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% Check for updates Coevolutionary antagonism generates relentless selection that can favour

genetic exchange, including transfer of antibiotic synthesis and resistance
genes among bacteria, and sexual recombination of disease resistance alleles
in eukaryotes. We report an unusual link between biological conflict and DNA
transfer in bdelloid rotifers, microscopic animals whose genomes show ele-
vated levels of horizontal gene transfer from non-metazoan taxa. When roti-
fers were challenged with a fungal pathogen, horizontally acquired genes were
over twice as likely to be upregulated as other genes — a stronger enrichment
than observed for abiotic stressors. Among hundreds of upregulated genes,
the most markedly overrepresented were clusters resembling bacterial poly-
ketide and nonribosomal peptide synthetases that produce antibiotics.
Upregulation of these clusters in a pathogen-resistant rotifer species was
nearly ten times stronger than in a susceptible species. By acquiring, domes-
ticating, and expressing non-metazoan biosynthetic pathways, bdelloids may
have evolved to resist natural enemies using antimicrobial mechanisms absent
from other animals.

Antagonistic interactions among species are strong, ubiquitous and
relentless sources of selection in natural populations'. Examples

Different domains of life typically address the challenge of ongo-
ing genetic mixing in distinct ways. In bacteria and archaea, horizontal

include arms-races between pathogen virulence factors and host
immune systems, and coevolution between antimicrobial com-
pounds or toxins and pathways to resist them. These dynamics are
central to various global challenges, including emerging infectious
diseases, management of crop pathogens, and antimicrobial resis-
tance. According to theory, selection arising from antagonistic
coevolution can favour adaptations to shuffle existing combina-
tions of genes or to acquire genes bringing new functions. These
processes help explain the especially rapid and intense adaptive
evolution* seen at loci encoding the molecular mediators of
conflict’.

gene transfer (HGT) occurs by various mechanisms®” and is well known
as a route for the spread of antimicrobial resistance®, as well as genes
encoding the production of antibiotics and other molecular weapons’.
For example, nonribosomal peptide synthetases (NRPS) and polyketide
synthetases (PKS) are large, multimodular enzymes that catalyse
assembly of a vast array of natural products, including toxins, immu-
nosuppressants and antimicrobial compounds'. These can be enco-
ded as biosynthetic gene clusters on plasmids" as well as
chromosomes, and their mobility and ‘assembly line’ structure facil-
itate diversification to produce novel secondary metabolites via
recombination of modules within and between genomes'. The natural
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reservoir of mobile genetic diversity for antibiotic synthesis and
resistance is thought to reflect a history of coevolution between the
producers and targets of antimicrobial compounds™.

In contrast, among eukaryotes, the most important mechanism of
genetic exchange is meiotic sex, by which whole genomes are shuffled
every generation though recombination, segregation and outcrossing.
Although meiotic shuffling has different effects to HGT", sex too has
been linked to biotic conflict because it can speed up host adaptation
against pathogens by generating new combinations of resistance
alleles'™. When coevolving pathogens are common and virulent’, the
theoretical benefits of genetic exchange are so substantial that they
may outweigh the inherent costs"” of sexual reproduction compared
with parthenogenesis'®?’. Antagonistic coevolution may therefore
help explain why obligately asexual plant and animal lineages are
typically rare and short-lived despite major advantages**’. This so-
called ‘Red Queen Hypothesis® (RQH) draws support from associa-
tions between recombination and immunity, from host-pathogen
dynamics in mixed sexual and asexual populations®?**, and from the
susceptibility of asexually propagated lineages to pathogens®.

Here, we investigate the links between genetic transfer and biotic
conflict in a group of animals that challenge typical distinctions
between domains described above. Bdelloid rotifers are a class of
microscopic, filter-feeding invertebrates that live in freshwater and
limnoterrestrial habitats worldwide. Reproduction is only known by
parthenogenetic eggs, produced by a modified, nonreductional
meiosis?. Neither males nor sperm have been reported despite cen-
turies of microscopic observation and the description of hundreds of
species”, leading to the hypothesis that the class Bdelloidea has
diversified for tens of millions of years in the absence of sexual
reproduction®®?, Genetic evidence to either confirm or refute obligate
asexuality in bdelloids has proved complicated*’, and seemingly defi-
nitive evidence both for and against this hypothesis® > has been
overturned or reinterpreted by later work®*, In contrast, repeated
studies have demonstrated that bdelloid genomes encode extra-
ordinarily high proportions of genes acquired horizontally from non-
metazoan taxa’®. Approximately 10% of genes appear to have been
captured from bacteria, fungi, plants and other sources, rather than
sharing recent common ancestry with metazoan orthologs*****, This
estimate is an order of magnitude greater than for other animals®,
holds for all bdelloid genomes so far examined, and is consistent
across various methods for detecting HGT*"*¢7*5,

Comparisons among bdelloid species indicate that most HGT
events are ancient, with ongoing acquisition rates estimated to be on
the order of one gene per 100,000 years*. At these rates, the phe-
nomenon would be too slow to equate with the sexual shuffling seenin
typical eukaryotes, or the rapid dynamics of bacterial accessory gen-
omes. Nevertheless, HGT has been hypothesised to introduce novel
biochemical functions that help bdelloids adapt to environmental
challenges, as it does in bacteria. Acquired genes are expressed and
incorporated into metabolic pathways***¢, some of which are not
shared by other metazoans®. Putative functions identified to date
include desiccation tolerance, nutrient exploitation and repair of DNA
damage*****»52, However, the deep associations between genetic
transfer and coevolution raise the hypothesis that HGT may help
bdelloids deal with biotic antagonism; for instance by acquiring
genes with pathogen resistance functions. Isolated examples of hor-
izontally acquired genes contributing to immunity are known from
invertebrates®°, but the massive scale of HGT in bdelloids and the
prevalence of asexual reproduction might especially favour the co-
option of unusual pathways to resist microbial enemies, with parallels
to the role of HGT in bacterial conflict®®’. If so, this could compensate
in part for the challenge that an asexual lineage theoretically faces
from pathogens.

We investigated this hypothesis by testing whether horizontally
acquired genes show a potential enrichment in the response of

bdelloid rotifers to infection. Like all animals, bdelloid rotifers are
exploited by a range of natural enemies, including over 60 species of
virulent fungal and oomycete pathogens’. These can exterminate
cultured populations in a few weeks**°, and significantly depress the
abundance of hosts in natural habitats®’. However, almost nothing is
known about variation in susceptibility among rotifers, how this
compares with observations in other invertebrate pathosystems®®,
or how the underlying mechanisms evolve and remain effective if sex is
rare or absent.

We used RNA-seq to identify genes that are differentially
expressed when bdelloid rotifers are attacked by a natural fungal
pathogen in the genus Rotiferophthora® (Clavicipitaceae, Hypo-
creales), which preys specifically upon them (Fig. 1a). We assessed
variation by comparing two host species, Adineta ricciae and A. vaga,
which differ by a factor of four in resistance to this pathogen (Fig. 1b).
We compared the scale and speed of the transcriptomic response
and asked whether horizontally transferred genes were especially
likely to be differentially expressed compared to regular metazoan
genes in each species. We compared our results with RNA-seq data
obtained when bdelloids were exposed to desiccation®, to test
whether genes of non-metazoan origin contribute differently when
responding to a biotic as opposed to an abiotic stressor. Functional
enrichment analysis identified the most strongly upregulated classes
of horizontally transferred genes, and revealed groups whose
expression profiles and genomic representations differed between
the resistant and susceptible rotifer species.

Results

Susceptibility to a fungal pathogen differs markedly between
two Adineta species

We inoculated clonal populations of the bdelloid rotifers A. ricciae and
A. vaga with spores of the fungal pathogen Rotiferophthora
globospora®® and monitored them over 3-4 days. In both species, >95%
of animals ingested spores and contracted within 60 minutes of
exposure (Fig. 1a). In a successful infection, the ingested conidium
germinates within approximately 7 hours of exposure. By 24 hours it
has differentiated into assimilative hyphae that begin to invade the
host’s oesophageal tissue®®, eventually killing and emerging from the
host after approximately 48-72h (Supplementary Fig. 1). The pro-
portion of animals killed by fungal infection at 72 h differed markedly
between the species: 18% for A. ricciae and 71% for A. vaga (Fig. 1b,
relative risk = 3.74, 95% Cl: 2.8-5.0, z=8.758, P<0.001). Given that
these species are morphologically**° similar, were reared and exposed
under standardised conditions, the difference in mortality seems to
indicate variation in the physiological response and genetic resistance
of each host to the fungus.

Rapid and large-scale transcriptional response to pathogen
attack in both species

To investigate the genetic basis of the response to pathogens, we
harvested total RNA from populations of each species in triplicate at 7
and 24 hours after exposure to live or UV-inactivated fungal spores,
and used gene models predicted from the reference genomes for
A. vaga® (‘Av13) and A. ricciae” (‘Arl18) to quantify gene expres-
sion (Supplementary Data 1). These timepoints (T7 and T24, respec-
tively) cover the key early stages of the fungal attack (Supplementary
Fig. 1). Principal component analysis (PCA) of overall gene expression
showed consistent clustering of replicate samples within and between
species (Fig. 1c). At the broadest scale, this indicates a shared tran-
scriptional response to R. globospora infection that is particularly
similar at the earlier timepoint (Fig. 1c; Supplementary Data 2). To
investigate the genes involved in this response, we defined significant
differential expression (DE) as an absolute fold-change > 4 and a False
Discovery Rate-adjusted P-value < 0.001 (Supplementary Data 1). Even
by these stringent criteria, a rapid and pronounced transcriptional
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Fig. 1| Response of bdelloid rotifers to inoculation with the fungal pathogen R.
globospora. a Active A. ricciae; active and contracted A. vaga; composite of three A.
ricciae corpses with fully developed R. globospora infections, differentiating into
irregular resting spores and long conidiophores bearing spherical infectious con-
idia. b Proportion of rotifers killed by infection 72 hours after exposure to R. glo-
bospora. Points indicate replicate laboratory populations of A. vaga (n=16
populations, 189 animals) and A. ricciae (n =21 populations, 216 animals) exposed
to 1000 conidia. Asterisks indicate a highly significant difference in infection
mortality (relative risk test, RR =3.74, 95% CI: 2.8-5.0, z=8.76, P=14e-25). Box-
plots show median and interquartile range (IQR), and whiskers extend to the
farthest datapoint from the median that remains within 1.5*IQR of Q1 and Q3
respectively. ¢ Principal component analysis of overall gene expression across A.
vaga and A. ricciae orthologous genes. The proportions of total variation accounted
for by primary (PC1) and secondary (PC2) components are indicated in
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parentheses. Clustering of treatment groups across species indicates a strongly
shared response in gene expression at T7 that diverges at T24, as A. ricciae moves
further and more consistently along the PC1 axis than A. vaga. d Dynamics of gene
up- and downregulation relative to control populations inoculated with UV-
inactivated spores. Error bars around the observed number of genes in each
category show 95% confidence intervals estimated from n =100 bootstrap repli-
cates (i.e., sampling across all genes with replacement 100 times, each time recal-
culating the number of shared genes in each category). Asterisks refer to significant
differences in the proportion of the species’ respective genesets that are DE
(Bonferroni-corrected Chi-square tests, d.f. = 1; n = 58,423 for A. ricciae, 66,273 for
A. vaga; P=9.7e-22, 5.4e-23, 4.7e-38 and 5.8e-8 respectively). e Extent of gene
sharing in differentially expressed subsets across timepoints (within species).
Values show the number of significantly DE genes shared by intersecting groups.
Source data are provided as a Source Data file.

response was detected in both species, involving hundreds of differ-
entially expressed genes (Fig. 1d). At T7, 541 A. vaga genes and 962 A.
ricciae genes showed significant DE. Most were upregulated (452 in A.
vaga, ~-84%; 709 in A. ricciae, ~74%). At T24, the number of DE genes
rose to 1767 in A. vaga (1093 upregulated, -62%), and 2388 in A. ricciae
(1590 upregulated, ~67%). Thus, more genes showed significant DE at
T24 than at T7 in both species, but more genes were DE (and especially
upregulated) in A. ricciae than in A. vaga. The larger number of
responding genes (Fig. 1d) and the greater magnitude of upregulation
in A. ricciae (Supplementary Table 1) suggest a broader and stronger

defensive response than A. vaga. Both species showed a substantial
overlap in the identity of differentially expressed genes across time-
points, particularly for upregulated subsets (Fig. 1e), while the direc-
tion and magnitude of DE at T7 correlated significantly with that seen
at T24 (Pearson’s correlation R=0.66-0.84, P<2e-16 in all cases;
Supplementary Fig. 2). This suggests that many of the transcriptional
changes initiated at T7 were ongoing and consistent at T24, even as
new genes joined the response.

