs (SnRNAs, ~150 nu-
cleotides), which aid in spliceosome assembly and function in the nu-
cleus [3,4].

Regulatory ncRNAs interact with mRNA via direct and indirect
mechanisms. miRNAs interact with Argonaute proteins (i.e. family of
proteins involved in gene expression regulation) to form the RNA-
induced silencing complex (RISC), which facilitates translational re-
pression or degradation of mRNA targets [5]. Similarly, piRNAs as-
sociate with Piwi-proteins (Argonaute/PIWI family) to form piRISC
complexes that silence transposable elements and other complemen-
tary RNA targets (e.g. pseudogenes, nanos mRNA, transcripts) in the
germline and the soma [6,7]. IncRNA function is broader in scope than
other ncRNAs, with evidence that they play key regulatory roles in
gene expression, chromatin organization, and cellular architecture,
through RNA-RNA, RNA-DNA, and RNA-protein interactions [8].

In plants and animals, ncRNAs are widely implicated in gene ex-
pression regulation in numerous biological contexts, including cel-
lular homeostasis and response to environmental perturbations [3,9
,10]. Experimental studies in model systems have demonstrated that
disruption of ncRNAs can influence organismal responses. For ex-
ample, depletion of a miRNA (miR-85) in Caenorhabditis elegans dur-
ing heat stress resulted in overexpression of heat shock proteins and
reduced survival [11], while the knockdown of the IncRNA COLD
INDUCED IncRNA 1 in Arabidopsis increased susceptibility to cold
stress, as evidenced by increased endogenous reactive oxygen species
and reduced osmoregulatory substances [12]. Further, C. elegans can
also modulate piRNA expression in response to increased tempera-
tures and bacterial infection, with these expression profiles persist-
ing across multiple generations [13]. Collectively, these studies demon-
strate that ncRNAs play important roles in regulatory processes across
a range of phyla and kingdoms, motivating investigation of their di-
versity and organization in nonmodel organisms.

Despite extensive characterization of ncRNAs in model organisms,
comparatively little is known about ncRNAs in nonmodel taxa, includ-
ing aquatic and marine organisms [14,15]. Reef-building corals (phy-
lum Cnidaria) are basal metazoans [16], sessile for most of their life
[17,18], and foundational ecosystem engineers on coral reefs world-
wide [19]. As sessile organisms, corals must dynamically regulate gene
expression to accommodate predictable sources of natural variabil-
ity, such as seasonal [20-22] and diel environmental cycles [23-26],
as well as to stochastic environmental changes due to both natural
disturbances and increasing anthropogenic stressors [27-30]. While
much attention has been dedicated to coral responses to increasing
sea surface temperatures and heatwaves [31,32], which causes coral
bleaching or a breakdown in the coral and endosymbiotic dinoflagel-
late symbiosis [33], comparatively little is known about the baseline
ncRNA regulatory architecture that underlies coral gene expression
more generally.

Given the central role of ncRNAs in gene expression regulation in
other systems, establishing a foundational understanding of ncRNA
diversity and putative mechanisms represents a critical step toward
resolving RNA-mediated regulatory mechanisms in corals. To date,
only a limited number of studies have examined coral ncRNAs, pri-
marily focusing on miRNASs in a single species context, with suggested
associations to calcification and symbiosis [34]. Additional work has
documented changes in miRNA and IncRNA expression under ther-
mal stress [35-38] and disease challenges [39], but the broader land-

scape of ncRNAs across coral lineages remains largely unexplored. A
comparative, descriptive framework is therefore needed to contex-
tualize these findings and to assess how ncRNA complements vary
across coral taxa.

Here, we provide the first in-depth characterization of ncRNAs in
three important reef-building coral genera: Acropora, Pocillopora, and
Porites. We focus on three species (Acropora pulchra, Pocillopora tu-
ahiniensis, and Porites evermanni) that are representative of genera
commonly found on reefs worldwide and are evolutionary distant
[40,41]. These species display contrasting symbiotic and life history
strategies and thermal sensitivities, presenting a compelling system
to examine variation in ncRNA in corals [42]. For instance, branch-
ing Pocillopora spp. (robust clade; [40]) and Acropora spp. (complex
clade; [40]) are often characterized by faster growth and higher sensi-
tivity to environmental changes, whereas massive Porites spp. (com-
plex clade; [40]) tend to exhibit slower growth and greater environ-
mental tolerance [43]. These genera also differ in their association
with Symbiodiniaceae; Pocillopora and Acropora spp. host a mixture
of Cladocopium, Symbiodinium, and/or Durusdinium, while Porites ex-
hibits high fidelity primarily with specific Cladocopium symbionts (e.g.
C15; [42,[44-46]). Comparative analysis of ncRNA repertoires across
these taxa provides an unique opportunity to explore how regulatory
RNA landscapes vary across coral genera and to establish a critical
baseline for future functional and experimental studies.

In this study, we aimed to:

1. Identify homologs for ncRNA-related protein machinery across
coral species to assess the presence and conservation of pathways
involved in ncRNA biogenesis and processing.

2. Characterize the features of ncRNAs, focusing on the IncRNAs, miR-
NAs, and piRNAs, and compare patterns of sequence similarity and
divergence among species.

3. Examine the genomic context of IncRNAs and piRNAs by identify-
ing nearby protein-coding genes and assessing functional enrich-
ment of associated annotations.

4. Predict mRNA-miRNA interactions and evaluate functional enrich-
ment among putative targets to describe potential regulatory asso-
ciations.

Results
Species ID

mtORF haplotype ID identified all Pocillopora samples as Pocillopora
tuahiniensis (Haplotype_10; [47]; Fig. S1). Coral nuclear histone region
spanning H2A-H4 (H2; [48]) indicated all Porites samples as Porites
evermanni (Fig. S2). Sequencing of the Pax-C 46/47 intron [49,50] and
the mitochondrial putative control region (933+ bp) plus 83 bp of
cytochrome oxidase III as described by [51] confirmed the Acropora
species as Acropora pulchra.

NcRNA protein machinery

Atleast one protein homolog of all ncRNA proteins of interest (Table 1)
was identified in each species.

Long ncRNA

A total of 15 libraries were sequencing, yielding an average of 49M
raw reads per sample (Table S3). Quality filtering and trimming re-
tained >98.8% of reads across all samples (Table S3). Alignment rates
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Table 1 Presence of ncRNA protein machinery in each species. The number indicates the number of unique proteins of that type that were

found.

