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Abstract. Horizontal gene transfer (HGT) in animals is thought to be rare and largely restricted
to transfers from non-animal sources'=. In contrast to this expectation, we discovered that 9.2%
of the protein-coding genes in the genome of the dark-winged fungus gnat Bradysia coprophila
(order: Diptera, family: Sciaridae) are of potential HGT origin. Most of these genes have
phylogenetic affinity with sequences from other distantly related arthropods that inhabit a shared
soil-dwelling niche with B. coprophila. We show that these findings are inconsistent with
genomic contamination or widespread gene loss and instead suggest a level of inter-animal
HGT that is, to our knowledge, unprecedented. Consistent with their potential functional
importance, ~75% of putative B. coprophila horizontally transferred genes (HTGs) are
transcribed, and nearly all are shared across multiple sciarid fungus gnat species that diverged
tens of millions of years ago. Further, domain annotations suggest that HTGs participate in
diverse processes potentially important to B. coprophila ecology. We tested the functions of
eight putative B. coprophila HTGs through transgenic expression in the fly Drosophila
melanogaster and the yeast Saccharomyces cerevisiae, and found evidence that HGT has likely
endowed B. coprophila with the novel capability to biosynthesize NAD", as well as enhanced
capacity to withstand stressors imposed by arsenic, cyanide, alkylating agents, and reactive
oxygen species. Our findings reveal a previously underappreciated contribution of inter-animal

genetic exchange to the evolution of genomic, physiological, and ecological novelty.

Keywords: oxidative stress, phylogenomics, novelty, cyanide, Collembola, Sciaridae
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Introduction

Horizontal gene transfer (HGT), the non-Mendelian movement of DNA between
organisms, has varying prevalence across the tree of life. On average, ~10% of protein-coding
genes in bacterial genomes have been acquired from other bacteria via recent HGT*°. HGT
from bacteria to animals has been increasingly reported and has likely contributed to adaptation
in multiple lineages'®”’. In contrast to HGT from non-animal sources, HGT between metazoans
(animals) has rarely been reported and appears largely restricted to cases involving

11-13

transposons®'°, host-parasite interactions’~" or marine fish®'. Most existing studies of HGT

2,15

have been designed to detect transfers from non-metazoan genomes?'>?. Thus, the apparent

rarity of inter-animal HGT might in part reflect methodological biases.

We and others studying specific gene families have recently uncovered signatures of

21-31

HGT in dark-winged fungus gnats (order: Diptera, family: Sciaridae)*'~", including putative inter-
metazoan transfers (Table S1)?°*'-33, Our recent screen of 319 arthropod genomes for genes
formed by in-frame fusion of horizontally transferred sequences with pre-existing coding genes
revealed that the fungus gnat Bradysia coprophila contained more than ten times the average
number of these chimeras across all surveyed arthropods®. This suggested that the genome of

this gnat might be particularly prone to horizontal gene acquisition. To our knowledge, however,

no systematic analysis of HGT in sciarids has been conducted to date.

To that end, we used sequence similarity searches to detect HGT across dipteran (fly
and mosquito) genomes, including B. coprophila. Subsequent phylogenetic analyses revealed
that 9.2% of B. coprophila protein-coding genes are likely of HGT origin, and that most of those
genes were likely obtained from other soil-dwelling animals rather than from microbes. We
present multiple lines of evidence that B. coprophila horizontally transferred genes (HTGs) are
functional, including expression data, evolutionary conservation, and domain annotations.

Finally, with in vivo experimental analysis of eight HTGs via transgenic expression assays in
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Drosophila and yeast, we show that these HTGs can change the physiological capabilities of
their hosts. Collectively, this study illuminates an underappreciated contribution of inter-animal

HGT to innovation in animal evolution.

Results
Massive HGT shaped the B. coprophila genome

We searched fly and mosquito (order Diptera) genomes for signs of HGT from any non-
dipteran donor. Because standard HGT detection methodologies can only detect HGT from non-

2161719 '\ye modified the Alien Index'® metric to search for genes with non-

animal sources
dipteran affinity using DIAMOND BLASTp** (Figure 1A). We applied this methodology to protein
sequences from every protein-coding gene in 54 dipteran genomes. Whereas the mean number
and percentage of putative HTGs in non-sciarid dipteran genomes are 260.8 and 1.7%,
respectively, the B. coprophila genome contains 1,721 putative HTGs constituting 10.5% of its
protein-coding genes. We observed a greater number and percentage of putative HTGs for B.