Dynamics in expression among A. vaga and A. ricciae orthologs
were also examined. Again, the two species showed substantially
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overlapping profiles of differentially expressed genes and significant
positive correlations between orthologous gene copies both within
and between genomes, at both timepoints (Pearson’s correlation
R=0.35-0.60, P<2e-16 in all cases; Supplementary Figs. 3 and 4, and
Supplementary Table 2), as expected if pathogen response pathways
are conserved. Both species, therefore, mounted rapid, extensive, and
partially overlapping transcriptional responses to the pathogen,
beginning less than 7 hours after exposure.

Twofold overrepresentation of non-metazoan genes in the
response to pathogens

Based on the predicted proteins in each reference genome, the back-
ground frequency of high-confidence HGT candidate genes (denoted
‘HGT() is ~11.5% for both species*®. Among the significantly upregulated
subset, however, 23-32% were HGT, depending on species and time-
point (Table 1). This two- to three-fold enrichment for HGT¢ was highly
significant (binomial GLM, estimate = 1.18, SE = 0.07, P< 0.0001; Fig. 2;
Supplementary Table 3) in both species at both timepoints. The pro-
portional enrichment was significantly stronger for the early response
(estimate = 0.22, SE=0.08, P=0.0048), though the absolute numbers
of upregulated HGT¢ genes were higher at T24 (Fig. 2 and Table 1;
Supplementary Table 3). We observed a similar enrichment of HGT¢
among significantly downregulated genes at both experimental time-
points (estimate = 1.09, SE=0.12, P<0.0001; Fig. 2 and Table 1; Sup-
plementary Table 3), which again did not differ between the two
species. Horizontally acquired genes were therefore markedly over-
represented among the genes that are differentially expressed in the
pathogen treatments in both species, accounting for about 33% and 25%
of the most strongly responding genes at T7 and T24, respectively. Of
the total HGT complement in A. ricciae and A. vaga, 4.2% and 2.1% were
differentially expressed at T7, rising to 9% and 5.7% respectively at T24.

Enrichment of horizontally acquired genes is stronger when
responding to pathogens than to desiccation

We considered whether the apparent enrichment of HGT¢ was a fea-
ture of the response to fungal attack specifically, or might result from
more generic properties of such genes and their expression. For

example, HGT¢ might tend to show differential expression between
any given pair of conditions or timepoints if they are overrepresented
among effectors at the ends of gene regulatory networks, or if their
expression level is less precisely regulated than core metazoan
genes’®”’. Alternatively, HGT: might be overrepresented among gen-
eral stress-response genes, rather than those responding to pathogens
in particular***®,

To test these possibilities, we repeated the analyses above using
RNA-seq data from a prior study” that investigated gene expression
when the same cultured strain of A. vaga was exposed to desiccation
stress. Most bdelloid species can tolerate complete loss of cellular
water by entering a state of physiological dormancy known as
anhydrobiosis’>’>. Hecox-Lea and Mark Welch (2018) compared gene
expression in hydrated animals to those that were either entering or
recovering from anhydrobiosis, and we tested for enrichment of HGT¢
in these responses. The proportion of HGT¢ among genes significantly
upregulated in response to desiccation was substantially lower than in
the pathogen experiment (13.8% for ‘entering’, 14.7% for ‘recovering’,
compared to ~23-32% in the pathogen experiments; Fig. 3 and Table 1;
Supplementary Data 1). There was no significant HGT¢ enrichment
when animals were entering desiccation (estimate = 0.14, SE=0.12,
P=0.26; Fig. 3a and Table 1; Supplementary Table 4), but significant
enrichment was seen during recovery (estimate = 0.24, SE=0.07,
P=0.0004; Fig. 3b and Table 1; Supplementary Table 4), especially for
downregulated genes (estimate = 0.64, SE=0.07, P<0.0001). The
markedly lower enrichment of HGT¢ is unlikely to reflect a less
extensive transcriptional response overall because we detected nearly
twice as many differentially expressed genes during recovery from
desiccation (n=3129) versus pathogen challenge (n=1767). While
datasets from different experiments should be compared with caution,
ajoint PCA also indicated that changes in overall gene expression were
at least as pronounced for the abiotic stressor as for the pathogen,
relative to their respective control groups (Supplementary Fig. 11).
Nevertheless, the enrichment of HGT¢ genes was between two and
three times stronger when responding to pathogens compared with
desiccation. To test how far the transcriptional responses are specific
to each challenge or reflect general stress response pathways, we

Table 1| Number of HGT. in significantly up- and downregulated gene subsets in response to biotic (pathogen exposure) and

abiotic (desiccation) stress

Test® Species Contrast DE subset® HGT. in: Odds ratio (95% CI) P-value®
DEO DE1
Pathogen A. ricciae T7 Up 6041/ 57461 (11%) 196 / 709 (28%) 3.3 (2.7-3.8) 2.1e-36
Down 68 /253 (27%) 3.1(2.3-4.2) 3.1e-13
T24 Up 5738 / 56035 (10%) 372 /1590 (23%) 2.7 (2.4-3.0) 5.8e-50
Down 195 / 798 (24%) 2.8 (2.4-3.3) 4.9e-30
A. vaga T7 Up 7918 / 65732 (12%) 145 / 452 (32%) 3.4(2.8-4.2) 6.1e-29
Down 26 / 89 (29%) 3.0 (1.8-4.8) 1.2e-5
T24 Up 7629 / 64506 (12%) 285 /1093 (26%) 2.6 (2.3-3.0) 3.2e-37
Down 175 / 674 (26%) 2.6 (2.1-3.0) 1.8e-23
Desiccation A. vaga Entering Up 7975 / 65354 (12%) 77 / 558 (14%) 1.2 (0.9-1.5) 0.24
Down 37/ 362 (10%) 0.8 (0.6-1.2) 0.29
Recovering Up 7553 / 63144 (12%) 266 /1807 (14%) 1.3 (1.1-1.5) 5.6e-4
Down 270 /1322 (20%) 1.9 (1.6-2.2) 5.9e-18

Test: ‘Pathogen’, treatment groups represent animals exposed to live pathogen spores, versus controls exposed to inactivated spores, at 7 h (T7) and 24 h (T24) post-inoculation; ‘Desiccation’,
treatment groups represent animals either taken from wet dishes (hydrated controls), or equivalent dishes left without lids for 2-4 days until only a thin water film remained (entering into desiccation),
or animals left for a further 4 days to enter full desiccation for 7 days, then harvested 1h after rehydration®'.

°DE subset: ‘Up’, genes that are significantly upregulated in the treatment group; ‘Down’, genes that are significantly downregulated in the treatment group. Significance is defined as genes with

absolute fold change in expression > 4 and FDR < 1e-3.

°The number of HGT. in different subsets as follows: ‘DEQ’, genes with no significant change in expression (either up or down); ‘DET’, genes significantly up- or downregulated, depending on the

defined subset. Fraction denominators show the total number of genes in each subset.

dp-value for Fisher's exact test (two sided) for an association between classifications; null hypothesis: true odds ratio is equal to 1.
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Fig. 2 | Gene expression in response to pathogen exposure in the bdelloid
rotifers A. vaga and A. ricciae. Points represent individual genes plotted by log,
fold-change in expression level on the X-axis and significance (-log;o FDR) on the Y-
axis, shown for a A. vaga and b A. ricciae at timepoints 7- and 24-hours post-
inoculation. Positive X-axis values indicate genes upregulated in response to live
pathogen challenge. Genes with significant expression changes (defined as abso-
lute fold-change > 4 and FDR < 1e-3, dashed lines) are shown in colour, with HGT¢
indicated by darker shading. Genes with non-significant expression changes are
shown in grey (>95% of genes are non-significant at these thresholds). At T7, the
relative magnitude of DE among upregulated genes did not differ significantly
between species (estimate = 0.076, SE=0.053, ¢t =144, P=0.15). However, at T24
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the relative magnitude of upregulation was significantly higher for A. ricciae than A.
vaga (three-way interaction of time, species and DE set: estimate = 0.23, SE = 0.058,
t=4.02, P=5.8e-5). No significant differences were detected between species in
magnitude of downregulation (Supplementary Table 1). ‘NS core’ = no significant
change in expression and not HGT¢; ‘NS HGT(¢ = no significant change in expres-
sion and is HGT¢; ‘DE core’ = significant change in expression (up or down) and not
HGT¢; ‘DE HGT( = significant change in expression (up or down) and HGT; values
indicate the number of genes in each category. Bar plots show the proportion (%) of
HGT per DE subset. P-values refer to tests of non-association between HGT¢ and
the corresponding DE subset (two-tailed Fisher’s exact tests, Table 1).

checked the identities of genes that were differentially expressed in
the two experiments. Overall, the proportion of upregulated genes
shared between any two treatment conditions was low (mean = -13%;
Fig. 3c and Supplementary Table 5), indicating that the large majority

of significantly differentially expressed genes in A. vaga, including
HGTc, are specific to either the infection or desiccation experiment.

These results also are consistent with evidence from a third
experiment studying the response of A. vaga to desiccation and
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Fig. 3 | Gene expression in response to desiccation stress in A. vaga. Reanalysis
of gene expression data from Hecox-Lea and Mark Welch (2018)", showing the
proportion of HGT¢ in significantly DE gene subsets when animals are a entering
and b recovering from desiccation. Plots arranged as in Fig. 2; enrichment relative
to non-DE baselines were assessed as above by two-tailed Fisher’s exact tests. Extent
of gene sharing in differentially (c) upregulated and d downregulated subsets
between the pathogen and desiccation experiments. Pathogen groups (T7 and T24)
are shown in solid outlines, desiccation groups (‘Ent’ = entering anhydrobiosis and
‘Rec’ = recovering from desiccation) in dashed outlines. Values in each segment

show the number of A. vaga genes significantly up- or downregulated for inter-
secting groups. Segments with no values have no genes shared across that inter-
section. Overall, the proportion of upregulated genes shared between experiments
is low (ca. 10%) compared to within experiments (mean = 52%; see Supplementary
Table 5 for further details). Values just for HGT¢ showed a similar pattern: of the 285
HGT upregulated during recovery from desiccation, only 33 (-12%, T7) and 63
(-24%, T24) were also upregulated in response to pathogens. Even fewer genes are
shared among downregulated subsets.

ionising radiation’*. The proportion of HGT: among upregulated
genes in the desiccation response (14.3%) was nearly identical to that
reported above (14.7%). The radiation response overlapped only par-
tially with desiccation, and 10.3% of upregulated genes were reported
as HGT, which was not a significant enrichment. Genes upregulated in
response to pathogens in our experiment thus showed significantly
stronger enrichment for HGT¢ than has been reported to date for two
abiotic stressors.