Protein Function A. pulchra P. evermanni P. tuahiniensis

AGO2 Part of miRNA/siRNA silencing complex 10 2 3

DGCRS8 Forms microprocessor complex with Drosha that cleaves 3 1 1
the pri-miRNA into a pre-miRNA (stem-loop structure)

Dicer Cleaves loop from pre-miRNA to form mature miRNA 4 4 5

Drosha Forms microprocessor complex with DGCR8 that cleaves 2 2 2
the pri-miRNA into a pre-miRNA (stem-loop structure)

Pip5k1a Blocks pre-miRNA transport into cytoplasm 3 3 2

Piwi Interacts with piRNAs, facilitates “ping-pong” piRNA 3 2 2
biogenesis

Rnase P Cleaves IncRNA to produce mature 3’ ends 9 8 7

Xpo5 Exports pre-miRNA from nucleus to cytoplasm 8 1 1

varied across species, likely reflecting the use of congeneric refer-
ences for species without published genomes. Porites evermanni had
the highest overall alignment rate (mean 86.54% with 43 M mapped
reads), while A. pulchra and P. tuahiniensis exhibited lower alignment
rates (mean 53.51% with 24 M mapped reads and 59.65% with 30M
mapped reads, respectively; Table S3). Despite the lower percentages,
the number of mapped reads for these species remained above 20M
(Table S3), above the threshold required for robust transcriptomic
analyses (typically 10-20 M). Porites evermanni samples also displayed
a higher proportion of multi-mapped reads (mean 21.26%) compared
to A. pulchra (4.47%) and P. tuahiniensis (6.46%; Table S3), potentially
reflecting differences in genome repetitiveness or duplication. Impor-
tantly, the final mapping depth (mean >24 M reads per sample) en-
sures that the biological resolution of downstream analyses was not
compromised by the use of cross-species mapping.

Following expression and size filtering, as well as excluding known
coding transcripts and predicted coding sequences, the number of pu-
tative IncRNA transcripts identified was 6 798 in A. pulchra, 2812 in P
evermanni, and 4924 in P. tuahiniensis. This estimate represents pri-
marily polyadenylated intergenic IncRNAs, due to library prep meth-
ods and coding potential filtering. The mean IncRNA lengths for A.
pulchra, P. evermanni, and P. tuahiniensis were 696, 1004, and 748 bp,
respectively, while the median lengths were 504, 646, and 526 bp, re-
spectively (Fig. 1A). Comparison of shared IncRNAs between the three
species indicated 8 (0.06%) shared transcripts, whereas 6565 (45.2%),
2647 (18.2%), and 4818 (33.1%) IncRNAs were unique to A. pulchra,
P evermanni, and P. tuahiniensis, respectively. Acropora pulchra shared
more IncRNAs with P evermanni (142; 1.1%) and fewer IncRNAs with
P, tuahiniensis (83; 0.6%). Porites evermanni and P. tuahiniensis shared
the fewest IncRNAs (15; 0.1%). We acknowledge that IncRNAs may be
conserved at other levels other than primary sequence, such as syn-
tenic, motif, and/or secondary structure conservation; however, we
have restricted our results to the empirically supported IncRNAs.

Short ncRNA: miRNAs

13 small RNA-seq libraries yielded an average of 22.6 M raw reads per
sample (Table S4). Two libraries were omitted due to low sequencing
depth. Quality filtering and trimming retained >80% of reads across
all samples (Table S4). Alignment rates for miRNAs via ShortStack was
consistent across species (A. pulchra mean 70% with 13 M mapped
reads, P. tuahiniensis 67.95% with 12 M mapped reads, P. evermanni
78.1% with 13 M mapped reads). A portion of aligned reads were
placed using a guided probability model in ShortStack for multimap-

ping reads (A. pulchra mean 35.64%, P. tuahiniensis 31.52%, P. ever-
manni 24.93%). The relatively high percentage of multimapped guided
placements across all species ensures that multimapped miRNAs were
accurately quantified.

A total of 38, 46, and 37 putative miRNAs were identified from A.
pulchra, P. evermanni, and P. tuahiniensis, respectively. In all species,
these miRNAs were 21-24 nucleotides long, with an average length
of 22 nucleotides (Fig. 1B). Of these miRNAs, 24 from A. pulchra, 9
from P. evermanni, and 9 from P. tuahiniensis, respectively, had matches
to the curated database of previously described cnidarian miRNAs.
The miRNAs that matched known miRNA sequences from the refer-
ence database were named after the known miRNA [i.e. if sequence
matched nve-mir-100 and/or adi-mir-100, that miRNA sequence was
named (coral species)-mir-100)] If a sequence did not match any
known sequence, it was named [coral species]-mir-novel-# in sequen-
tial order (Table S5). Sequences were identified that had identical ma-
ture sequences, but unique locations in the genome in A. pulchra and
P. evermanni; these sequences were given the same number and dif-
ferentiated with an “a” or “b.” Pocillopora tuahiniensis did not have
any identical sequences in their putative miRNAs.

Four miRNA sequences were conserved across the three species.
These include the eumetazoan-conserved mir-100 and three miR-
NAs previously described in the cnidarian Nematostella vectensis: mir-
2023, mir-2025, and mir-2036. Additionally, A. pulchra and P. ever-
manni shared 1 miRNA (mir-2030); P evermanni and P. tuahiniensis
shared 1 miRNA (mir-novel-20); and A. pulchra and P tuahiniensis
shared 1 miRNA (mir-novel-7).

Short ncRNA: piRNAs

PiRNA sequence analyses identified 38.2, 10.7, and 5.4 million se-
quences with lengths between 24 and 31 bp in A. pulchra, P. tuahinien-
sis, and P. evermanni, respectively. These sequences did not match
mRNA nor any other class of ncRNAs and were thus considered puta-
tive piRNA for further analyses. Putative piRNAs were between 24 and
31 bp in length, with most sequences having between 28 and 30 bp
(Fig. 1C). Evidence of ping-pong amplification signatures, which are
indicative of secondary piRNA biogenesis, was observed in the puta-
tive piRNA transcripts through a sequence bias towards uracil on the
5’end and an adenine in the 10th position (Fig. S3; [52]).