2,15 (

coprophila than for any other dipteran genome examined in this or previous studies Figure

1B; Table S2).

To assess phylogenetic support for these putative HTGs, we first clustered all 1,721
HTGs by sequence similarity, then built maximum-likelihood gene trees for the resulting 924
clusters. We then inspected each clade of sciarid sequences for evidence of phylogenetic
grouping with non-dipteran sequences with > 70% bootstrap support at the relevant node. This
manual inspection (Table S3) provided support for 934 putative transfer events from non-
dipterans to sciarids. When accounting for post-transfer gene family expansions (see S| Note 1;
Table S4), we found a total of 1,517 HTGs, representing 9.2% of all protein-coding genes in the

B. coprophila genome. This final set of putative HTGs has a mean length coverage of 87.7%
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90 and mean identity of 49.0% with top non-dipteran hits (Figure S1D). These findings are
91 consistent with the hypothesis that these putative HTGs are closely related to non-dipteran
92  sequences. Further, this set included 79.2% (42/53) of B. coprophila genes that were previously

93 identified as HTGs based on phylogenetic evidence (Table S1).
94
95  HGT signatures in B. coprophila are unlikely to result from genome contamination

96 The high level of HGT inferred in the B. coprophila genome could in principle reflect
97  contamination of the B. coprophila genome assembly with reads from other taxa'*°. However,
98 several lines of evidence suggest the B. coprophila reference genome we analyzed
99 (GCF_014529535.2)** is not extensively contaminated. First, gene annotations for 95.9%
100 (1,455/1,517) of HTGs could be transferred with an intact open reading frame to an
101  independently sequenced B. coprophila genome (GCA_965233685.1)*%. Genes from
102  contaminants are expected to be sequenced at lower depth® and in shorter reads than
103  endogenous genes®, but we detected no decrease in read depth (Figure 1D) or overlapping
104  read length (Figure 1E) for HTGs relative to dipteran-affinity genes, which we assume are
105  vertically inherited. Further, 54.6% of Oxford Nanopore long reads®® spanning an HTG also
106  contain a dipteran gene (Figure 1F), and 78.4% of HTGs are found in at least one read
107  containing a dipteran gene (Figure 1G), supporting the inference that HTGs are integrated into
108 the B. coprophila genome. In contrast to the prediction that contaminants resemble the
109  sequence composition of their taxon of origin®®, the codon usage profile of HTGs overlaps that
110  of dipteran genes (Figure 1C). Further, HTG codon usage and GC content distributions more
111 closely resemble those of dipteran-ancestry genes than those of genes from the top putative

112  donor lineage (Figure S1A-C).
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113 We next used our gene trees to search for homologs of B. coprophila HTGs in the

114  genomes of four other sciarid species (Table S5)*4%4! We found that 95.2% (889/934) of

115 inferred transfer events gave rise to homologous HTGs shared across at least two

116  independently sequenced sciarid genomes (Figure 1H), and 96.5% (1,464/1,517) of B.

117  coprophila HTGs have a homolog in at least one other sciarid genome (Figure 11). In addition,
118  83.3% (701/842) of B. coprophila HTGs with a detectable reciprocal best BLASTp hit in

119  Bradysia odoriphaga are syntenic with at least one adjacent gene. HTG synteny decreases with
120 increasing genomic distance and species divergence from B. coprophila, as is also observed for
121  dipteran genes (Figure S1E-F). In sum, we find no evidence that the widespread signature of
122  HGT we detect in the B. coprophila genome is an artifact of contamination of its genome

123  assembly.
124
125  Most B. coprophila HTGs are of putative metazoan origin

126 To determine the potential origins of our putative HTGs, we examined both the most
127  similar non-sciarid sequence to each HTG via DIAMOND (Table S6, Figure 2A), and the closest
128  non-sciarid phylogenetic relative(s) of each HTG in its respective gene tree (Table S3, Figure
129  S2A). Contrary to the preponderance of bacteria-to-insect HGT in prior studies'?*?, both

130 analyses suggest that at least 78.3% (1,188/1,517) of B. coprophila HTGs have affinity with

131 sequences from other animals. Specifically, we found that at least 70.9% (1,075/1,517) of HTGs
132  are of non-dipteran arthropod affinity (Figures 2A-B, S2A). The class Collembola (springtails),
133 which are hexapods that diverged from insects over 450 million years ago*®, accounts for at

134  least 51.7% (785/1,517) of these HTGs.