The susceptible and resistant species differ strikingly in
expression of HGT¢ with predicted biosynthetic functions

To investigate putative functions of the upregulated genes, we
performed functional enrichment analyses for Gene Ontology (GO)

terms” overrepresented among upregulated HGT, relative to all
genes (Supplementary Data 3). We focused first on A. ricciae at T24,
taking this as a mature expression profile that ought to include
genes mediating resistance, given that over 70% of these hosts
eventually survived. Applying stringent statistical criteria (FDR <
0.001), we identified 29 significantly enriched GO terms among
upregulated HGT¢ (summarised in Fig. 4a). The most highly over-
represented term was ‘phosphopantetheine binding’ (GO:0031177).
Phosphopantetheine is a key cofactor in the activity of non-
ribosomal peptide, polyketide and hybrid synthetases (NRP/PKS),
acting as a ‘swinging arm’ to bring activated fatty acid or amino acid
groups into contact with sequential catalytic centres during
biosynthesis’®”’. Three more of the top five most strongly enriched
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Fig. 4 | Enriched Gene Ontology (GO) terms for upregulated HGT¢ at T24.

a Significantly enriched GO terms relating to the molecular function of HGT¢
upregulated in A. ricciae in response to the pathogen (FDR < 0.001) at T24. The area
of the rectangle corresponds to the relative magnitude of enrichment of each term;
related sub-terms are grouped under a single colour. Terms associated with NRP/
PKS functions are highlighted with a yellow border. ‘Catalytic activity’ and ‘oxi-
doreductase activity’ are associated with NRP/PKS functions too, but these are high-
level generic terms. b Equivalent plot for A. vaga. ¢ As a control, we applied the
same functional enrichment analysis (but with a permissive FDR < 0.05) to HGT¢
that were differentially expressed by A. vaga while entering desiccation (Supple-
mentary Data 5). d Equivalent plot showing GO terms for upregulated HGT¢

(FDR < 0.05) during recovery from desiccation. If enriched gene categories reflect a
generalised stress response rather than putative adaptations to a fungal attack, or
arise from biases in GO or HGT¢ annotation, we would expect some of the same
terms to emerge. However, there was no enrichment in either case for GO terms
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relating to NRP/PKS. Instead, NRP/PKS-associated terms were significantly enriched
among genes downregulated by A. vaga when entering or recovering from desic-
cation (e.g. ‘phosphopantetheine binding’, FDR =1.45e-5; ‘antibiotic biosynthetic
process’, FDR = 0.0029; Supplementary Data 5). In response to desiccation, there-
fore, rotifers seem more likely to downregulate NRP/PKS genes that had been
constitutively expressed in hydrated control animals, rather than upregulating
those that were not previously active. RNA ligase and glucan-binding (lichenase)
functions were not enriched among upregulated genes in the desiccation condi-
tions either, even with a relaxed threshold (FDR < 0.1). When the shared ‘oxidor-
eductase activity’ term was disaggregated into more specific sub-terms, there was
no overlap between stressors (Supplementary Data 6). In general, almost no
overlap was detected in terms of molecular function or biological process between
the pathogen and desiccation responses, either for the HGT shown here or for all
genes considered together (6/157 shared molecular function terms, < 4%, Supple-
mentary Data 6).

GO terms were similarly associated with NRP/PKS functions or
processes. Phosphopantetheine binding remained the most
strongly enriched GO term among all upregulated genes (i.e., before
filtering for HGT(), indicating that enrichment is not simply because
genes with this term are especially likely to be classed as HGT¢
(Supplementary Data 4).

The more susceptible species shows a markedly different pattern.
Applying the same analysis to A. vaga at T24, we found no significant
enrichment among upregulated HGT for any of eight NRP/PKS-asso-
ciated GO terms that were enriched in A. ricciae (Fig. 4b; Supplemen-
tary Data 3), even with relaxed statistical stringency (FDR < 0.05). This
was especially notable because 78% of the enriched (FDR < 0.001) GO
terms in A. vaga were otherwise shared with A. ricciae (14/18 terms),
rising to 100% overlap at FDR<0.05. The divergent pattern with
respect to NRP/PKS biosynthesis-associated terms, therefore, appears
to be the most prominent difference between the resistant and the
susceptible species in the predicted functional profiles of upregu-
lated HGTc.

The detailed output of the GO analysis indicated that these results
were driven by 27 predicted proteins in A. ricciae, each associated with
two or more NRP/PKS-related GO terms (inventoried in Supplementary
Data 7). An initial BLAST search of these upregulated HGT¢ products
against the UniProt/Swiss-Prot curated protein database returned top
matches to NRP/PKS-like proteins encoded by bacteria and fungi
(Supplementary Data 7). Bacterial matches were all NRPS proteins that
catalyse the production of antimicrobial compounds, including baci-
tracin, surfactin, mycosubtilin, tyrocidines and gramicidins— products
which show broad-spectrum activity including against fungal
hyphae”° and spores®. This result raises the hypothesis that A. ricciae
resists fungal pathogens in part by synthesising antifungal secondary
metabolites using highly modified nonribosomal peptide synthetases
originally acquired from bacteria.

Both species encode multiple divergent NRP/PKS clusters, with
stronger differential expression by the more resistant species

To fully survey the A. ricciae and A. vaga genomes for putative NRP/
PKS genes, we searched the predicted proteomes for matches to three
key canonical NRP/PKS-related domains (see Methods for details). This
returned positive matches in both species: 60 in A. vaga, 36 in A. ricciae
(Supplementary Data 7). The same screen returned no matches to the
proteomes of the monogonont rotifers Brachionus plicatilis® and
B. calyciflorus®, nor the acanthocephalan Pomphorhynchus laevis®.
Alignment of the bdelloid sequences to the more comprehensive
UniProt/Uniref90 protein database showed hits to a large variety of
NRP/PKS-like proteins, overwhelmingly from bacteria, but with a few
secondary hits to fungi and protists (Supplementary Data 8). There
were no significant hits to other metazoans, suggesting the bdelloid
copies are not similar to other known cases of rare NRP/PKS-like genes
in animals®**®. Phylogenetic analysis of the canonical NRP/PKS con-
densation domain supported this hypothesis, showing that the
majority of bdelloid copies form a large and diverse monophyletic
clade distinct from other representatives (Fig. 5a). We observed sub-
stantial diversity in domain organisation among bdelloid copies
(Fig. 5b), although interpreting these sequences is challenging because
NRP/PKS are large multimodular proteins that can be encoded as
single genes or clusters. They often contain duplications, recombina-
tion or fusion of copies or modules® that are not easily resolved in
short-read assemblies such as Avl3 and Arl8. To check our ‘three-
domain’ NRP/PKS CDS inventory, we used a combination of manual
and automated methods to locate putative biosynthetic gene clusters
in a recently available chromosome-scale assembly for A. vaga (Av20),
independent of our other annotation pipelines. We identified
approximately 40 clusters (Fig. 5¢; Supplementary Fig. 12 and Sup-
plementary Data 9). Like many HGTc, these are overrepresented
in highly dynamic subtelomeric regions that are hard to assemble
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Fig. 5 | Diversity, structure, genomic location, and expression dynamics of
putative NRP/PKS encoded by bdelloid rotifers. a Phylogeny of NRP/PKS coding
sequences (CDS) based on aligning the condensation domain to selected sequen-
ces from other kingdoms. Components of selected bacterial and fungal anti-
microbial biosynthesis pathways are named for reference, together with Nrps-1and
Pks-1, which synthesise neuron-associated molecules in Caenorhabditis elegans.
Other examples of animal NRP/PKS include a springtail (Folsomia candida), mollusc
(Lottia gigantea), lancelet (Brachiostoma belcheri) and sea star (Patiria miniata).
Shading and symbols for bdelloid copies correspond to the expression dynamics at
T24 (panel e). The ‘upregulated clade’ in blue dashed lines comprises 11 CDS from A.
ricciae and 1 from A. vaga. The other upregulated A. vaga CDS (asterisk) clusters
with bacterial homologues and may be a recent acquisition (its best match is pksN1
from Corallococcus coralloides; Supplementary Data 8). b Domain arrangement for
significantly upregulated PKS-NRPS hybrid clusters. Multiple partially-assembled A.
ricciae CDS are aligned to the more completely assembled, putatively orthologous
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the phylogeny is highlighted in yellow. ¢ Locations of ca. 40 putative biosynthetic
gene clusters (black lines, inner circle) in a haploid, chromosome-scale A. vaga
assembly. Blue-shaded sectors show subtelomeric regions; orange track shows
density of HGT¢. Arrows demark clusters corresponding to AVAG|g23567 (black)
and AVAG|g48151 (blue). d Density of a telomeric repeat motif in 25 kb up- and
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putative NRP/PKS (n =1120, 1138, 97 and 45 for A. vaga and A. ricciae respectively).
Boxplots show median and interquartile range (IQR); whiskers extend to the
farthest datapoint from the median that remains within 1.5*IQR of Q1 and Q3
respectively. e Expression dynamics for all putative NRP/PKS CDS in A. vaga (n = 60)
and A. ricciae (n=36) at T7 and T24. Boxplot components are as in d, but show
distributions exclusively for upregulated NRP/PKS CDS (significant or not); filled
symbols indicate significant DE (absolute fold-change > 4, FDR < 1e-3). Source data
are provided as a Source Data file.

(the same holds for A. ricciae, Fig. 5d; Supplementary Fig. 13 and
Supplementary Table 6). Nevertheless, 59 of 60 (98%) of our NRP/PKS
gene models from Av13 mapped to independently identified biosyn-
thetic clusters in Av20, and over 94% of Av20 clusters with a canonical
condensation domain were represented at least partially in our puta-
tive NRP/PKS gene set. This suggests that the ‘three domains’ predic-
tion set from the Avl3 and Arl8 assemblies gives an accurate, if
conservative estimate of NRP/PKS diversity.

Expression profiles of putative NRP/PKS CDS show that the more
resistant A. ricciae upregulates three at T7, rising to 11 at T24, whereas
in the more susceptible A. vaga, no NRP/PKS gene models are sig-
nificantly upregulated at T7, rising to two at T24 (Fig. 5e; Supple-
mentary Data 1). Moreover, the fold-change for upregulated NRP/PKS
was over an order of magnitude higher for A. ricciae than A. vaga at
T24, driven by this group of 11. These genes were barely expressed
under control conditions: of those with measurable expression, the

Nature Communications | (2024)15:5787



Article

https://doi.org/10.1038/s41467-024-49919-1

A. vaga
hypothetical

product (g48151)
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a Secondary metabolite prediction for the full-length annotation AVAG|g48151 (this
was preferred over the partially-assembled annotations depicted in Fig. 5b for the A.
ricciae ortholog). The PKS-NRPS hybrid cluster corresponding to gene model
AVAG|g48151 is predicted by SeMPI 2.0 to synthesise a cyclic heptadepsipeptide.
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b Maximum common substructures estimated by SeMPI 2.0 are shown (green
highlighting) for the two named compounds with the highest similarity to the
predicted product: hymenamide J, isolated from extracts of the marine sponge
Hymeniacidon sp. and its microbiota, and tyrocidine A, a cyclic decapeptide with
potent antifungal activity produced by Bacillus brevis.

mean normalised read count (TMM = 0.015) was lower than 96.8% of
genes, reflecting a rapid switch from almost no transcription to large-
scale production.

The resistant species shows duplication of a shared PKS-NRPS
hybrid cluster predicted to produce a cyclic peptide similar to
known antibiotics

The condensation phylogeny and expression profile for the set of
predicted NRP/PKS CDS shows a closely related (aLRT > 95%)
cluster of 11 CDS from A. ricciae and 1 from A. vaga that are all
significantly upregulated (‘Upregulated clade’ in Fig. 5a), sug-
gesting duplications in A. ricciae of an ortholog that is present in
both species. To circumvent assembly issues discussed above, we
manually investigated copy number and orthology of this focal
cluster using alternative assemblies for both A. vaga and A. ricciae
(see Supplemental Methods for further details). This revealed that
A. vaga encodes two nearly identical homologous copies of this
PKS-NRPS hybrid cluster (represented by AVAG|g48151 in Fig. 5b),
whereas A. ricciae appears to encode at least six copies of an
orthologous PKS-NRPS cluster that shares all the key modules. The
clusters in A. ricciae are flanked by multiple copies of genes
encoding the two major classes of metazoan and bacterial meta-
bolite transporter proteins (ABCB1 and MFS-family), associated
with resistance to antibiotics and export of toxic compounds from
cells. These, too, are dramatically upregulated on exposure to the
pathogen (Supplementary Table 7 and Supplementary Data 10),
along with a flanking gene encoding the cytochrome P450 domain,
linked to secondary metabolite detoxification in metazoans and
biosynthesis in bacteria.

As a final step to explore potential function, we predicted the
structure of the secondary metabolite synthesised by this PKS-NRPS
hybrid cluster, using the full-length annotation represented by AVAG]|
g48151. The product predicted by SeMPI v2.0* is a cyclic heptadepsi-
peptide (Fig. 6a) with no highly similar hits (metabolite score >0.7) to
known compounds in the screened databases (Supplementary
Data 11). However, the named bacterial metabolite with the highest
similarity (score 0.64) is tyrocidine A (Fig. 6b), a cyclic decapeptide
with broad-spectrum antimicrobial activity that disrupts fungal
membranes’, retards conidial germination and inhibits extension
of hyphae®. A second match (score 0.61) is to hymenamide J, an
octapeptide isolated from the microbiota associated with a
marine sponge®, with cytotoxic properties’ but to our knowledge
unscreened for antimicrobial activity (though a related compound,
hymenamide E, shows potent antifungal activity”).