PiRNA cluster prediction was applied for reliable characterization
of putative piRNAs primary transcripts. A total of 97, 107, and 47
PiRNA clusters were identified in A. pulchra, P. evermanni, and P
tuahiniensis, respectively. The proportion of aligned putative piRNA
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Figure 1 Length distribution of ncRNAs across species. (A) Histogram of INncRNA lengths by species. (B) Histogram of miRNA lengths by species. (C)
Histogram of piRNA lengths by species. Alt text: Three bar charts labeled A, B, and C display RNA read length distribution for three coral species: Acropora
pulchra, Pocillopora tuahiniensis, and Porites evermanni. The x-axis represents the sequence length in base pairs, and the y-axis indicates read counts.

reads included in clusters was higher for A. pulchra (mean 30.27%)
and P evermanni (31.53%) than for P tuahiniensis (19.02%). In all
species, the clusters were highly enriched for piRNA signatures,
specifically a strong 5’ uracil bias, exceeding 90% for all clusters (Fig.
2A; Table S6). Clusters in all species also demonstrated the ping-pong
amplification, with high z-scores across all species, indicative of sec-
ondary piRNA biogenesis via the ping-pong cycle (Fig. S3C; Table S6).
Overlaps of clusters with genomic regions of interest followed a
similar pattern to all putative piRNAs (Fig. 2B, Fig. S4) with genes
and intergenic elements being highly represented. Overlaps with TEs
were less abundant in the piRNA clusters than in the putative-piRNA
pool, except for P. tuahiniensis where overlaps with TEs were 11%
more abundant in the clusters, compared to the putative-piRNA pool.
Only a small portion of transposon families were enriched in clus-
ters respective to their presence in the genome (Fig. 2C). Long termi-
nal repeats and DNA transposons were significantly enriched in the
clusters of all three species, while long interspersed nuclear element,
rolling-circle transposons, and short interspersed nuclear elements
transposons were differentially enriched between species.

LncRNA and piRNA genomic proximity to genes

Across all species, the vast majority of identified IncRNAs were inter-
genic, showing no overlap with their nearest protein coding genes (Ta-
ble 2). However, IncRNAs were often found in relatively close proxim-
ity to genes, with mean distances of 8.1 kb for A. pulchra, 8.4 kb for P, tu-
ahiniensis, and 5.9 kb kb for P evermanni. While no single GO term was
significantly enriched across all three species, IncRNA-neighboring
genes were broadly associated with innate immunity and cellular pro-
liferation (Fig. 3). Both A. pulchra and P. tuahiniensis exhibited enrich-

Table 2 Percentages of ncRNAs that overlap (>1 bp overlap) with a

gene.
A. pulchra P. evermanni P. tuahiniensis
(%) (%) (%)

IncRNA 0.2 0.3 0.3

pPiRNA 71.3 84.7 99.2

ment for terms related to regulation of interleukin production, cell
adhesion, and transcriptional control (Fig. 3; Table S7). Similarly, A.
pulchra and P evermanni shared enrichment in pathways such as NF-
kappaB signaling, wound healing and cell division (Fig. 3; Table S7).
Finally, P. tuahiniensis and P. evermanni showed shared enrichment for
blastocyst and megakaryocyte development (Fig. 3; Table S7).

In all species, a majority of piRNAs clusters overlapped with cod-
ing genes (Table 2). Across all species, overlaps were substantial, with
mean lengths of 2558 bp, 1856 bp, and 1417 bp for A. pulchra, P. tu-
ahiniensis, and P. evermanni, respectively. Additionally, minimum over-
laps were consistently above the length for individual piRNAs (~24-
31 bp); minimum overlaps were 88 bp, 167 bp, and 29 bp for A
pulchra, P. tuahiniensis, and P. evermanni, respectively, indicating that
these associations represented substantial genomic overlaps rather
than permissive boundary contacts. In all species, genes that over-
lapped with piRNA clusters were enriched for GO biological processes
related to DNA functions. However, no specific GO terms were en-
riched across all species. For genes closest to piRNA clusters, A. pulchra
and P. tuahiniensis shared enriched GO biological processes, including
regulation of mitochondrial and DNA-templated transcription, DNA
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Figure 2 piRNA clusters characteristics in three coral species. (A) Proportion of reads and unique sequences of putative-piRNA included in clusters, and
proportion of reads in clusters with thymine (uracil in RNA sequence) in position 1 (5'-end). (B) Proportions of gene-derived, repetitive element-derived,
and intergenic putative piRNA sequences in clusters. (C) Transposon enrichment in piRNA clusters respective to their abundance across the genome,
indicating which families are more often targeted by piRNA regulation. Alt text: three panels labeled A, B, and C display piRNA cluster statistics, piRNA
genomic origins, and piRNA transposable element fold enrichment across three coral species.

recombination, and DNA integration (Fig. 4; Table S8). In contrast,
A. pulchra and P. evermanni shared enriched GO processes related to
telomere maintenance, G-quadruplex DNA unwinding, and DNA un-
winding during DNA replication (Fig. 4; Table S8). No GO biological
processes were shared between P. evermanni and P. tuahiniensis.

MiRNA target identification

The miRNA regulatory landscape was characterized by high comple-
mentarity putative interactions across all three species (Table S9). In A.
pulchra, 38 miRNAs were predicted to bind 3313 unique targets (mean
105 targets per miRNA), while 37 miRNAs in P, tuahiniensis were pre-
dicted to bind 3269 unique targets (mean 102). In P. evermanni, 45
were predicted to interact with 6027 unique targets (mean 157). While
our target prediction utilized a 1000-bp downstream flank in the ab-
sence of annotated 3'UTRs, the high degree of sequence complemen-
tarity (~75% across all species, spanning covering ~16-18 bp of the
miRNA) and high stringency parameters (alignment score > 140; AG
< —20 kcal/mol) suggests that these are robust regulatory candidates
(Table S9). This high complementarity aligns with experimental obser-
vations in the model cnidarian Nematostella vectensis, where miRNAs
often mediate target cleavage through extensive base-pairing [53], a
mechanism distinct from the seed-based regulation typical of many
bilaterians [54].

To identify processes that are potentially regulated by miRNAs in
the three species, a GO-enrichment analysis was performed on the
predicted gene targets of the miRNAs in each species. A. pulchra and P
tuahiniensis had the highest number of shared enriched GO biological

processes (six terms) including response to bacterium, negative regu-
lation of type I interferon-mediated signaling pathway, motor neuron
migration, generation of precursor metabolites and energy, biolumi-
nescence, and axonal fasciculation (Fig. 5; Table S10). Acropora pul-
chra and P. evermanni shared two GO biological processes, homophilic
cell adhesion via plasma membrane adhesion molecules and defense
response to virus (Fig. 5; Table S10). P evermanni and P. tuahiniensis
shared positive regulation of MAPK cascade and cAMP transport GO
terms (Fig. 5; Table S10).