135 The preponderance of HTGs with collembolan affinity raised the alternative hypothesis

136 that these putative HTGs are instead the products of vertical inheritance with gene loss**. To
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137  evaluate this possibility, we considered genes present in Collembola and Sciaridae but in no
138 other available annotated insect genome, a scenario we have thus far interpreted as evidence
139  of HGT. A consensus phylogeny of hexapods*® suggests a minimum of 12 independent losses
140  would be required to explain this sparse gene distribution assuming no HGT (Figure 2C). We
141 adopted a previously derived probabilistic model that assumes strict vertical inheritance and a
142  constant rate of gene loss*®, and found that the observed number of collembolan-affinity B.
143  coprophila genes is more than two orders of magnitude greater than the expectation without

144  HGT (Figure 2D).

145 We further reasoned that, if these putative HTGs were instead vertically inherited genes,
146  their percent identity to top collembolan hits should be similar to the same statistic computed for
147  dipteran-ancestry genes, which are of vertical descent**. Instead, HTGs are significantly more
148  similar to their top collembolan hits than are dipteran sequences (median percent identity 50.8
149  vs. 40.3; one-sided Mann-Whitney U statistic = 3.89x10°; p-value = 4.90x10%%; Figure 2E).

150  Under the simplifying assumption of a uniform substitution rate across genes, this result

151 suggests that less time has elapsed since the common ancestor of B. coprophila HTGs and
152  their collembolan homologs than since the common ancestor of B. coprophila and Collembola.
153  This scenario is inconsistent with a hypothesis of strict vertical inheritance. Collectively, the data
154  are most consistent with the hypothesis that massive inter-metazoan HGT has shaped the B.

155  coprophila genome.
156
157  HTG origins may reflect shared ecology

158 We noted a striking commonality among the top 20 species ranked by the number of top
159  DIAMOND hits to HTGs: 18 occupy a soil-dwelling niche, accounting for 66.1% (1,002/1,517) of

160 all HTGs (Table S7). Putative soil-dwelling donors include collembolans (785 HTGs), bdelloid
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161  rotifers (75 HTGs), and oribatid mites (53 HTGs), all three of which are detritivores**=2.

162  Although homology with sequences from living organisms cannot definitively determine the

163  original donor species, these data suggest a bias toward acquisition from soil-dwellers in the
164  past. Similarly to collembolans, oribatid mites, and rotifers, the larvae of B. coprophila and other
165  sciarids are soil-dwelling and feed on fungal and plant matter?>*°. These findings accord with
166  prior reports of ecological proximity as a facilitator of HGT?°. However, we found no evidence
167  of widespread HGT from the assembled genome of a B. coprophila rickettsial endosymbiont
168  (Figure S2B)?"*, which is proposed to have contributed to a germline-restricted chromosome

169  not included in the reference annotation analyzed here? .
170

171 Some HTGs may have been transferred multiple times

172 To characterize the deeper evolutionary history of sciarid HGT, we next examined the
173  context around each clade of sciarid sequences in its respective gene tree (Figures 3A, S2C-J;
174  Tables S3, S8), beyond their closest phylogenetic relatives. In 60.5% (565/934) of inferred

175  transfer events, the sciarid clade nested within an otherwise monophyletic clade of non-sciarid
176  sequences, a topology supporting ancient ancestry within a single donor taxon (Figure 3A1-A2,
177  Figure S3). In contrast, 10.9% (102/934) of sciarid clades were “doubly nested,” first within a
178 clade of non-sciarid metazoan sequences, and then within a clade of non-metazoan sequences

179  (Figure 3A3, Figure S4). We hypothesize that these topologies may reflect two serial transfers.

180 We interpret 80.4% (82/102) of doubly nested topologies (8.8% of all transfer events) as
181  transfers from non-metazoans to collembolans, followed by transfers from collembolans to

182  sciarids. Further supporting this inference, 15 of 34 B. coprophila HTGs with top matches in the
183  collembolan Folsomia candida, as well as phylogenies consistent with an ultimate origin in

184  bacteria, have at least one shared intron position with their collembolan homolog*® (Table S9).