HGT with matches to RNA ligases and glucanases are
disproportionately upregulated in both hosts

Whereas expression of NRP/PKS CDS differed between the host spe-
cies, two other prominent HGTc-encoded elements of the pathogen
response were shared. First, terms related to RNA repair are at or near
the top of enrichment analyses for both species and timepoints (e.g.
G0:0008452, ‘RNA ligase activity’; Fig. 4a, b). Only about 15 genes in
either species have this term, but 50-70% of these are consistently,
significantly and strongly upregulated in response to the fungus
(Supplementary Data 3). This includes the two most strongly upregu-
lated genes at both time points in A. vaga. The rotifer-encoded RNA
ligase domains (Pfam accession PF013563) cluster phylogenetically
with non-metazoan lineages (including bacteria, fungi, viruses, and
non-metazoan eukaryotes; Supplementary Fig. 14a-c). The top BLAST
matches are to RNA ligases from bacteria or bacteriophages, where
they function in tail fibre assembly (Supplementary Data 10).

Second, both species show upregulation of HGT¢ with putative
glucanase activity at both timepoints (e.g. GO:0042972, ‘licheninase
activity’, active on f-1,4 or 5-1,3 glycosidic bonds; 6 genes in A. ricciae;
3 in A. vaga at T24; Supplementary Fig. 14d and e; Supplementary
Data 3). These genes had top BLAST matches to glycoside hydrolase
(GH) family enzymes in bacteria, and have possible roles in recognising
or attacking fungal cell walls’%. While present in both species, the more
resistant A. ricciae seems to encode and express a marginally expanded
repertoire of these enzymes. Neither RNA ligase nor licheninase
functions were enriched in the responses to desiccation (Fig. 4c, d).

A final category that was consistently enriched against pathogens
was the generic term ‘catalytic activity’ (GO:0003824). Closer exam-
ination of individual genes revealed at least 6 with matches to com-
ponents or regulators of plant immunity, including phenylpropanoid
and shikimate biosynthetic pathways. Other genes of interest included
dioxygenases and two matches to fungal genes linked to programmed
cell death: a metacaspase and a caspase-like protease (Supplementary
Data 10, Supplementary Fig. 14f).

Horizontally acquired pathogen-induced genes were largely
inherited from a common ancestor

Functional similarities between the responses of A. ricciae and A. vaga
might either reflect shared inheritance of an ancient HGT¢ portfolio
common to many bdelloid rotifers, or independent gains of genes with
common functions but different and potentially recent non-metazoan
origins. We tested these alternative hypotheses by examining patterns
of presence or absence for all upregulated HGT¢ across A. vaga,
A. ricciae, and other sequenced bdelloid genomes (see Supplementary
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Methods). Of 372 HGT upregulated by A. ricciae at T24, 351 (94%)
showed evidence (Diamond ‘blastp’ hit with E-value <1e-5) of ortho-
logs in distant bdelloid genera (Rotaria or Didymodactylos), consistent
with acquisition millions of years ago®® (Supplementary Data 12). All
the remaining 21 genes shared orthologs within Adineta, indicating
gains at least as old as congeneric divergences. Similarity between the
two focal species, therefore, seems to reflect inheritance of horizon-
tally acquired genes from a common ancestor. In A. vaga, at T24, just
one upregulated HGT¢ out of 285 (AVAG|g23567, marked with an
asterisk in Fig. 5a) had no identified orthologous counterparts and
represents a putative recent acquisition. Consistent with this hypoth-
esis, its corresponding gene model lacks introns and shows a marked
elevation in GC content relative to its genomic background (Supple-
mentary Fig. 15). It appears to encode an NRPS-PKS hybrid synthetase
with closest UniProt/Swiss-Prot matches to bacterial PKS that synthe-
sise macrolide antibiotics such as methymycin and pikromycin (Sup-
plementary Data 8). The SeMPI prediction for this cluster is a small
linear polyketide whose closest named match is alpiniamide (meta-
bolite score 0.66), a product of Streptomyces sp. whose activity is
unknown (Supplementary Data 11).

Discussion

Although the scale and diversity of horizontally acquired genes
encoded by bdelloid rotifers were recognised over 15 years ago®,
relatively little is known about their function, expression, or links to
phenotypes. We found that these genes are markedly enriched in the
response of bdelloid rotifers to a fungal pathogen, as predicted by the
evolutionary hypothesis that relentless interspecific conflict is a key
selection pressure favouring genetic transfer. Among the most
strongly upregulated products are putative NRP/PKS genes apparently
acquired and modified from bacteria or fungi, which use related genes
to produce secondary metabolites with antimicrobial activity. Both
bdelloid species encode dozens of biosynthetic clusters, but the more
resistant species A. ricciae upregulates more of these, more rapidly and
to a greater degree when attacked by R. globospora than does the less
resistant A. vaga. Together, these results provide evidence for the
hypothesis that bdelloid rotifers defend themselves against natural
enemies in part by expressing horizontally acquired biosynthetic
pathways used for interspecific conflict in other kingdoms. It is note-
worthy that such an unusual strategy should have emerged in a class of
metazoans lacking reports of males or mating™.

Among eukaryotes, HGT is widely detected in fungi®, including
acquisition of NRP/PKS genes from bacteria, but is thought to be far
rarer among animals*>®, While some putative horizontally acquired
genes might conceivably represent novel gene families with a deep or
obscure metazoan heritage, the horizontal origin of the genes we
highlight is well supported by phylogenetic evidence. Indeed, two
nonribosomal peptide synthetases of apparent bacterial origin were
among the first non-metazoan genes to be detected in A. vaga genomic
libraries, leading to an early suggestion that bdelloid biosynthetic
activity might include the production of secondary metabolites®.
However, NRP/PKS genes were not explored further until now, perhaps
partly because of difficulties in assembling and annotating these large,
multimodular and highly duplicated genes, and partly because of low
levels of baseline expression.

That bdelloid rotifers encode and express so many apparently
functional NRP/PKS is highly unusual. PKS genes are known from a few
animals, some potentially gained via horizontal transfer, but others
encoded by ancestrally metazoan genes that usually comprise a single
module’®. NRPS and multimodular PKS-NRPS are thought to be very
rare in animals, with only isolated cases identified®**’. Some of these
lack the canonical domains of fungal and bacterial NRPS and are
associated with neuroregulatory functions rather than pathogen
defence or secondary metabolism®. To our knowledge, the only
comparable case described previously is the springtail Folsomia

candida, whose genome also has been estimated to encode an ele-
vated proportion of HGT, including several putative NRPS genes
whose functions are unclear*$5>%,

A key question is what compounds are synthesised by these
genes. The rotifer proteins show low similarity to even the best-
matching bacterial hits, and initial secondary metabolite predictions
indicate products with limited similarity to known compounds. How-
ever, the top hits for both proteins and products appear to match
antimicrobial or cytotoxic compounds with activity against fungi,
rather than pigments, siderophores or other diverse products of fun-
gal and bacterial synthetases. The co-location and co-expression with
metazoan and prokaryotic pumps that are known to export antibiotics
and toxins out of cells'”® is also consistent with such a function. A key
limitation is the current lack of genetic tools to test the function of
genes of interest in bdelloids. Until such methods become available,
functional and comparative analysis of differential expression data
provides the best initial insight into genes that might mediate the
pathogen response and its variation among species.

A role for the strong upregulation of HGTc RNA ligases in both
species may be suggested by molecular mechanisms in other host-
parasite systems. Close relatives of Rotiferophthora in the fungal order
Hypocreales attack their insect hosts using ribotoxins as virulence
factors'” %, These secreted ribonucleases cleave the highly conserved
sarcin-ricin loop in the large ribosomal subunit of host cells, fatally
inhibiting protein synthesis'%. If Rotiferophthora hyphae secrete simi-
lar virulence factors against Adineta, then rapid upregulation of pro-
teins with RNA ligase activity might help the host to react by protecting
or repairing ribosomes'®, According to a recent review, RNA-targeting
toxins, RNA ligases and related RNA repair systems are “extensively
disseminated by lateral transfer between distant prokaryotic and
microbial eukaryotic lineages consistent with intense inter-organismal
conflict”’®, This raises the hypothesis that bdelloids have borrowed
molecular components from RNA-based microbial warfare to defend
against an RNA-targeted attack by their own pathogens.

Both species also upregulated carbohydrate-active enzymes of
bacterial and fungal origin with a range of glycoside hydrolase family
domains. The function of these and other upregulated glucan-binding
enzymes in pathogen defence is unclear, but two GH16 family genes
acquired horizontally from fungi by a nematode have been linked to
digestion of fungal cell walls and inhibition of conidial germination®~
Upregulation of similar genes by bdelloids could mediate resistance by
targeting components of fungal cell walls such as chitin or glucans,
either as recognition receptors or by degrading them directly'*%,
Glucanases are secreted by plants and bacteria as antifungal
compounds'®™, mediate antagonism between fungi'’, and are
implicated in insect antifungal defences against Metarhizium, a close
relative of Rotiferophthora’.

The stringent thresholds we set here focus attention on the most
strongly upregulated sets of genes. Relaxation of these thresholds
would reveal additional genes of interest but is unlikely to affect the
prominence of three major functional classes: NRP/PKS biosynthesis,
RNA repair, and glucan binding. We focused on HGT¢ genes here and
did not closely explore differential expression of metazoan genes
within or between species, so it remains to be seen whether HGT¢
effectors replace or complement functions typically provided by the
innate immune system®.

The hypothesis that HGT¢ expression is important in pathogen
defence might initially seem to predict stronger enrichment among
upregulated versus downregulated genes. Although upregulated
HGT¢ genes outnumber downregulated in every condition, enrich-
ment was proportionally similar in both directions. One explanation—
that HGT¢ are more loosely regulated and fluctuate more in expression
than metazoan genes—can be rejected because desiccating rotifers
showed no such pattern. A second possibility is that rotifers often
regulate HGTc products using HGTc regulatory proteins, either

Nature Communications | (2024)15:5787

10



Article

https://doi.org/10.1038/s41467-024-49919-1

because these were acquired together or became ‘wired’ together in
their new metazoan context. If so, then upregulation of HGTc-enriched
effectors might be paired with downregulation of HGTc-enriched
negative regulators or repressors. This explanation has some support:
the word “regulation” appears in 40% of GO terms enriched among
HGT that are downregulated in response to pathogens, but not at all
among upregulated genes (Supplementary Table 8). Thirdly, perhaps
HGTc genes performing other functions are downregulated to divert
resources to the immediate threat posed by the fungus. This could
include genes with functions unrelated to immune defence, or con-
stitutively expressed against bacteria present in the cultures or general
microbial attack. For example, in nematodes, induction of antifungal
defences correlates with repression of antibacterial immunity genes'?,
perhaps to focus resources on a pressing threat or balance biochem-
ical trade-offs in defence mechanisms'. This hypothesis could help
explain why, at T24, A. ricciae significantly downregulated five HGT¢
NRP/PKS CDS (Fig. 5d) that had been substantially expressed under
control conditions. The magnitude of this downregulation was higher
than the single downregulated NRP/PKS CDS in A. vaga (Fig. 5d, Sup-
plementary Data 7), consistent with the hypothesis that A. ricciae
requires more downregulation of constitutively expressed NRP/PKS to
match stronger upregulation of the focal cluster. HGT¢ enrichment
among downregulated genes might therefore reflect trade-offs
among pathogen-specific defensive HGT sets, combined with pair-
ing between HGT regulatory and effector genes.

An association between horizontally acquired genes and bdelloid
defence against pathogens is consistent with a range of evidence that
genetic transfer may be evolutionarily favoured in part to address
biotic conflict, and with the specific hypothesis that diseases pose a
challenge for lineages where sex is rare or absent*, with special
measures required to keep up in the long term*'>", Of hundreds of
differentially expressed HGT¢ we identified, the vast majority were
gained prior to the common ancestor of A. vaga and A. ricciae, with the
interesting potential exception of one NRPS-PKS hybrid cluster in A.
vaga. Most are shared even more deeply among bdelloid rotifers. Gene
gains and losses, therefore, do not seem to occur in contemporary
bdelloid species at the speed or scale theoretically required to sustain
rapid coevolution, or to be comparable with sexual recombination or
prokaryotic HGT dynamics" . Over deep evolutionary time, how-
ever, bdelloids have built up a biochemical repertoire that could pro-
vide enhanced defensive capabilities and the raw material for genetic
differences to arise.