GO enrichment was also evaluated for the miRNAs shared across
the three species: mir-100, mir-2023, mir-2025, and mir-2036. Puta-
tive targets of mir-100 were enriched for vitamin D receptor signal-
ing pathway, regulation of presynaptic cytosolic calcium ion concen-
tration, and acetyl-CoA biosynthetic processes, in A. pulchra and P, ev-
ermanni (Fig. 6; Table S11). The term sporulation resulting in forma-
tion of a cellular spore was enriched in genes targeted by mir-100
in P evermanni and P. tuahiniensis (Fig. 6; Table S11). Only P. ever-
manni and P. tuahiniensis shared enriched GO terms in the genes tar-
geted by mir-2023; the GO terms negative regulation of T cell medi-
ated immune response to tumor cell, cellular response to forskolin,
and cellular response to 2,3,7,8-tetrachlorodibenzodioxine were en-
riched (Fig. 6; Table S11). For P. evermanni and P. tuahiniensis, genes
targeted by mir-2025 were enriched in processes related to positive
regulation of transcription by RNA polymerase II and negative regu-
lation of urine, while mir-2025 targeted genes enriched in coronary
artery morphogenesis, and cholesterol catabolic process in A. pulchra
and P, tuahiniensis (Fig. 6; Table S11). Finally, targets of mir-2036 were
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enriched in processes including positive regulation of insulin secre-
tion for A. pulchra and P. tuahiniensis, and homophilic cell adhesion
via plasma membrane adhesion molecules for P tuahiniensis and P
evermanni.

Discussion

The characterization of diverse ncRNA repertoires in A. pulchra, P. ev-
ermanni, and P. tuahiniensis provides new insights into the regulatory
RNA landscape of reef-building corals and cnidarians more broadly.
The identification of conserved components of ncRNA biogenesis and
effector machinery across coral proteomes indicates the molecular
framework required for ncRNA-mediated gene regulation is broadly
conserved in these taxa. Concurrently, relatively few IncRNA and
miRNA sequences were shared across species; while this may be par-
tially impacted by the differing levels of completeness across available
reference genomes, it is also indicative of high evolutionary turnover
for these ncRNAs, potentially contributing to the unique environmen-
tal performance of each coral species. Notably, despite limited se-
quence conservation, genes associated with ncRNAs were enriched
for overlapping functional categories across species, consistent with
conservation of regulatory associations rather than conservation of
ncRNA sequences themselves.

NcRNA protein machinery present in study species

In all coral species examined in this study, critical miRNA biogene-
sis proteins, including Drosha, DCGR8, XPO5, and Dicer, were identi-
fied (Table 1). The presence of these proteins indicates conservation of
canonical miRNA-processing machinery previously reported in corals
[34,35] and supports the capacity for production of functional mature
miRNA products. AGO2, a key protein in the multiprotein RISC utilized

by miRNAs to bind complementary mRNAs for degradation or trans-
lation suppression [55], was also present in all coral species. Further,
PIP5K1A, a protein that inhibits the transport of pre-miRNAs from
the nucleus to the cytoplasm [56], was found, suggesting that multi-
ple levels of post-transcriptional control of miRNAs may be present in
corals.

Piwi proteins associated with piRNA pathways were detected in
all species examined. In other metazoans, mature piRNAs bind piwi
proteins to form piRNA-induced silencing complexes (piRISCs) and
silence transposable elements and other targets [7]. While piRNAs
were initially described as germline-restricted [52], subsequent stud-
ies have found piRNAs and piwi proteins in both somatic and germ
cells of the cnidarians Hydra and Nematostella, indicating putative
stem cell properties and/or somatic functionality [57-59]. Because
RNA was extracted from whole tissue samples, we were unable to
distinguish somatic from germline piRNAs populations in A. pulchra,
P. evermanni, and P. tuahiniensis. Given known spawning periods (A.
pulchra spawns September through November [60,61]; P evermanni
spawns December through February [62]; and P. tuahiniensis spawns
November through December [63]), germ cell abundance was likely
low at the time of sampling (March); however, this cannot be con-
clusively determined. Nevertheless, prevalence of gene-derived piR-
NAs in our analysis (Fig. 2B) is consistent with the possibility that
piRNA pathways in corals may extend beyond canonical germline
transpostable element silencing. Further investigation is needed to
understand the piRNA-piwi protein functions and dynamics in dif-
ferent coral tissues.

Because IncRNAs arise through diverse biogenesis pathways, iden-
tifying proteins specifically associated with IncRNA processing re-
mains challenging [10]. Generally, the biogenesis of IncCRNAs is compa-
rable to that of mRNA, in that the IncRNA gets capped, polyadenylated,
and spliced utilizing the same proteins as mRNAs [64]. RNase P, while
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primarily associated with tRNA processing, can also form the mature
3’ end of IncRNAs by cleavage [65]. The identification of RNase P in all
three species in this study suggests that noncanonical IncRNA biogen-
esis pathways may be present in corals.

Evolutionary insights and functional implications of
coral IncRNAs

It should be noted that our IncRNA identification workflow was based
on the use of polyA selected libraries. While this captures a high-
confidence set of polyadenylated IncRNAs, future studies should em-
ploy rRNA depletion methods to explain this repertoire to include
nonpolyadenylated IncRNAs. Nonetheless, our findings provide a ro-
bust baseline for polyadenylated IncRNAs, consistent with existing
coral IncRNA datasets [36,37 ,64 ,65]. Our study identified compara-
ble numbers of IncRNAs to other studies in cnidarians: 8117 in Acro-
pora digitifera [37], 11206 in Protolpalythoa variabilis [36], 13 240 in
Palythoa caribaeorum [36], 6328 in Montipora foliosa [65], 904 in Pocil-

lopora damicornis [38], 7059 in Pocillopora damicornis [66], 6798 in
Acropora pulchra (this study), 2812 in Porites evermanni (this study),
and 4924 in Pocillopora tuahiniensis (this study). Fewer than 1% of
IncRNA sequences were shared between A. pulchra, P evermanni, and
P tuahiniensis, suggesting limited sequence conservation. This pattern
contrasts with previous work in the cnidarian order Zoantharia, in
which over a third of IncRNAs found in Palythoa caribaeorum and
Protolpalythoa variabilis were shared [36]. The discrepancy between
our results and previous findings may stem from the greater evolu-
tionary distance between A. pulchra, P evermanni, and P. tuahiniensis,
compared to the relationship between P. caritbaeorum and P. variabilis
[67]. Furthermore, methodological differences likely contributed to
this variation. Our comparative BLAST utilized stringent alignment
parameters, coupled with expression and coding potential based fil-
tering, which may have led to a conservative estimate of shared IncR-
NAs across these divergent coral genera. In contrast, the analysis in
[66] did not include expression-based filtering, potentially retaining a
broader set of low abundance or stochastic transcripts. These findings
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reveal significant evolutionary divergence in IncRNAs across diverse
coral species and emphasize the importance of expanding compara-
tive research on gene regulation mechanisms within cnidarians.