185  Since most bacterial genes lack introns®®, we hypothesize that these conserved introns were
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acquired following a non-metazoan-to-metazoan transfer event. This intron conservation is
consistent with homology between the F. candida and B. coprophila sequences, supporting a

two-step transfer.

We also observed that 43.5% (128/294) of HGT events from non-metazoans to sciarids
(13.7% of all transfers) co-occur in the same gene tree as a putative independent transfer to a
different animal taxon (Figure 3A4; Figure S5; Table S10), most commonly rotifers (39.1%;
50/128 events). Further, 72/1,517 B. coprophila HTGs share predicted functions with genes that
have been previously reported to have undergone HGT to diverse non-sciarid eukaryotes (Table
S11). These observations suggest that some types of genes have been transferred to both

sciarids and other eukaryotes.

HTGs have non-random genomic localization

HTGs and dipteran genes are differentially distributed across chromosomes
(contingency test x2(3) = 73.5; p-value = 7.42x107'°), with HTGs most strongly
underrepresented on the X chromosome and overrepresented on chromosome three (Figure
3B). We found that 30.5% (462/1,517) of HTGs are adjacent to other HTGs (Table S12), which
exceeds the expectation under a randomized distribution of HTGs across the genome
(randomization test p-value < 10*; Figure 3C), even after exclusion of adjacent paralogs (p-
value 2.8x107®). This suggests that some genomic regions may have a higher propensity to

acquire or retain HTGs, or that HGT sometimes involves the acquisition of multi-gene segments.

We wondered whether, analogously to operons and fungal gene clusters®'*2, B.

coprophila HTG clusters might contain functionally linked genes. Four (of 199) HTG clusters
encode enzymes predicted to participate in the same biochemical pathway (Table S13). Two of

these clusters, putatively encoding successive enzymes in the glyoxylate shunt (S| Note 2) and
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210 B-lactam antibiotic biosynthesis (Figure S6), shared intron-exon architecture and synteny with
211 previously characterized homologs from the collembolan F. candida® (Figure 3D1) as well as, in
212  the latter case, the soil-dwelling tardigrade Paramacrobiotus metropolitanus (Figure 3D2)%.
213  Such shared genic architecture and phylogenetic affinity (Figures S4F-G; S7A-B) among these

51,52

214  clusters may reflect the acquisition and “domestication” of bacterial operons or fungal

215 clusters followed by inter-animal exchange. We speculate that such clustering may facilitate the

216  coordinated acquisition or regulation of these functionally linked HTGs®"*2.

217
218 HTGs are transcribed

219 We processed available poly(A)-selected RNA-Seq datasets®5°%¢ for B. coprophila
220 (Table S14) and found that 75.2% (1,141/1,517), 36.7% (557/1,517), and 6.9% (105/1,517) of
221 HTGs are expressed at average levels greater than one, ten, and 100 transcripts per million
222  (TPM), respectively (Figure 4A-B). As previously reported in other organisms?*’, the median
223  TPM level for HTGs (5.1) is significantly lower than that of dipteran genes (18.5; two-sided

224  Mann-Whitney U = 1.19x10’; p-value = 7.85x10%).

225 HTGs are expressed in multiple developmental stages and in both sexes (Figure 4A), as
226  well as across multiple tissues and organs (Figure S8C). However, HTGs differ from dipteran
227  genes in their spatiotemporal expression patterns (Figures 4C, S8D). Notably, 45.1%

228 (661/1,466) of HTGs expressed with > 0 TPM in at least one stage attain their highest

229  expression level in larvae, compared to 13.3% (1,624/12,205) of dipteran genes (Figure 4C;
230  contingency test y2(1): 947.0; p-value 4.79x102%). Similarly, 39.6% (600/1,517) of HTGs were
231  significantly upregulated (DESeq2 log. fold change > 0, pagj< 0.05) in larval vs. non-larval

232  stages, compared to 14.2% (1,753/12,381) of dipteran genes (Figure 4D; contingency test y2(1)

233  =617.8; p-value 2.27x10'%). These data suggest that many HTGs in B. coprophila are
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234  transcribed at a level consistent with biological function, and that HTGs may contribute to larval