One feature that could promote variability over shorter time-
scales is the enrichment of NRP/PKS genes in subtelomeric regions.
These tend to be dynamic, and in bdelloids harbour a high con-
centration of transposable elements, including the giant Terminon
elements'”, which can facilitate translocation. A previous study in A.
vaga provided evidence that an NRPS gene is mobilised within the
genome in association with transposable elements'*. A dynamic gen-
ome location increases the opportunities for duplication, intrage-
nomic mobilisation and recombination of the modular genes encoding
these complex enzymes”'°, While the dynamic nature of sub-
telomeric regions makes it hard to assemble these regions robustly,
the comparison between A. ricciae and A. vaga provides initial support
for this model: an HGT cluster initially shared by both species has
apparently undergone serial duplications or losses between them,
probably contributing to the markedly different expression patterns
we detected. If confirmed by further investigation, including in other
bdelloid species, these mechanisms would represent an unusual ave-
nue of defensive evolution for an animal.

Rare gain of new antimicrobial pathways, coupled with ongoing
rearrangement and expansion of acquired clusters in dynamic genome
regions, might help in the long term to diversify defensive phenotypes
among bdelloid lineages. Further comparisons of resistance and gene
expression among different host and pathogen species will be needed

to test for such differences, and to interpret their links to coevolu-
tionary theory"*'”. In the shorter term, ecology plays a key role:
bdelloid rotifers can escape from epidemics of R. globospora and other
pathogens by dispersing in a desiccated state that the fungus does not
tolerate’®®’. This dispersal asymmetry could help host populations
persist long enough to evolve physiological resistance via the longer-
term processes posited here, while reducing reciprocal opportunities
for a pathogen to evolve resistance to a repeatedly encountered anti-
microbial compound. Together, these unusual ecological and genetic
factors might help explain how these rotifers keep pace with coevol-
ving antagonists despite the long-term rarity or absence of sexual
outcrossing.

Finally, our results raise the intriguing possibility of discovering
new antimicrobial compounds in bdelloids. Prospecting for anti-
microbials in nature is largely limited to bacteria and fungi. Among
various barriers to developing successful products is the high prob-
ability that a compound will be toxic to animal cells and, therefore, fail
early stages of testing'?®. Our results suggest that bdelloid rotifers have
spent millions of years ‘bioprospecting’ for antimicrobial synthesis
machinery across multiple domains of life, and adapting it for large-
scale expression in animal cells to defend against fungi or bacteria. If
so, investigations of the secondary metabolome of bdelloid rotifers”
may be of considerable interest in the search for novel antimicrobial
agents to treat animal infections.

Methods

Rotifer and pathogen isolates

Animals belonging to the species Adineta ricciae® and A. vaga™*™
were isolated respectively in 1998 from mud in Australia®® and ca. 1984
from moss in Italy™. The fungal pathogen Rotiferophthora
globospora®® was found attacking co-occurring rotifers of the genus
Adineta in soil in northern New York®. A pure culture on potato dex-
trose agar (PDA) was obtained in December 2008 using methods
described elsewhere™, and deposited in April 2009 with the USDA
Agricultural Research Service Collection of Entomopathogenic Fungal
Cultures (ARSEF) for long-term cryogenic storage under the accession
code ARSEF 8995.

Infection assays

Adult rotifers were transferred to 96-well plates (Thermo-Fisher), with
approximately 11 animals per well (mean: 11.0, SD: 3.5) in 60 uL of
sterilised, distilled water. Wells were inoculated with 8 uL of freshly
prepared R. globospora conidial suspension at a density of 125 spores
uL™%. Negative control wells received 8 uL of distilled water or inacti-
vated spore suspension (see Supplementary Methods). The final den-
sity of spores in each well was high (ca. 15 conidia uL™) to ensure every
animal was exposed to the pathogen in a synchronised pulse. Rotifers
were counted after 72 hours (Supplementary Fig. 16) and classed as
active, contracted, killed by infection (if at least one hypha had
emerged through the integument from the interior) or otherwise dead.

RNA-seq experimental design

Rotifer populations were reared in eight replicate Petri dishes per
species, with ca. 50 founders per dish, fed only with E. coli (OP50, 5 x108
cells per dish) in distilled water. Rotifers were counted and harvested
after 4 weeks, when the mean population size was about 3000 per dish
for A. ricciae and 2000 for A. vaga. Populations were then subdivided
to yield 16 replicate 1.5 mL tubes for each species, with approximately
1000 animals per tube for A. ricciae and 600 for A. vaga. Tubes were
then randomly allocated to receive either live or irradiated pathogen
spores, and to have RNA extracted either 7 or 24 hours later, with each
combination replicated four times. Irradiated spore suspensions (see
Supplementary Methods) were used as a control treatment to account
for physical, chemical, or nutritional effects of ingesting fungal cells, so
that all else was equal except for pathogen viability. Tubes were
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inoculated with 20 L of live or irradiated spore suspension at a density
of 500 spores uL, for a total of 10,000 spores and a final density of 80
conidia uL™, to ensure every animal was exposed as synchronously as
possible, and then incubated upright at 20°C in a blocked layout until
RNA extraction.

RNA extraction and sequencing

Total RNA was extracted from each tube at the appropriate time-
point using a column-based RNeasy Mini kit (Qiagen #74104), fol-
lowing the manufacturer’s protocol for animal tissues. Extracted
RNA was eluted in 32uL of RNase-free water and 1.5uL aliquots
were analysed using a Nanodrop 2000 (ThermoFisher). Spectro-
photometric measurements were used to select the three replicates
with the highest RNA concentrations from each treatment group for
further analysis and sequencing (24 tubes total). Libraries were pre-
pared using the TruSeq stranded mRNA kit (Illumina) and sequenced
on an lllumina NovaSeq 6000 at Edinburgh Genomics (Edinburgh,
UK), using an SP flow cell to generate 50-base paired-end reads
(-200 bp inserts).

Data filtering and quality control
Raw sequencing reads were quality- and adapter-trimmed using
BBTools ‘bbduk’ v38.73 and error-corrected using BBTools ‘tadpole’
(https://sourceforge.net/projects/bbmap/). Unwanted ribosomal RNA
(rRNA) reads were removed by mapping to the SILVA rRNA database™*
using BBTools ‘bbmap’. Contaminant reads derived from either the
bacterial rotifer food present in the dishes (£. coli strain OP50) or from
the fungal pathogen itself were removed using a similar approach, by
mapping to the OP50 genome (NCBI accession GCF_009496595.1) or
to all available genomes of fungi in the family Clavicipitaceae (NCBI
taxid 34397; see Supplementary Methods for further details). An
average of 78.5 million reads were retained per library after filtering
(94.2 Gb total data; Supplementary Table 9), with >99% of filtered data
mapping to the A. vaga (Av13) and A. ricciae (Ar18) reference genomes
(Supplementary Table 10). We tested for and excluded any residual
contribution of RNA reads from contaminating bacteria to differential
expression calculations for significantly upregulated HGT¢ (Supple-
mentary Tables 11-15).

Code and source data for core bioinformatics analyses are avail-
able online at https://doi.org/10.5281/zenodo.11402163",

Differential expression and functional enrichment analyses

Transcript quantification was performed using Salmon ‘quant’
v0.14.1", using the gene models of Nowell et al. (2018)* as the
target transcriptomes. Short transcripts (< 150 bases) were removed
prior to analysis, and genomic scaffolds were appended to each
transcriptome as ‘decoys’ prior to quantification as recommended
in the Salmon documentation. Relationships between biological
replicates within and between samples were checked visually using
utility scripts from the Trinity software’’, with results from PCA
indicating high correlation in gene expression among replicates
(Supplementary Fig. 17). Statistical analysis of the resulting count
matrix was performed with DESeq2 v1.26.0"%, which uses negative
binomial generalised linear models to test for differential expres-
sion. P-values were adjusted for multiple testing using the
Benjamini-Hochberg method™’ to control the false discovery rate
(FDR). Stringent thresholds of FDR <le-3 and absolute log, fold-
change > 2 (i.e., 4-fold difference in expression) were used to define
an initial set of differentially expressed genes for downstream
analysis. Comparisons of control populations showed that HGT¢
genes are expressed at significantly lower levels than non-HGT¢
genes, indicating that the enrichment for HGTc among differentially
expressed genes is unlikely to be explained by a known bias"%"*!
toward genes with higher expression levels (Supplementary
Figs. 18 and 19). To test whether our results were affected by the

choice of significance thresholds used or DE software, we repeated
the analysis using a range of fold-change thresholds (1.5-, 2-, 8-, and
16-fold absolute differences yielded the same results as 4-fold) and
across two alternative DE packages, with consistent results (Sup-
plementary Figs. 5-10; see Supplementary Methods for further
details). At the 1.5-fold threshold, the proportion of all HGT that
were differentially expressed at T24 was 19.7% for A. ricciae and
11.5% for A. vaga.

Functional annotations for all genes were assimilated using the
Trinotate v3.2.0'* pipeline, while putative HGT candidate genes
(HGT) were classified based on the analysis of Jaron et al. (2021), and
cross-checked with the recent publication of a chromosome-level
assembly for A. vaga*® (see Supplementary Methods for further
details). Functional enrichment analysis was performed using GOseq
v1.38.07, based on gene ontology (GO) terms identified during func-
tional annotation. For each timepoint, the test set was defined as HGT¢
genes that were significantly up- or downregulated (based on absolute
fold-change > 4 and FDR < 1le-3) versus the background set of the
whole genome. Significant GO terms were visualised using Revigo'*
(default parameters).

To test whether our results were affected by the choice of
genome-based transcriptome targets used, we repeated the above
analyses using transcriptomes that were assembled de novo from the
RNA-seq data (see Supplementary Methods for further details), inde-
pendent of reference assemblies or HGT filtering (Supplementary
Data 4). We found ‘phosphopantetheine binding’ (GO:0031177) was
still the most highly enriched term for A. ricciae (FDR = 3.72e-15), with
‘antibiotic biosynthetic process’ and ‘isomerase activity’ also sig-
nificantly enriched (FDR =0.0001), whereas none of these NRP/PKS-
associated terms was enriched at any level for A. vaga. The same
conclusion is therefore reached whether transcriptomes are assem-
bled and annotated de novo from RNA-seq data or mapped to gene
models predicted from the reference genomes.

To account for the lower RNA-seq coverage and power to detect
functional enrichment in the desiccation dataset™, we relaxed the
threshold for GO term enrichment to FDR <0.05, then to FDR<0.1
(Supplementary Data 5). This ensured we would not miss weak signals
of functional overlap between HGT¢ upregulated in response to biotic
and abiotic stress.

Statistical analyses

Differences in infection mortality between the species were calculated
as relative risk using the ‘riskratio’ function from the fmsb package
(v0.7.6) in R v4.2.0, testing for independence between species identity
and infection. To assess differences in transcriptional response to
infection between species, we fitted a linear mixed effects model to
predict DE (log, fold-change) including species and timepoint as two-
level fixed factors, DE category (‘upregulated’, ‘downregulated’ and
‘non-significant’ according to the thresholds outlined above) as a
three-level fixed factor, and gene ID as a random intercept term using
the ‘Imer’ function from the Ime4'** package in R v4.0.2'*°. To assess the
significance of differences in the proportion of HGT¢ in up- and
downregulated subsets of genes, we first fitted generalised linear
models for HGT as a binary response variable (1 = is HGT¢; O = is not
HGTc) against species as a two-level fixed factor and DE category as a
three-level fixed factor using the ‘glm’ function in base R. Separate
models were fitted for T7 and T24 timepoints. A reduced model was
then fitted using ‘glmer’ from Ime4, including DE category as a three-
level fixed factor and gene ID as a random intercept term. Frequency-
based tests of statistical significance were calculated on the two-
tailed basis.