We identified 4924 IncRNA transcripts in P tuahiniensis using Il-
lumina sequencing technology, a number notably different than the
IncRNAs reported for its congener Pocillopora damicornis: 904 using
Nanopore sequencing [38] and 7059 using PacBio sequencing [66].
These differences may be a result of methodological factors, including
extraction protocols, sequencing technologies, IncRNA identification
workflows, and stringency of analyses [8]. However, the disparities
may also reflect inherent biological differences between P. tuahinien-
sis and P. damicornis. Although they are members of the same genus,
P, tuahiniensis and P. damicornis differ in morphology, physiology, and
reproductive strategy [47,68], traits that could influence their IncRNA
repertoires and their roles in gene expression regulation. Compara-
tive characterization across taxa therefore provides an essential base-
line for disentangling methodological variation from true biological
diversity.

IncRNAs in A. pulchra, P. evermanni, and P. tuahiniensis were fre-
quently in proximity to genes annotated with immune-related func-
tions. This proximity suggests that IncRNAs may be associated with
immune processes in the three species, as proximity to genes can of-
ten suggest functional relationships for IncRNA [69,70]. Previous stud-
ies have reported associations between IncRNAs and processes, such
as thermal resilience [38], bleaching susceptibility [36], and symbio-
sis [37] in cnidarians. Our findings extend this work by demonstrat-
ing that immune-related genes are proximal to IncRNAs across coral
species, suggesting that immune-related regulation may be a shared
feature of coral IncRNA genomic organization. Experimental valida-
tion is required to determine whether these associations reflect direct
regulatory interactions, with possible implications for symbiosis and
bleaching.

Few miRNAs are conserved across species, but share
enriched functions of targets

Four miRNAs (mir-100, mir-2023, mir-2025, and mir-2036) were con-
served across all three species of interest and corresponded to miRNAs
that have been identified in other cnidarians [54]. mir-100 has been
identified in many taxa, including bilaterians and cnidarians [54,71].
In our analyses, genes targeted by mir-100 were enriched in vitamin
D receptor signaling pathway, regulation of presynaptic cytosolic cal-
cium ion concentration, and acetyl-CoA biosynthetic process in A. pul-
chra and P. evermanni, as well as sporulation resulting in formation
of a cellular spore in P. evermanni and P. tuahiniensis. These enriched
processes suggest that while mir-100 is evolutionarily conserved, pre-
dicted targets may differ among coral species, highlighting the diverse
regulatory roles that mir-100 likely plays in corals. Previous studies
have similarly reported divergent targets for miR-100 in cnidarians
across multiple life stages [34,35,72], underscoring the probable flex-
ibility of miR-100 regulation across species.

Acropora pulchra and P. tuahiniensis demonstrated the greatest over-
lap in the biological processes associated with their predicted tar-
get genes. In both species, miRNAs targeted genes with enriched GO
terms such as response to bacterium and negative regulation of type I
interferon-mediated signaling pathway, suggesting that miRNAs play
a role in putative immune response regulation and signaling [39]. In
model organisms, miRNAs are increasingly viewed as critical regula-
tors of innate and adaptive immune responses, and their abnormal
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expression has been linked to human diseases and cancers [73]. In P
evermanni and P. tuahiniensis, gene targets of miRNAs shared enriched
GO terms such as regulation of MAPK cascade and cAMP transport, in-
dicating potential miRNA roles in signal transduction pathways and
cellular communication. The identification of diverse yet functionally
overlapping GO terms across species indicates that miRNAs may be
finely tuned to species-specific needs while still preserving essential
functions. This functional diversity could reflect the adaptive role of
miRNAs in modulating responses to species-specific environmental
challenges, which might include differences in habitat, symbiotic re-
lationships [74,75], or life-history strategies.

Characteristic piRNAs biogenesis and possible
regulation of genome maintenance and stability

The putative piRNA clusters identified in A. pulchra, P tuahiniensis,
and P. evermanni had characteristics indicative of piRNA ping-pong
biogenesis, including an adenine in the 10th position in the piRNA
transcripts and the presence of a uracil on the 5" end of piRNA tran-
scripts [6]. The piRNA ping-pong mechanism involves an amplifica-
tion loop in which primary piRNAs, bound to piwi proteins, recog-
nize and cleave target transposon RNAs, generating secondary piRNAs
with complementary sequences [7]. The cleavage typically occurs 10
bp downstream of the 5" end of the primary piRNA, resulting in an
adenine in the 10th position [7]. The presence of a 5" uracil is linked to
the binding specificity of the piwi proteins, which preferentially bind
to piRNAs with a 5" uracil, leading to easier loading and stabilization of
PiRNAs in the piRISC structure [76]. This cycle not only amplifies piR-
NAs but also provides a robust defense against transposable elements
and maintains genomic stability [59]. The conservation of these signa-
tures across coral species suggests a fundamental role for piRNAs in
genome defense.

While these biogenesis signatures strongly validate these loci as
putative piRNA clusters, their genomic composition showed lower-
than-expected TE density. In canonical models, piRNAs are typically
enriched for TE sequences to facilitate transposon silencing [7]. The
low TE density in our identified clusters likely reflects the inherent
challenges of annotating repetitive elements in nonmodel systems, as
repetitive TEs are often collapsed or masked during genome assembly,
particularly in assemblies with low contiguity [77,78]. Consequently,
our results may represent an underestimation of the TE-piRNA rela-
tionship in corals. Alternatively, this may suggest that cnidarian piR-
NAs are utilized for gene regulation rather than exclusive TE defense,
a phenomenon increasingly documented in early-diverging meta-
zoans [57,58 ,79 ,80].

No enriched GO terms were shared across all species in genes clos-
est to piRNA clusters. However, genes closest to piRNA clusters in A.
pulchra and P. tuahiniensis shared enriched GO terms, including reg-
ulation of mitochondrial and DNA-templated transcription, DNA re-
combination, and DNA integration. Additionally, enriched functions
in genes closest to piRNA clusters in A. pulchra and P. evermanni in-
cluded telomere maintenance, G-quadruplex DNA unwinding, and
DNA unwinding involved in DNA replication. piRNAs bind to piwi
proteins to either silence transposons or genes, indicating potential
PpiIRNA-dependent gene regulations [81]. Thus, piRNAs in A. pulchra, P,
tuahiniensis, and P. evermanni may be important in regulating genes
related to genomic stability, as seen in other taxa [82,83]. The en-
richment of shared terms such as DNA recombination and integra-
tion in A. pulchra and P. tuahiniensis and telomere maintenance and
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G-quadruplex DNA unwinding in A. pulchra and P. evermanni sug-
gests that there is a conserved role for piRNAs in maintaining ge-
nomic stability and integrity across species [7]. The overlap of piRNAs
with genes associated with transcription, DNA maintenance, and ge-
nomic stability highlights the potential for piRNA-mediated regulation
of these essential processes, potentially safeguarding the genomes of
diverse coral species.