235  physiology.
236
237  HTGs have been conserved under purifying selection

238 To characterize the temporal dynamics of B. coprophila horizontal transfer, we built and
239 fossil-calibrated a sciarid species tree (Figure 1H) and assigned the minimum age of each HGT
240 event via phylostratigraphy®® (Tables S3, S15). This analysis suggested that 57.1% (533/934) of
241  transfers occurred prior to the divergence of Bradysia from the sciarid Pseudolycoriella hygida,
242  which we estimate via a fossil-calibrated species tree (SI Methods) to have occurred 73.2 million
243  years ago (MYA) (95% highest posterior density 50.0-98.5 MYA). Next, we analyzed the dN/dS
244  ratio for pairwise codon alignments of B. coprophila HTGs with their one-to-one orthologs in B.
245  impatiens®®. We found that 99.9% (989/990) of analyzed ortholog pairs have evolved under

246  purifying selection (dN/dS < 1; likelihood ratio test p-value < 0.05; Table S16). Combined with
247  our inference of HTG persistence over tens of millions of years, this result is consistent with the

248  hypothesis that HTG expression yields functional proteins.

249 HTGs also showed a significantly elevated rate of evolution relative to dipteran genes
250  (median dN/dS 0.14 vs. 0.09; two-sided Mann-Whitney U statistic = 3.27x10°; p-value =

251  3.58x10%%), even when controlling for differences in RNA expression level, subcellular

252  localization, and coding region length (Table S17). Younger HTGs have a higher median dN/dS
253  than older HTGs (0.18 vs. 0.14; two-sided Mann-Whitney p-value = 3.66x10™; Figure 4E), which
254  may reflect transient adaptation or relaxation of constraint following acquisition, although

255  accelerated evolution may bias our age estimates.
256

257  HTGs have diverse predicted functions
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258 We next turned to the prediction of HTG function. Gene Ontology (GO) assignments®
259 revealed that, relative to all other B. coprophila genes, HTGs are enriched in terms related to
260  macromolecule catabolism, redox metabolism, and biosynthesis (Figure 4F). Notably, GO terms
261 associated with transposons, a widespread source of inter-animal HGT®®, collectively constitute
262  only 3.1% (18/584) of HTGs with at least one GO biological process assignment. HTGs are
263  predicted to localize to all subcellular compartments but, relative to all other B. coprophila

264  genes, are enriched (fold change > 1.71; Fisher’s exact p.q; < 107°) in predicted extracellular

265 and endoplasmic reticulum localizations (Figure S8B; Table S18).

266 To further characterize HTG function, we manually assigned HTGs to putative biological
267  pathways using domain annotations with InterProScan®®, with additional evidence from existing
268  expression data and functional assays as available (S| Note 2; Tables S18-19). Function

269 predictions ranged from the catabolism of carbohydrates (Figure S9) to cell signaling, secondary
270 metabolite biosynthesis, transmembrane transport, and epigenetic regulation (126, 63, 56, 68,
271  and 27 HTGs, respectively). Consistent with prior reports that HTGs may contribute to

272  physiological stress responses’3731:60-64

, their domain architectures predict that B. coprophila
273  HTGs participate in DNA repair, proteostasis, redox homeostasis, cofactor and antioxidant
274  biosynthesis (Figure S10), xenobiotic metabolism/toxin resistance, and immune defenses (16,

275 58, 67, 34, 115, and 23 HTGs, respectively).

276 From these manually annotated HTGs, we selected eight HTGs of metazoan

277  phylogenetic affinity lacking homologs in non-sciarid dipterans (Table S20; Figure S4D) for

278 detailed examination and functional analysis. We hypothesized that these genes might confer
279 novel functionality in B. coprophila. For each candidate, we detected expression in B. coprophila
280 larvae using RT-PCR and used Sanger sequencing to confirm that all amplicon sequences

281 matched the sequence of the annotated HTG (Table S14). We also assessed conservation of

282  catalytic residues by alignment with crystal structures of homologs with experimentally
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283 demonstrated functionality (Figure S11). We then interrogated the functions of each HTG when
284  introduced into the yeast Saccharomyces cerevisiae and the fly Drosophila melanogaster. In the
285 following sections, we provide in vivo evidence that these HTGs have enzymatic functionality
286 that we predict cannot be conferred by extant vertically inherited dipteran genes, consistent with
287 the hypothesis that horizontal acquisition of new genes from other animals may have endowed

288  B. coprophila with novel physiological abilities.
289
290 HTGs restore NAD" biosynthetic activity

291 We found HTGs with predicted function in the biosynthesis of four antioxidants or

292  antioxidant cofactors (Figures 5A and S10; S| Note 2; Tables S21 and S22), including NAD".
293 From these pathways, we selected the kynurenine pathway, which functions in tryptophan