Putative NRP/PKS screen and genomic validation in A. vaga
An automated screen was conducted on the predicted proteomes of
A. vaga and A. ricciae for putative NRP/PKS genes based on the
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presence of the canonical adenylation (AMP-binding, Pfam accession
PF0O0501), thiolation and peptide carrier protein (PP-binding,
PF00550) and condensation (PFO0668) domains, using HMMER
‘hmmsearch’ v3.3 (http://hmmer.org/). Only proteins with significant
matches (E-value <le-5) to all three domains were classified as
putative NRP/PKS in this ‘three-domain’ set of gene models. This
approach was validated by performing a manual survey in A. vaga,
where a chromosome-scale genome assembly (Av20) has recently
become available*® (Supplementary Fig. 12; see Supplementary
Methods for further details).

To test whether the identified NRP/PKS set were located in
telomeric regions, we counted the frequency of (i) genes, (ii) trans-
posable elements (TEs)*®, and (iii) the telomere-associated repeat
motif TGTGGG™® in (max) 50 kb windows surrounding each putative
NRP/PKS gene model using BEDTools v2.29.2. The span of each fea-
ture was converted to a proportion by dividing by the actual window
size for each flanking region, to correct for variation in window size.
The genomic context of core eukaryote BUSCO genes (n=303) was
also evaluated for comparison (Supplementary Fig. 13 and Supple-
mentary Table 6). Boxplots in Fig. 5d, e show median, interquartile
range (IQR), and whiskers extending to the farthest datapoint from
the median that is within 1.5*IQR of Q1 and Q3 respectively; points
beyond whiskers are statistical outliers. For A. vaga, the genomic
locations of NRP/PKS clusters were also ascertained directly based on
the Av20 genome assembly. The Av20 assembly (along with an
additional, alternative assembly for A. ricciae) was also used to
determine copy number and orthology of the set of upregulated
putative NRP/PKS gene models highlighted in Fig. 5 (see Supple-
mentary Methods for further details).

Phylogenetic analyses

Phylogenetic trees of rotifer-encoded NRP/PKS proteins with bacterial
and fungal homologues were constructed based on the alignment of
the condensation domain (PFO0668) with Pfam ‘seed’ representatives,
best-matching homologues from Uniref90 searches, and selected
known occurrences of NRP/PKS in animals® (see Supplementary
Methods for further details). Alignments were built using HMMER
‘hmmalign’, and phylogenetic analysis performed using IQ-TREE
v1.6.12', A similar approach was used to construct phylogenies of
other domains of interest linked to our GO enrichment analysis of
upregulated HGT¢ (Supplementary Fig. 14), including various RNA
ligase domains (PF13563, PF09414, PF09511); the glycosyl hydrolase
domains Glyco_hydro_16 (PF00722) and Glyco_hydro_64 (PF16483),
and the caspase domain Peptidase_C14 (PFO0656). This last domain
was plotted to contextualise an upregulated gene (ARIC|g44127)
matching a metacaspase of apparent fungal origin; the HMM search
revealed 101 and 69 proteins with a significant match to the Peptida-
se_Cl14 domain in A. vaga and A. ricciae respectively. Many of these
were marked as HGT from bacteria or fungi but are highly divergent
from known caspase homologues in either group, indicating a
bdelloid-specific expansion. Only a small number were found to be
significantly differentially expressed on exposure to the pathogen,
mostly downregulated (n =18 and 8 for A. vaga and A. ricciae respec-
tively; 4 and 2 upregulated).

Secondary metabolite prediction

Secondary metabolite products of focal NRP/PKS gene models were
predicted using the SeMPI v2.0 web server®”, with maximum cluster
distance set to 25kb and all metabolite databases selected, but
otherwise default settings (see Supplementary Methods for further
details).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All raw sequencing data generated by this study have been deposited
in the relevant International Nucleotide Sequence Database Colla-
boration (INSDC) database with the BioProject ID PRJEB39927 and the
SRA run accessions ERR4469891, ERR4469902-8, ERR4471099-102,
ERR4471104-11, and ERR4471113-6 (see Supplementary Table 9). This
study also analysed publicly available data from BioProjects PRJEB1171,
PRJEB23547, PRJEB43248, and PRINA494578. Source data are provided
with this paper.

Code availability

All custom scripts, source data, and bioinformatics workflows used in
this study are published in a publicly available GitHub digital reposi-
tory (https://doi.org/10.5281/zenodo.11402163).

References
1. Van Valen, L. A new evolutionary law. Evol. Theory 1, 1-30 (1973).
2. Hamilton, W. D. Sex versus non-sex versus parasite. Oikos 35,

282-290 (1980).

3. Brockhurst, M. A. et al. Running with the Red Queen: the role of
biotic conflicts in evolution. Proc. Biol. Sci. 281, (2014).

4. Schulte, R. D., Makus, C. & Schulenburg, H. Host-parasite coevo-
lution favours parasite genetic diversity and horizontal gene
transfer. J. Evol. Biol. 26, 1836-1840 (2013).

5. Choi, K. et al. Recombination rate heterogeneity within Arabi-
dopsis disease resistance genes. PLoS Genet. 12, e1006179
(2016).

6. Colnaghi, M., Lane, N. & Pomiankowski, A. Genome expansion in
early eukaryotes drove the transition from lateral gene transfer to
meiotic sex. Elife 9, e58873 (2020).

7. Ambur, O. H., Engelstadter, J., Johnsen, P. J., Miller, E. L. & Rozen,
D. E. Steady at the wheel: conservative sex and the benefits of
bacterial transformation. Philos. Trans. R. Soc. Lond. B Biol. Sci.
371, 20150528 (2016).

8. von Wintersdorff, C. J. H. et al. Dissemination of antimicrobial
resistance in microbial ecosystems through horizontal gene
transfer. Front. Microbiol. 7, 173 (2016).

9. Granato, E. T., Meiller-Legrand, T. A. & Foster, K. R. The evolu-
tion and ecology of bacterial warfare. Curr. Biol. 29, R521-R537
(2019).

10. Baunach, M., Chowdhury, S., Stallforth, P. & Dittmann, E. The
landscape of recombination events that create nonribosomal
peptide diversity. Mol. Biol. Evol. 38, 2116-2130 (2021).

1.  Sit, C. S. et al. Variable genetic architectures produce virtually
identical molecules in bacterial symbionts of fungus-growing
ants. Proc. Natl Acad. Sci. USA 112, 13150-13154 (2015).

12.  Caldera, E. J., Chevrette, M. G., McDonald, B. R. & Currie, C. R.
Local adaptation of bacterial symbionts within a geographic
mosaic of antibiotic coevolution. Appl. Environ. Microbiol. 85,
e01580-19 (2019).

13.  Narra, H. P. & Ochman, H. Of what use is sex to bacteria? Curr. Biol.
16, R705-R710 (2006).

14. Hamilton, W. D., Axelrod, R. & Tanese, R. Sexual reproduction as
an adaptation to resist parasites (a review). Proc. Natl Acad. Sci.
USA 87, 3566-3573 (1990).

15.  Agrawal, A. F. Similarity selection and the evolution of sex: revi-
siting the red queen. PLoS Biol. 4, e265 (2006).

16. Otto, S. P. & Nuismer, S. L. Species interactions and the evolution
of sex. Science 304, 1018-1020 (2004).

17.  Lehtonen, J., Jennions, M. D. & Kokko, H. The many costs of sex.
Trends Ecol. Evol. 27, 172-178 (2012).

18. Howard, R. S. & Lively, C. M. Parasitism, mutation accumulation
and the maintenance of sex. Nature 367, 554-557 (1994).

19. West, S. A, Lively, C. M. & Read, A. F. A pluralist approach to sex
and recombination. J. Evol. Biol. 12, 1003-1012 (1999).

Nature Communications | (2024)15:5787

13


http://hmmer.org/
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB1171
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB23547
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB43248
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA494578
https://doi.org/10.5281/zenodo.11402163

Article

https://doi.org/10.1038/s41467-024-49919-1

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

Hodgson, E. E. & Otto, S. P. The red queen coupled with directional
selection favours the evolution of sex. J. Evol. Biol. 25,

797-802 (2012).

Neiman, M., Meirmans, S. & Meirmans, P. G. What can asexual
lineage age tell us about the maintenance of sex? Ann. N. Y. Acad.
Sci. 1168, 185-200 (2009).

Moreira, M. O., Fonseca, C. & Rojas, D. Parthenogenesis is self-
destructive for scaled reptiles. Biol. Lett. 17, 20210006 (2021).
Decaestecker, E. et al. Host-parasite ‘Red Queen’ dynamics
archived in pond sediment. Nature 450, 870-873 (2007).
Ordonez, N. et al. Worse comes to worst: bananas and Panama
disease—when plant and pathogen clones meet. PLoS Pathog. 11,
1005197 (2015).

Morran, L. T., Schmidt, O. G., Gelarden, I. A., Parrish, R. C. Il &
Lively, C. M. Running with the Red Queen: host-parasite coevo-
lution selects for biparental sex. Science 333, 216-218 (2011).
Terwagne, M. et al. DNA repair during nonreductional meiosis in
the asexual rotifer Adineta vaga. Sci. Adv. 8, eadc8829 (2022).
Birky, C. W. Jr. Positively negative evidence for asexuality. J. Hered.
101, S42-S45 (2010).

Donner, J. Ordnung Bdelloidea. (Akademie-Verlag, Berlin, 1965).
Segers, H. Annotated checklist of the rotifers (Phylum Rotifera),
with notes on nomenclature, taxonomy and distribution. Zoo-
taxa (2007).

Wilson, C. G., Pieszko, T., Nowell, R. W. & Barraclough, T. G.
Recombination in bdelloid rotifer genomes: asexuality, transfer
and stress. Trends Genet. 40, 422-436 (2024).

Arkhipova, I. & Meselson, M. Transposable elements in sexual and
ancient asexual taxa. Proc. Natl Acad. Sci. USA 97, 14473-14477
(2000).

Mark Welch, D. & Meselson, M. Evidence for the evolution of
bdelloid rotifers without sexual reproduction or genetic
exchange. Science 288, 1211-1215 (2000).

Flot, J.-F. et al. Genomic evidence for ameiotic evolution in the
bdelloid rotifer Adineta vaga. Nature 500, 453-457 (2013).
Signorovitch, A., Hur, J., Gladyshev, E. & Meselson, M. Allele
sharing and evidence for sexuality in a mitochondrial clade of
bdelloid rotifers. Genetics 200, 581-590 (2015).

Debortoli, N. et al. Genetic exchange among bdelloid rotifers is
more likely due to horizontal gene transfer than to meiotic sex.
Curr. Biol. 26, 723-732 (2016).

Mark Welch, D. B., Mark Welch, J. L. & Meselson, M. Evidence for
degenerate tetraploidy in bdelloid rotifers. Proc. Natl Acad. Sci.
USA 105, 5145-5149 (2008).

Nowell, R. W. et al. Comparative genomics of bdelloid rotifers:
Insights from desiccating and nondesiccating species. PLoS Biol.
16, €2004830 (2018).

Nowell, R. W. et al. Evolutionary dynamics of transposable ele-
ments in bdelloid rotifers. Elife 10, 63194 (2021).

Wilson, C. G., Nowell, R. W. & Barraclough, T. G. Cross-
contamination explains “inter- and intraspecific horizontal genetic
transfers” between asexual bdelloid rotifers. Curr. Biol. 28,
2436-2444 (2018).

Simion, P. et al. Chromosome-level genome assembly reveals
homologous chromosomes and recombination in asexual rotifer
Adineta vaga. Sci. Adv. 7, eabg4216 (2021).

Laine, V. N., Sackton, T. B. & Meselson, M. Genomic signature of
sexual reproduction in the bdelloid rotifer Macrotrachella quad-
ricornifera. Genetics 220, iyab221 (2022).

Vakhrusheva, O. A. et al. Genomic signatures of recombinationin a
natural population of the bdelloid rotifer Adineta vaga. Nat.
Commun. 11, 6421 (2020).

Gladyshev, E. A., Meselson, M. & Arkhipova, I. R. Massive hor-
izontal gene transfer in bdelloid rotifers. Science 320,

1210-1213 (2008).

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

Boschetti, C., Pouchkina-Stantcheva, N., Hoffmann, P. & Tunna-
cliffe, A. Foreign genes and novel hydrophilic protein genes par-
ticipate in the desiccation response of the bdelloid rotifer Adineta
ricciae. J. Exp. Biol. 214, 59-68 (2011).