Study limitations

While we provide the most comprehensive overview of the ncRNAs
in multiple species of coral to date, we acknowledge the limitations of
the analyses presented. Our study species presented varying degrees
of genomic quality and completeness, which may have contributed to
differences observed among species. For A. pulchra and P. tuahinien-
sts, we utilized high-quality congeneric genomes (A. millepora and P
meandrina, respectively). While these species are closely related, the
use of proxy genomes may mask species-specific ncRNA variations.
Furthermore, the reference genomes varied significantly in assembly
contiguity and annotation depth. These discrepancies, inherent to the
current state of coral genomics, likely influenced our discovery and
functional pipelines.

There was a large difference in the amount of known miRNAs
among our taxa, with the highest reported in A. pulchra. Using our cu-
rated cnidarian database and miRBase, A. pulchra had more known
miRNAs (24 known miRNAs; 68% of total miRNAs identified) than
P. evermanni (nine known miRNAs; 19% of total miRNAs identified)
or P. tuahiniensis (nine known miRNAs; 24% of total miRNAs identi-
fied). This higher rate of database matching in A. pulchra is poten-
tially related to the composition of our curated reference database.
Our curated reference of known cnidarian miRNAs (see Table S2) con-
tained 90 Acropora spp. miRNAs, but zero known miRNAs identified
in Porites or Pocillopora. Further, miRBase does not contain known
sequences from any of these three study genera.

We acknowledge that several enriched GO terms (e.g. “motor neu-
ron migration,” “type I interferon-mediated signaling,” and “axonal
fasciculation”) appear vertebrate-centric and physiologically incon-
gruent with coral biology. These terms result from the transfer of
vertebrate-centric databases (SwissProt) to coral homologs during
functional annotation. These results are not evidence of specific ver-
tebrate processes, but instead as indicators of conserved molecular
elements, such as axonal development and signaling being co-opted
for general cell migration or interferon terms representing ancestral
innate immune pathways. We frame these functional assignments as
homology-based hypotheses and note that the manifestation of these
pathways in corals remains to be experimentally validated.

Methods to characterize gene expression in corals are well estab-
lished, but standardized methodologies and tools to describe gene ex-
pression regulation in corals are still in their early stages. Most tools
for ncRNA identification or analysis are designed for model systems,
which may rely on assumptions that may not apply to ncRNA dynam-
ics in corals. Additionally, the choice of identification method or tool
can affect the number of valid ncRNAs identified, as different method-
ologies often apply varying filters and classification thresholds. Here,
we applied stringent filters across all tools to ensure greater confi-
dence in the ncRNA candidates identified and to provide a robust
framework for further analysis in coral systems.

Conclusion

Our comprehensive characterization of ncRNA repertoires in three
diverse coral species expands the current understanding of regula-
tory RNA landscapes in corals. The conservation of ncRNA protein
machinery and shared ncRNA sequences across species highlight a
common molecular framework underlying ncRNA-mediated gene ex-
pression regulation, while pronounced sequence divergence accentu-
ates lineage-specific regulatory architectures. Enrichment of genes as-
sociated with ncRNAs across functional categories such as immunity,
metabolism, and genome maintenance suggests persistent regulatory
contexts that may be conserved across coral taxa. Together, these find-
ings greatly expand our current understanding of coral molecular bi-
ology and provide essential baseline information regarding coral ncR-
NAs.

ncRNAs are integral components of epigenetic regulatory systems
and may interact with other mechanisms, including DNA methylation
and chromatin modification, to influence gene expression [84,85]. Al-
though such interactions are unexplored in corals, the comparative re-
source presented here provides a foundational framework for future
studies aimed at linking ncRNAs to developmental, physiological, and
environmental contexts. While our study does not include compara-
tive RNA-seq contrasts across environmental or developmental con-
texts, it provides essential empirical validation of predicted ncRNAs,
which would otherwise rely on computational models. By establish-
ing baseline ncRNA repertoires across coral taxa, this work supports
future experimental and comparative efforts to elucidate the roles of
regulatory ncRNAs in coral biology.

Materials and methods
Study site and collection

Sample fragments of three coral species (A. pulchra, P. tuahiniensis,
and P. evermanni) were collected from the lagoon backreef in Mo’orea,
French Polynesia on 5 March 2020 on the north shore (—17.476872,
—149.80594). These genera are ecologically common on French Poly-
nesian reefs [86,87] with great importance as habitat builders [88].
During sampling, n = 1 fragment (1 cm) was collected from five
colonies of each species using bone clippers, snap frozen in liquid ni-
trogen and then put into 1.5 ml tubes with 600 ul of Zymo DNA/RNA
Shield (Zymo CAT R1100-250) and stored at —40°C at the University of
California Berkeley Richard B. Gump South Pacific Research Station
until transportation to the University of Rhode Island for further pro-
cessing. Samples were exported under CITES FR2198700194-E on 6
April 2022.

Extractions and sequencing

DNA and RNA were extracted using the Zymo Quick-DNA/RNA
Miniprep Plus Kit (Zymo CAT R1057) according to the manufacturer’s
instructions. DNA and RNA integrity and quantity were assessed us-
ing a 1.5% agarose gel (nondenaturing) and a Qubit fluorometer (CAT
Q33216, Thermo Fisher/Invitrogen), respectively. Library preparation
and sequencing was performed by Azenta Life Sciences. For RNA se-
quencing (which identifies IncRNAs), strand-specific RNA sequencing
libraries were prepared using NEBNext Ultra II Directional RNA Li-
brary Prep Kit (NEBCAT:7490) with the polyA mRNA workflow for Il-
lumina following the manufacturer’s instructions. Libraries were se-
quenced using a 2 x 150 bp Paired End (PE) configuration on Illumina
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HiSeq 4000. For short RNA sequencing, sequencing libraries were pre-
pared using NEB Small RNA Library Prep Kit (NEBCAT: E7560S) fol-
lowing the manufacturer’s instructions. Libraries were sequenced us-
ing a 2 x 150 bp Paired End (PE) configuration on Illumina HiSeq
4000.