294  catabolism and de novo synthesis of NAD" across eukaryotes®, for further characterization. In
295 most insects, only the tryptophan catabolic steps are active due to inferred loss of the three
296 lower pathway enzymes in the last common ancestor of insects; thus, NAD* must be

297  synthesized from dietary niacin®®®’. We predicted that B. coprophila HTGs encode enzymes that
298 catalyze eight reactions in tryptophan and NAD* metabolism (Figure 5A), including all three
299  ancestrally lost enzymes in the biosynthetic pathway. The closest non-sciarid relatives of the
300 latter three HTGs are from mites (arachnids) for 3-hydroxyanthranilate 3,4-dioxygenase

301 (XP_037051528.1; HAAO; Figure S3C) and quinolinate phosphoribosyltransferase

302 (XP_037047821.1; QPRT; Figure S3D), and from a collembolan for kynureninase

303  (XP_037041147.1; KYNU; Figure S7D)%. Single-gene null mutants in the S. cerevisiae

304  orthologs of all three genes (bna1, bna6, and bnab, respectively) produced pronounced growth
305 defects on niacin-deficient growth medium (Figure 5E-G). We introduced the B. coprophila
306 HTGs encoding these enzymes into S. cerevisiae deletion strains and performed genetic

307 complementation assays to assess their in vivo functionality. We found that expression of all
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308 three HTG-encoded enzymes rescued growth of each corresponding null mutant (Figure 5E-G).
309 This result demonstrates that the biochemical functionality of these enzymes is intact,
310  suggesting that HTGs acquired from multiple animal sources may restore NAD" biosynthesis in

311 B. coprophila.
312
313  HTGs contribute to DNA repair

314 InterProScan annotations predicted that 16 B. coprophila HTGs participate in DNA

315 repair. We selected three of six such genes predicted to participate in the repair of oxidized or
316  alkylated nucleotides (Figure 5B) for in vivo assessment of DNA repair function.

317 XP_037036837.1 encodes a methylpurine DNA glycosylase (MPG)® of collembolan affinity
318  (Figure S7TE); XP_037042473.1 encodes a member of apurinic/apyrimidinic (AP) site

319  endonuclease family 2 (APEX2)® of mite (arachnid) affinity (Figure S3E); and XP_037049870.1
320 encodes an oxidized purine nucleoside triphosphate hydrolase (80DP)™ of butterfly and moth
321  orlacewing (insect) affinity (Figure S7C). All three enzymes are found across the tree of life but

322  were likely lost in or before the dipteran common ancestor (Table S20).

323 First, we performed complementation assays with MPG and APEX2 in S. cerevisiae
324  (Figure 5H). Null mutations in the S. cerevisiae orthologs of either gene (MAG1"" and APN1"?,
325  respectively) caused a pronounced growth defect on exposure to the methylating agent methyl
326  methanesulfonate. While B. coprophila APEX2 did not rescue the APN1 growth defect, the
327 MAGT growth defect was rescued by B. coprophila MPG. This suggests that at least one HTG

328  of collembolan affinity retains a function in DNA repair.

329 Next, we created transgenic D. melanogaster lines carrying APEX2 or 8ODP under UAS
330 control™. Inducing expression of either B. coprophila gene using a constitutive, ubiquitous GAL4

331 driver reduced hydrogen peroxide-induced mortality (hazard ratio 0.28-0.83). The statistical
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332  significance of the effect varied by sex and choice of parental control (Figure 5I-L; Table S23).
333 APEX2 and 80DP expression also promoted female survival without hydrogen peroxide

334  exposure (hazard ratio 0.48-0.72; Figure S12A, S12C), as has been observed for

335 overexpression of some endogenous DNA repair genes in D. melanogaster’. Collectively, these
336 results are consistent with the hypothesis that HGT from animals contributes to DNA repair in B.