Yoshida, Y., Nowell, R. W., Arakawa, K. & Blaxter, M. Horizontal
gene transfer in Metazoa: examples and methods. in Horizontal
Gene Transfer: Breaking Borders Between Living Kingdoms (eds.
Villa, T. G. & Vinas, M.) 203-226 (Springer International Publishing,
Cham, 2019). https://doi.org/10.1007/978-3-030-21862-1_7.
Boschetti, C. et al. Biochemical diversification through foreign gene
expression in bdelloid rotifers. PLoS Genet. 8, 1003035 (2012).
Richards, T. A. & Monier, A. A tale of two tardigrades. Proc. Natl
Acad. Sci. USA 113, 4892-4894 (2016).

Jaron, K. S. et al. Genomic features of parthenogenetic animals. J.
Hered. 112, 19-33 (2021).

Eyres, |. et al. Horizontal gene transfer in bdelloid rotifers is
ancient, ongoing and more frequent in species from desiccating
habitats. BMC Biol. 13, 90 (2015).

Rodriguez, F., Yushenova, I. A., DiCorpo, D. & Arkhipova, I. R.
Bacterial N4-methylcytosine as an epigenetic mark in eukaryotic
DNA. Nat. Commun. 13, 1072 (2022).

Hecox-Lea, B. J. & Mark Welch, D. B. Evolutionary diversity and
novelty of DNA repair genes in asexual bdelloid rotifers. BMC Evol.
Biol. 18, 177 (2018).

Nicolas, E. et al. Horizontal acquisition of a DNA ligase improves
DNA damage tolerance in eukaryotes. Nat. Commun. 14,

7638 (2023).

Chou, S. et al. Transferred interbacterial antagonism genes aug-
ment eukaryotic innate immune function. Nature 518,

98-101 (2015).

Di Lelio, I. et al. Evolution of an insect immune barrier through
horizontal gene transfer mediated by a parasitic wasp. PLoS
Genet. 15, €1007998 (2019).

Verster, K. |. et al. Horizontal transfer of bacterial cytolethal dis-
tending Toxin B genes to insects. Mol. Biol. Evol. 36, 2105-2110
(2019).

Harrison, E. & Brockhurst, M. A. Ecological and evolutionary ben-
efits of temperate phage: what does or doesn't kill you makes you
stronger. Bioessays 39, 1700112 (2017).

Hall, R. J., Whelan, F. J., Mclnerney, J. O., Ou, Y. & Domingo-
Sananes, M. R. Horizontal gene transfer as a source of conflict and
cooperation in prokaryotes. Front. Microbiol. 11, 1569 (2020).
Barron, G. L. Fungal parasites and predators of rotifers, nema-
todes, and other invertebrates. in Biodiversity of Fungi (eds.
Mueller, G. M., Bills, G. F. & Foster, M. S.) 435-450 (Academic
Press, Burlington, 2004). https://doi.org/10.1016/B978-
012509551-8/50022-2.

Wilson, C. G. & Sherman, P. W. Anciently asexual bdelloid rotifers
escape lethal fungal parasites by drying up and blowing away.
Science 327, 574-576 (2010).

Wilson, C. G. Desiccation-tolerance in bdelloid rotifers facilitates
spatiotemporal escape from multiple species of parasitic fungi.
Biol. J. Linn. Soc. Lond. 104, 564-574 (2011).

Wilson, C. G. & Sherman, P. W. Spatial and temporal escape from
fungal parasitism in natural communities of anciently asexual
bdelloid rotifers. Proc. Biol. Sci. 280, 20131255 (2013).

Irazoqui, J. E., Urbach, J. M. & Ausubel, F. M. Evolution of host
innate defence: insights from Caenorhabditis elegans and primi-
tive invertebrates. Nat. Rev. Immunol. 10, 47-58 (2010).

Cogni, R., Cao, C., Day, J. P., Bridson, C. & Jiggins, F. M. The genetic
architecture of resistance to virus infection in Drosophila. Mol.
Ecol. 25, 5228-5241 (2016).

Bento, G. et al. The genetic basis of resistance and matching-allele
interactions of a host-parasite system: The Daphnia magna-Pas-
teuria ramosa model. PLoS Genet. 13, €1006596 (2017).

Nature Communications | (2024)15:5787

14


https://doi.org/10.1007/978-3-030-21862-1_7
https://doi.org/10.1016/B978-012509551-8/50022-2
https://doi.org/10.1016/B978-012509551-8/50022-2

Article

https://doi.org/10.1038/s41467-024-49919-1

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Hudson, A. I., Fleming-Davies, A. E., Pdez, D. J. & Dwyer, G.
Genotype-by-genotype interactions between an insect and its
pathogen. J. Evol. Biol. 29, 2480-2490 (2016).

Ekroth, A. K. E., Gerth, M., Stevens, E. J., Ford, S. A. &King, K. C.
Host genotype and genetic diversity shape the evolution of a
novel bacterial infection. ISME J. 15, 2146-2157 (2021).
Fredericksen, M. et al. Infection phenotypes of a coevolving
parasite are highly diverse, structured, and specific. Evolution 75,
2540-2554 (2021).

Barron, G. L. A new genus, Rotiferophthora, to accommodate the
Diheterospora-like endoparasites of rotifers. Can. J. Bot. 69,
494-502 (1991).

Segers, H. & Shiel, R. Tale of a sleeping beauty: a new and easily
cultured model organism for experimental studies on bdelloid
rotifers. Hydrobiologia 546, 141-145 (2005).

Jain, R., Rivera, M. C. & Lake, J. A. Horizontal gene transfer among
genomes: the complexity hypothesis. Proc. Natl Acad. Sci. USA
96, 3801-3806 (1999).

Gluck-Thaler, E. & Slot, J. C. Dimensions of horizontal gene
transfer in eukaryotic microbial pathogens. PLoS Pathog. 11,
1005156 (2015).

Ricci, C. & Caprioli, M. Anhydrobiosis in bdelloid species, popu-
lations and individuals. Integr. Comp. Biol. 45, 759-763 (2005).
Mark Welch, D. B., Ricci, C. & Meselson, M. Bdelloid rotifers: pro-
gress in understanding the success of an evolutionary scandal. in
Lost Sex 259-279 (Springer, Dordrecht, 2009). https://doi.org/10.
1007/978-90-481-2770-213.

Moris, V. C. et al. lonizing radiation responses appear incidental to
desiccation responses in the bdelloid rotifer Adineta vaga. BMC
Biol. 22, 11 (2024).

Young, M. D., Wakefield, M. J., Smyth, G. K. & Oshlack, A. Gene
ontology analysis for RNA-seq: accounting for selection bias.
Genome Biol. 11, R14 (2010).

Finking, R. & Marahiel, M. A. Biosynthesis of nonribosomal pep-
tides. Annu. Rev. Microbiol. 58, 453-488 (2004).

Sieber, S. A. & Marahiel, M. A. Molecular mechanisms underlying
nonribosomal peptide synthesis: approaches to new antibiotics.
Chem. Rev. 105, 715-738 (2005).

Rautenbach, M., Troskie, A. M., Vosloo, J. A. & Dathe, M. E. Anti-
fungal membranolytic activity of the tyrocidines against fila-
mentous plant fungi. Biochimie 130, 122-131 (2016).

Jiang, J. et al. Identification of novel surfactin derivatives from
NRPS modification of Bacillus subtilis and its antifungal activity
against Fusarium moniliforme. BMC Microbiol. 16, 31 (2016).
Leclere, V. et al. Mycosubtilin overproduction by Bacillus subtilis
BBG100 enhances the organism’s antagonistic and biocontrol
activities. Appl. Environ. Microbiol. 71, 4577-4584 (2005).
Murray, T., Leighton, F. C. & Seddon, B. Inhibition of fungal spore
germination by gramicidin S and its potential use as a biocontrol
against fungal plant pathogens. Lett. Appl. Microbiol. 3,

5-7 (1986).

Franch-Gras, L. et al. Genomic signatures of local adaptation to
the degree of environmental predictability in rotifers. Sci. Rep. 8,
16051 (2018).

Mauer, K. et al. The genome, transcriptome, and proteome of the
fish parasite Pomphorhynchus laevis (Acanthocephala). PLoS One
15, 0232973 (2020).

Feng, L., Gordon, M. T,, Liu, Y., Basso, K. B. & Butcher, R. A. Map-
ping the biosynthetic pathway of a hybrid polyketide-
nonribosomal peptide in a metazoan. Nat. Commun. 12, 4912
(2021).

Suring, W. et al. Nonribosomal peptide synthetases in animals.
Genes 14, 1741 (2023).

Medema, M. H., Cimermancic, P., Sali, A., Takano, E. & Fischbach,
M. A. A systematic computational analysis of biosynthetic gene

87.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

cluster evolution: lessons for engineering biosynthesis. PLoS
Comput. Biol. 10, €1004016 (2014).

Zierep, P. F., Ceci, A. T., Dobrusin, I., Rockwell-Kollmann, S. C. &
Gunther, S. SeMPI 2.0—A web server for PKS and NRPS predic-
tions combined with metabolite screening in natural product
databases. Metabolites 11, 13 (2020).

Troskie, A. M., de Beer, A., Vosloo, J. A., Jacobs, K. & Rau-
tenbach, M. Inhibition of agronomically relevant fungal phyto-
pathogens by tyrocidines, cyclic antimicrobial peptides
isolated from Bacillus aneurinolyticus. Microbiology 160,
2089-2101 (2014).

Schirmer, A. et al. Metagenomic analysis reveals diverse polyke-
tide synthase gene clusters in microorganisms associated with the
marine sponge Discodermia dissoluta. Appl. Environ. Microbiol. 71,
4840-4849 (2005).

Tsuda, M., Sasaki, T. & Kobayashi, J. Hymenamides G, H, J, and K,
four new cyclic octapeptides from the Okinawan marine sponge
Hymeniacidon sp. Tetrahedron 50, 4667-4680 (1994).

Dahiya, R., Pathak, D., Himaja, M. & Bhatt, S. First total synthesis
and biological screening of hymenamide E. Acta Pharm. 56,
399-415 (2006).

Feng, H., Zhou, D., Daly, P., Wang, X. & Wei, L. Characterization and
functional importance of two glycoside hydrolase family 16 genes
from the rice white tip nematode Aphelenchoides besseyi. Animals
1, (2021).

Tang, C. Q., Obertegger, U., Fontaneto, D. & Barraclough, T. G.
Sexual species are separated by larger genetic gaps than asexual
species in rotifers. Evolution 68, 2901-2916 (2014).

Richards, T. A., Leonard, G., Soanes, D. M. & Talbot, N. J. Gene
transfer into the fungi. Fungal Biol. Rev. 25, 98-110 (2011).
Husnik, F. & McCutcheon, J. P. Functional horizontal gene
transfer from bacteria to eukaryotes. Nat. Rev. Microbiol. 16,
67-79 (2018).

Thiessen, K. D. et al. Zebrafish otolith biomineralization requires
polyketide synthase. Mech. Dev. 157, 1-9 (2019).

Shou, Q. et al. A hybrid polyketide-nonribosomal peptide in
nematodes that promotes larval survival. Nat. Chem. Biol. 12,
770-772 (2016).

Izoré, T. et al. Drosophila melanogaster nonribosomal peptide
synthetase Ebony encodes an atypical condensation domain.
Proc. Natl Acad. Sci. USA 116, 2913-2918 (2019).
Faddeeva-Vakhrusheva, A. et al. Coping with living in the soil: the
genome of the parthenogenetic springtail Folsomia candida. BMC
Genomics 18, 493 (2017).

Du, D. et al. Multidrug efflux pumps: structure, function and reg-
ulation. Nat. Rev. Microbiol. 16, 523-539 (2018).

Sung, G.-H. et al. Phylogenetic classification of Cordyceps and the
clavicipitaceous fungi. Stud. Mycol. 57, 5-59 (2007).
Herrero-Galan, E. et al. The insecticidal protein hirsutellin A from
the mite fungal pathogen Hirsutella thompsonii is a ribotoxin.
Proteins 72, 217-228 (2008).

Olombrada, M. et al. Fungal ribotoxins: Natural protein-based
weapons against insects. Toxicon 83, 69-74 (2014).