Species identification

Cryptic species are common in reef-building corals [89-91]. Acropora
pulchra has historically reliably been identified by morphology and
was transplanted to the reef site from a coral nursery, so a single sam-
ple was sequenced for validation. One A. pulchra colony sample was
sequenced using Sanger sequencing by amplifying the Pax-C 46/47 in-
tron in the nuclear genome region as described by [49,50] as well as
the mitochondrial putative control region (933+ bp) plus 83 bp of cy-
tochrome oxidase I1I as described by [51]. Pocillopora spp. and Porites
spp. are known to include cryptic species, requiring genetic identifi-
cation [89-91]. Pocillopora species were identified by amplifying the
mitochondrial open reading frame (mtORF) region as described by
[90,92]. Porites species were identified using the coral nuclear histone
region spanning H2A-H4 (i.e. H2) [48]. Species identification methods
can be found in the Supplemental Methods . Sanger sequences have
been deposited at https://osf.io/aw53{].

Genomic resources

Genomes and protein and gene sequences were downloaded from
the following sources described below. Annotations were generated
by querying protein (v2.11; blastp) and RNA (v2.11; blastx) fasta files
against the SwissProt database (accessed in August 2024; e-value
1E-95) [93]. At the time of analysis, Acropora pulchra did not have a
published genome, so genomic information from Acropora millepora
was used for analysis. Acropora millepora genomic information was
downloaded from NCBI (PRJNA633778) and has an estimated genome
size of 475 Mbp, N50 of 19.8 Mbp, BUSCO score of 96% complete-
ness, and 30136 protein coding genes, 29893 of which were anno-
tated (99% of genes annotated) [94]. While A. millepora and A. pul-
chra are morphologically distinct, their relatively recent divergence
("3.5-4 million years ago; [95]) and ability to interbreed [96,97] sup-
port the use of the A. millepora genome as a reference for A. pul-
chra analyses. Currently to our knowledge, P tuahiniensis does not
have a published genome, so genomic information from P. meandrina,
a closely related species, was used for analysis. Pocillopora meand-
rina genomic information was downloaded from http://cyanophora.
rutgers.edu/Pocillopora_meandrina/ with an estimated genome size
of 377 Mbp, N50 of 10 Mbp, BUSCO score of 94.9% completeness, and
25642 protein coding genes, 18 565 of which were annotated (72%
of genes annotated) [98]. Pocillopora meandrina and P. tuahiniensis are
morphologically similar, and despite being in different clades, mito-
chondrial and nuclear genomic data demonstrate that they are con-
geners; this evolutionary relationship supports the use of the P me-
andrina genome as a reference for P. tuahiniensis [47]. While P. verru-
cosa is more closely related to P. tuahiniensis [47] and has a published
genome [99], our analysis chose to utilize the P meandrina genome
due to its higher assembly contiguity (P. meandrina N50 = 10 Mbp, P,
verrucosa N50 = 0.334 Mbp). Porites evermanni genomic information
(generated from a sample from Mo’orea, [100]) was downloaded from
https://www.genoscope.cns.fr/corals/genomes.html with an estimated
genome size 0f 497 Mbp, N50 of 0.17 Mbp, BUSCO score of 94.5% com-
pleteness, and 40 389 protein coding genes, 24 303 of which were an-
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notated (60% of genes annotated) [100]. We note that the reference
genomes used in this study vary in assembly contiguity and annota-
tion completeness, differences that are inherent to the current state
of coral genomic resources [101]. To mitigate possible bias associated
with unequal annotation, comparative analyses utilized SwissProt-
validated GO annotations generated in this study to ensure functional
comparisons were based on a consistent annotation database rather
than genus-specific predicted models. Versions of the genomic re-
sources used in this study are archived at https://osf.io/aw53f/.

NcRNA protein machinery identification

To validate the presence of specific ncRNAs in these coral species, ho-
mologs of ncRNA-related proteins of interest were identified in the
target coral species genomes, including: ribonuclease III (Drosha), mi-
croprocessor complex subunit (DCGRS), exportin-5 (XPO5), endori-
bonuclease (Dicer), argonaute-2 (AGO2), piwi, phosphatidylinositol-
4-phosphate 5-kinase type 1 alpha (PIP5K1A), and ribonuclease P
(RNase P). The reference sequences of proteins of interest were ob-
tained from six species (Poctllopora verrucosa, Orbicella faveolata,
Acropora millepora, Stylophora pistillata, Nematostella vectensis, and
Homo sapiens) available on NCBI (Table S1), and were compared
against the protein fasta for each of the three target species genomes
above using blastp (v2.11; e-value 1E-40) [93].

Long ncRNA characterization

RNA sequencing read quality was initially assessed using FastQC
(v0.12.1; [102]) and MultiQC (v1.14; [119]). RNA sequencing reads un-
derwent quality trimming using Fastp (v0.23.1; [110]), which involved
the identification of read pairs, automatic detection and removal of
adapter sequences (—detect_adapter_for_pe), trimming of poly-G tails
(—trim_poly_g), and removal of the first 20 bases from the 5’ end
to eliminate low-quality bases (—trim_front1). Trimmed reads were
aligned to respective genomes with HISAT2 [103] and assembled with
Stringtie (v2.2.1; [120]) to obtain read counts and merge sample GTF
files. Sample GTF files were compared to genome annotations using
gffcompare (v0.12.6; 71). Transcripts were retained if they were >199
bp and had one of the following gffcompare class codes: “i” (intronic),
“u” (intergenic), “x” (antisense), or “y” (sense-overlapping; [104]). Ini-
tial coding potential was assessed using CPC2 (v1.0.1), which applies a
species-neutral support vector machine model trained on human cod-
ing and non-coding transcripts [105]. Transcripts classified as “cod-
ing” were removed from analysis. To reduce the inclusion of spurious
transcripts, individual IncRNAs were only retained if they possessed
above five raw read counts, as generated using featureCounts (v2.0.2;
[106]), in at least three biological replicates per species. To further en-
sure the removal of transcripts with coding potential, coding probabil-
ity was assessed using PLEK (v1.2; [107]), which uses a k-mer based
support vector machine to distinguish between noncoding and cod-
ing sequences. Finally, transcripts were searched against the Pfam-A
database (v35.0; [108]) using HMMscan (HMMER v3.3.2; [109]), and
any sequences containing known protein domains were excluded
from the final dataset. For all software, default parameters were used.
This robust filtering pipeline ensures that only IncRNAs that pass a
stringent threshold are retained for analysis and labeled as putative
IncRNAs. In order to evaluate sequence similarity across species, IncR-
NAs from each species were compared to the other species using
blastn (v2.11; e-value 1E-%0) [93].
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Short ncRNA: miRNA characterization

To characterize miRNAs, the quality of short RNA sequence reads
was assessed using FastQC (v0.12.1; [102]) and MultiQC (v1.14; [119]).
Fastp (v0.23.1) default parameters were used for read quality trim-
ming [110], which involved the removal of adapter sequences (—
adapter_fasta, sequences provided from the NEB Small RNA Library
Prep Kit) and polyG sequences (—trim_poly_g). To specifically tar-
get miRNAs and piRNAs while minimizing noise from larger RNA
products, reads with a length greater than 31 bp were discarded (—
length_limit 31). Read 1 and Read 2 were then merged, with 17 bp as
the minimum overlap (—length_limit 31—merge).

To identify previously described miRNAs, a database containing
mature miRNA sequences from miRBase (v22; https://www.mirbase.
org/; [111]) and cnidarian miRNA sequences manually collected from
published articles (Table S2) was used as a reference. Previously de-
scribed and candidate novel miRNAs were identified from alignments
of trimmed and filtered reads to respective reference genomes us-
ing ShortStack (v4.0.2) with the parameter —dn_mirna, which iden-
tifies putative novel miRNAs by searching read-genome alignments
for “islands” of significant coverage and evaluating neighboring re-
gions based on a stringent set of miRNA precursor gene character-
istics, including hairpin structure [112,113]. To identify miRNAs con-
served within all or a subset of the three study species, blastn was run
with the —task blastn-short option (v2.11; e-value 1E-40) [93].

Short ncRNA: Piwi RNA characterization

For piRNA characterization, quality filtered and trimmed short reads
from the “Short ncRNA: miRNA characterization” section were filtered
to keep reads between 24 and 31 bp. Low complexity sequences were
removed using NGS toolbox scripts [114]. To remove non-piRNA, short
reads were mapped to a track of other noncoding RNAs with Sort-
MeRNA (v4.3.6; [121]). Reference tRNA, rRNA, miRNA and siRNA se-
quences were acquired or generated for each species. For A. pulchra,
tRNA and rRNA sequences were obtained from annotation files from
the A. millepora genomic resources; for P. tuahiniensis and P. evermanni,
tRNA and rRNA sequences were generated de novo using tRNAscan-
SE (v.2.0.9; [117]) and Barrnap (v.0.9; https://github.com/tseemann/
barrnap) with default parameters for eukaryotes. Hairpin, star, and
mature miRNAs, and siRNAs annotations were obtained from Short-
Stack output as described above. Specifically, siRNAs were defined as
20-24 bp small RNAs that exhibited Dicer-processing length but lacked
the structural requirements for miRNA annotation. Sequences that did
not align to these “known” ncRNAs were mapped to the respective
genome using sSRNAmappper.pl from the NGSToolbox using the option
-alignments best, and origin assignment for reads with multiple map-
pings was determined using reallocate.pl [114,115]. The resulting se-
quences were considered putative piRNAs and used for downstream
analyses.

The following analysis was used to identify putative piRNA clus-
ters in A. pulchra, P. tuahiniensis, and P. evermanni. ProTrac (v2.4.4)
was used to predict piRNA clusters for each sample [115]. Resulting
PiRNA clusters were merged by species if they were present in at least
two replicates, with a minimum overlap of 50% of the cluster length.
PPmeter (v0.4; [122]) was used with default parameters to quantify
ping-pong amplification signatures, a hallmark of secondary piRNA
biogenesis [6]. In the ping-pong cycle, piRNAs are generated through
reciprocal cleavage events, which creates the characteristic 10 base
sequence overlap between piRNAs [6].

In eukaryotes, piRNAs typically are located in transposable element
(TE) regions. To investigate if piRNA clusters were located in TE in
corals, TE annotation was performed in the reference genome of each
species using RepeatMasker (v4.1.0, http://repeatmasker.org) with de-
fault parameters. TE enrichment in piRNA clusters was calculated
respectively to each genome by quantifying annotated TE overlap
with piRNA clusters and contrasting piRNA cluster-TE overlaps with
respect to TE coverage across each genome using bedtools (v2.30.0;
[116]).

LncRNA and piRNA genomic proximity to genes

To investigate the proximity of ncRNAs (IncRNAs and piRNA clusters)
to genes, bedtools closest (v2.30.0) was performed using the feature
files (GFFs) downloaded for each species and the ncRNA feature files
(GFFs or BEDs) generated from our analyses [116]. The percentage of
ncRNAs that did and did not overlap with a gene were calculated. If an
ncRNA did overlap with a gene, average overlap in base pairs (bp) was
calculated. If an ncRNA did not overlap with a gene, average distance
between the two features in bp was calculated.

Functional enrichment was performed using gene ontology (GO)
enrichment analyses with the R package topGO (v.2.60.1; [118]) on the
genes that were closest to or overlapping ncRNAs. The use of “closest”
will herein refer to either the closest gene or the overlapping gene,
depending on where the ncRNA is in the genome relative to the gene.
GO enrichment was run using Fisher’s exact test (weight01 algorithm,
threshold of P < .05) to assess GO enrichment in Biological Processes
for each species. Enriched GO terms were compared across species to
investigate shared enriched gene functions related to Biological Pro-
cesses.

MiRNA target identification

In cnidarians, miRNAs typically require binding to the 3’ untranslated
region (3'UTR) of mRNAs with almost perfect complementarity to re-
press or downgrade translation [72]. Therefore, target prediction is
less prone to false positives in this group. Given the lack of 3'UTR an-
notation on these genomes, 1000 bp on the right flank of mRNA tracks
was classified as the 3'UTR. If a 3'UTR was overlapping a contiguous
gene, the overlapping portions of those 3'UTRs were subtracted using
bedtools (v2.30.0; [116]). 3'UTR sequences were annotated from the
respective genomes using bedtools getfasta (v2.30.0; [116]). MiRanda
(v3.3) was then used to predict miRNA gene targets using the con-
structed 3'UTR sequences and mature miRNA sequences as input with
strict seed binding invoked [117]. To minimize false positives associ-
ated with unannotated 3'UTRS, an energy threshold of AGgyplex < —20
kcal/mol and a minimum alignment score of 140 was required for all
putative interactions. Similar to the previous GO enrichment analysis,
topGO with Fisher’s exact test (weight01 algorithm, threshold of P <
.05) was used to assess GO enrichment in Biological Processes on the
predicted miRNA-targeted genes [118]. GO enrichment analyses were
also conducted on the genes targeted by the miRNAs shared across
species (mir-100, mir-2023, mir-2025, and mir-2036). Enriched GO
terms were compared across species to investigate shared enriched
gene functions related to Biological Processes for the miRNA targets.
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