Olombrada, M. et al. Characterization of a new toxin from the
entomopathogenic fungus Metarhizium anisopliae: the ribotoxin
anisoplin. Biol. Chem. 398, 135-142 (2017).

Maxwell Burroughs, A. & Aravind, L. RNA damage in biological
conflicts and the diversity of responding RNA repair systems.
Nucleic Acids Res. 44, 8525-8555 (2016).

Brown, G. D. & Gordon, S. Immune recognition of fungal beta-
glucans. Cell. Microbiol. 7, 471-479 (2005).

Hamilton, C. & Bulmer, M. S. Molecular antifungal defenses in
subterranean termites: RNA interference reveals in vivo roles of
termicins and GNBPs against a naturally encountered pathogen.
Dev. Comp. Immunol. 36, 372-377 (2012).

Nature Communications | (2024)15:5787

15


https://doi.org/10.1007/978-90-481-2770-2_13
https://doi.org/10.1007/978-90-481-2770-2_13

Article

https://doi.org/10.1038/s41467-024-49919-1

108.

109.

0.

m.

1n2.

13.

4.

5.

6.

n7.

8.

1.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Liu, T. et al. Structural and biochemical insights into an insect gut-
specific chitinase with antifungal activity. Insect Biochem. Mol.
Biol. 119, 103326 (2020).

Boller, T. Antimicrobial functions of the plant hydrolases, chitinase
and B-1,3-glucanase. in Mechanisms of Plant Defense Responses
(eds Fritig, B. & Legrand, M.) 391-400 (Springer Netherlands,
Dordrecht, 1993). https://doi.org/10.1007/978-94-011-1737-1_124.
Aktuganov, G. et al. Wide-range antifungal antagonism of Paeni-
bacillus ehimensis IB-X-b and its dependence on chitinase and
beta-1,3-glucanase production. Can. J. Microbiol. 54,

577-587 (2008).

Benitez, T., Rincon, A. M., Limon, M. C. & Coddn, A. C. Biocontrol
mechanisms of Trichoderma strains. Int. Microbiol. 7, 249-260
(2004).

Pukkila-Worley, R., Ausubel, F. M. & Mylonakis, E. Candida albicans
infection of Caenorhabditis elegans induces antifungal immune
defenses. PLoS Pathog. 7, 1002074 (2011).

Spoel, S. H., Johnson, J. S. & Dong, X. Regulation of tradeoffs
between plant defenses against pathogens with different life-
styles. Proc. Natl Acad. Sci. USA 104, 18842-18847 (2007).
Jaenike, J. A hypothesis to account for the maintenance of sex
within populations. Evol. Theory 3, 191-194 (1978).

Judson, O. P. & Normark, B. B. Ancient asexual scandals. Trends
Ecol. Evol. 11, 41-46 (1996).

Normark, B. B., Judson, O. P. & Moran, N. A. Genomic signatures of
ancient asexual lineages. Biol. J. Linn. Soc. Lond. 79, 69-84
(2003).

Peters, A. D. & Lively, C. M. The Red Queen and fluctuating epis-
tasis: A population genetic analysis of antagonistic coevolution.
Am. Nat. 154, 393-405 (1999).

Sasaki, A., Hamilton, W. D. & Ubeda, F. Clone mixtures and a
pacemaker: new facets of Red-Queen theory and ecology. Proc.
Biol. Sci. 269, 761-772 (2002).

Gandon, S. & Otto, S. P. The evolution of sex and recombination in
response to abiotic or coevolutionary fluctuations in epistasis.
Genetics 175, 1835-1853 (2007).

Salathé, M., Kouyos, R. D., Regoes, R. R. & Bonhoeffer, S. Rapid
parasite adaptation drives selection for high recombination rates.
Evolution 62, 295-300 (2008).

Salathé, M., Kouyos, R. D. & Bonhoeffer, S. The state of affairs in the
kingdom of the Red Queen. Trends Ecol. Evol. 23, 439-445
(2008).

Lively, C. M. A review of Red Queen models for the persistence of
obligate sexual reproduction. J. Hered. 101, S13-S20 (2010).
Arkhipova, I. R., Yushenova, I. A. & Rodriguez, F. Giant reverse
transcriptase-encoding transposable elements at telomeres. Mol.
Biol. Evol. 34, 2245-2257 (2017).

Arkhipova, I. R., Yushenova, I. A. & Rodriguez, F. Endonuclease-
containing Penelope retrotransposons in the bdelloid rotifer Adi-
neta vaga exhibit unusual structural features and play a role in
expansion of host gene families. Mob. DNA 4, 19 (2013).
Linardopoulou, E. V. et al. Human subtelomeres are hot spots of
interchromosomal recombination and segmental duplication.
Nature 437, 94-100 (2005).

Barry, J. D., Ginger, M. L., Burton, P. & McCulloch, R. Why are
parasite contingency genes often associated with telomeres? Int.
J. Parasitol. 33, 29-45 (2003).

Engelstadter, J. Host-parasite coevolutionary dynamics with gen-
eralized success/failure infection genetics. Am. Nat. 185,
EN17-E129 (2015).

Miethke, M. et al. Towards the sustainable discovery and devel-
opment of new antibiotics. Nat. Rev. Chem. 5, 726-749 (2021).
Gao, J. et al. A rotifer-derived paralytic compound prevents
transmission of schistosomiasis to a mammalian host. PLoS Biol.
17, e3000485 (2019).

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Davis, H. A new Callidina: with the result of experiments on the
desiccation of rotifers. Mon. Microsc. J. 9, 201-209 (1873).
Orstan, A. The trouble with Adineta vaga (Davis, 1873): a common
rotifer that cannot be identified (Rotifera: Bdelloidea: Adinetidae).
Zootaxa 4830, 597-600 (2020).

Ricci, C. Culturing of some bdelloid rotifers. Hydrobiologia 112,
45-51(1984).

Barron, G. L. Fungal parasites of bdelloid rotifers: Diheterospora.
Can. J. Bot. 63, 211-222 (1985).

Quast, C. et al. The SILVA ribosomal RNA gene database project:
improved data processing and web-based tools. Nucleic Acids
Res. 41, D590-D596 (2013).

Nowell, R. W. et al. GitHub. Bdelloid rotifers deploy horizontally
acquired biosynthetic genes against a fungal pathogen https://doi.
0rg/10.5281/zenodo.11402163 (2024).

Patro, R., Duggal, G., Love, M. I., Irizarry, R. A. & Kingsford, C.
Salmon provides fast and bias-aware quantification of transcript
expression. Nat. Methods 14, 417-419 (2017).

Haas, B. J. et al. De novo transcript sequence reconstruction from
RNA-seq using the Trinity platform for reference generation and
analysis. Nat. Protoc. 8, 1494-1512 (2013).

Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeqg2. Genome
Biol. 15, 550 (2014).

Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A
practical and powerful approach to multiple testing. J. R. Stat. Soc.
Ser. B Stat. Methodol. 57, 289-300 (1995).

Yoon, S. & Nam, D. Gene dispersion is the key determinant of the
read count bias in differential expression analysis of RNA-seq data.
BMC Genomics 18, 408 (2017).

Soneson, C. & Robinson, M. D. Bias, robustness and scalability in
single-cell differential expression analysis. Nat. Methods 15,
255-261 (2018).

Bryant, D. M. et al. A tissue-mapped axolotl de novo transcriptome
enables identification of limb regeneration factors. Cell Rep. 18,
762-776 (2017).

Supek, F., Bosnjak, M., Skunca, N. & Smuc, T. REVIGO summarizes
and visualizes long lists of gene ontology terms. PLoS One 6,
21800 (2011).

Bates, D., Machler, M., Bolker, B. & Walker, S. Fitting linear mixed-
effects models using lme4. J. Stat. Softw., Artic. 67, 1-48 (2015).
R Core Team. R: A Language and Environment for Statistical
Computing. (2016).

Gladyshev, E. A. & Arkhipova, I. R. Telomere-associated endonu-
clease-deficient Penelope-like retroelements in diverse eukar-
yotes. Proc. Natl Acad. Sci. USA 104, 9352-9357 (2007).

Nguyen, L.-T., Schmidt, H. A., von Haeseler, A. & Minh, B. Q. 1Q-
TREE: a fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol. Biol. Evol. 32,

268-274 (2015).

Acknowledgements

Transcriptome sequencing was performed by the UK Natural Environ-
ment Research Council (NERC) Biomolecular Analysis Facility at Edin-
burgh Genomics at the University of Edinburgh (NBAF-Edinburgh), and
we acknowledge the valuable services of the USDA ARS Collection of
Entomopathogenic Fungal Cultures (ARSEF). The authors wish to thank
Matthew Meselson, Thomas Lanyon-Hogg, Alan Tunnacliffe and three
reviewers for valuable comments; Matthew Arno, Colin Sharp and
Rebecca Allen for sequencing support; Juli Cohen, Isobel Eyres, Chiara
Boschetti, and Mariya P. Dobreva for RNA extraction advice; and the
Ashworth Compute Co-operative Cluster (AC3) at the Institute of Ecol-
ogy and Evolution, University of Edinburgh. This work was funded by
NERC Fellowship NE/JO1933X/1 (C.G.W.); EMBO Long-Term Fellowship
733-2010 (C.G.W.); a 2012 award by The Gen Foundation (C.G.W.); NERC

Nature Communications | (2024)15:5787

16


https://doi.org/10.1007/978-94-011-1737-1_124
https://doi.org/10.5281/zenodo.11402163
https://doi.org/10.5281/zenodo.11402163

Article

https://doi.org/10.1038/s41467-024-49919-1

grant NE/MO1651X/1 (T.G.B.); NERC grant NE/SO10866/1 (T.G.B., R.W.N.
and C.G.W.); NIH grant RO1GM111917 (F.R. and I.A.) and NIH NIA
R21AG046899 (D.B.M.W.).

Author contributions

Conceptualisation: C.G.W., T.G.B.; methodology: C.G.W., RW.N., T.G.B.,
F.R., .A.; experimental investigation: C.G.W.; software: RW.N., F.R.;
validation: RW.N., C.G.W., F.R., B.H.L., D.B.M.W., |.A.; formal analysis:
R.W.N., C.G.W., T.G.B.; resources: C.G.W., RW.N., F.R., B.H.L.,, D.B.M.W.;
original drafts: C.G.W., RW.N., T.G.B., review and editing: T.G.B., C.G.W.,
R.W.N., LA, D.B.M.W., F.R.; visualisation: R.W.N., C.G.W., F.R.; super-
vision: T.G.B., C.G.W., LA, D.B.M.W.; project administration: C.G.W.,
T.G.B.; funding acquisition: C.G.W., T.G.B., RW.N., LA., D.B.M.W.

Competing interests

C.G.W. and T.G.B. are inventors on an Oxford University Innovation
priority patent application (GB N427450) relating to this paper; other-
wise all authors have no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-49919-1.

Correspondence and requests for materials should be addressed to
Christopher G. Wilson.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:5787

17


https://doi.org/10.1038/s41467-024-49919-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Bdelloid rotifers deploy horizontally acquired biosynthetic genes against a fungal pathogen
	Results
	Susceptibility to a fungal pathogen differs markedly between two Adineta species
	Rapid and large-scale transcriptional response to pathogen attack in both species
	Twofold overrepresentation of non-metazoan genes in the response to pathogens
	Enrichment of horizontally acquired genes is stronger when responding to pathogens than to desiccation
	The susceptible and resistant species differ strikingly in expression of HGTC with predicted biosynthetic functions
	Both species encode multiple divergent NRP/PKS clusters, with stronger differential expression by the more resistant species
	The resistant species shows duplication of a shared PKS-NRPS hybrid cluster predicted to produce a cyclic peptide similar to known antibiotics
	HGTC with matches to RNA ligases and glucanases are disproportionately upregulated in both hosts
	Horizontally acquired pathogen-induced genes were largely inherited from a common ancestor

	Discussion
	Methods
	Rotifer and pathogen isolates
	Infection assays
	RNA-seq experimental design
	RNA extraction and sequencing
	Data filtering and quality control
	Differential expression and functional enrichment analyses
	Statistical analyses
	Putative NRP/PKS screen and genomic validation in A. vaga
	Phylogenetic analyses
	Secondary metabolite prediction
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