337  coprophila.
338
339 An HTG enables arsenite tolerance

340 We predicted that 115 HTGs participate in detoxification or toxin resistance. Among

341  these, XP_037042500.1 is a predicted arsenite methyltransferase (ArsM) of collembolan affinity
342  (Figure S4E). ArsM detoxifies inorganic arsenite via successive methylation reactions (Figure
343  5C)™. Thus, ArsM acquisition could have endowed B. coprophila with the ability to withstand
344  arsenite toxicity. To test this hypothesis, we generated transgenic D. melanogaster carrying the
345  B. coprophila ArsM gene under UAS control. Constitutive ubiquitous expression of the

346 transgene did not significantly improve survival on standard D. melanogaster diet (Figure S13,
347  Table S23). Adding 1 mM sodium arsenite to standard diet killed all male control flies within 13
348 days (Figure 5N) and all female control flies within 17 days (Figure 5M). However, driving

349  expression of B. coprophila ArsM with a ubiquitous constitutive GAL4 driver delayed complete
350 mortality on sodium arsenite by between one (females) and five (males) additional days (hazard

351 ratio 0.20-0.49; p-value < 1x10°°; Figure 5M-N, Table S23).
352
353  An HTG enables cyanide tolerance

354 Five HTGs of collembolan phylogenetic affinity were predicted to enable tolerance of

355 cyanide. We ubiquitously expressed one of these, which we predicted to be a B-cyanoalanine
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356  synthase (XP_037050347.1; Figure S4D)’, in D. melanogaster, and tested its predicted

357  detoxification activity (Figure 5D) using a cyanide fumigation assay’®. Following fumigation, we
358 found that transgene expression with a ubiquitous constitutive GAL4 driver increased the

359 median time to paralysis by at least 11.8-fold (Figure 50; Video S1) and the probability of

360 overnight recovery by at least 13.0-fold (Figure 5P) in both sexes.
361
362 Discussion

363 We provide evidence for an unprecedented level of HGT within an animal genome, even
364  more notable because at least 78.3% of the HTGs likely originate from other animals (Figure
365 2A-B; Figure S2A). The observed proportion of protein-coding HTGs (9.2%) is comparable to
366 the levels observed in prokaryotic genomes*, while other eukaryotes have on average no more
367  than 5% of their protein-coding genome derived from HGT'*>""78_ To our knowledge, the B.

368  coprophila genome contains a greater proportion and number of HTGs than any previously

369 analyzed animal genome®'>"®. Although we cannot completely rule out phylogenetic artifacts,
370  contamination, or gene loss as alternative explanations', our conservative detection and

371  validation approach (Figure 1; Figure 2C-E) suggests that these phenomena are unlikely to fully

372  account for the signature of massive HGT in this genome.

373 We have further shown that multiple B. coprophila HTGs are biochemically active when
374  expressed in yeast and Drosophila, supporting the hypothesis that they have contributed to
375 novel stress-tolerance and biosynthetic physiology. Our findings that HGT restored ancestral
376 losses of the DNA repair enzyme MPG (Figure 5H) as well as NAD" biosynthesis in B.

377  coprophila (Figure 5A, E-G) show that inter-metazoan HGT may circumvent the irreversibility of

378 gene and complex-phenotype loss in animals, as has previously been reported for fungi®'. In
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d3,12—14

379  sum, inter-animal HGT, previously only rarely documente , appears to be a major force of

380 genomic and physiological change in sciarids.

381 We speculate that sciarid ecology may have favored the fixation and retention of HTGs
382  (Figure 6). HTGs are disproportionately transcribed in B. coprophila larvae (Figure 4C-D), which
383 s the soil-dwelling stage and the primary feeding stage of the sciarid life cycle*®. We predict that
384  HTGs participate in carbohydrate catabolism (126 HTGs; Figure S9), antibiotic biosynthesis
385  (Figure S6), and toxin resistance (115 HTGs), all of which may be adaptive functions in

386  detritivorous and herbivorous niches (S| Note 2)723.25:40485361.81 |n narticular, sciarids are likely

1¥2 and cyanide as a plant toxin’, and our

387  to encounter arsenite as a natural component of soi
388  Drosophila transgenic assays show that single HTGs are sufficient to confer resistance to both
389  (Figures 5C, D, M-P). Recent work also suggests that an HTG confers cyanide-resistant cellular

390 respiration in the sciarid P. hygida®.

391 The soil environment could also subject sciarids to frequent oxidative and/or DNA

2284 or redox chemistry®®. Bradysia tolerates a

392 damage from desiccation®®, transient hypoxia
393  higher level of hypoxia® and ionizing radiation®® than other arthropods, and HTGs constitute
394  11.8% (40/338) of B. coprophila genes upregulated in response to ionizing radiation®®. Thus,
395 HGT may have enhanced DNA repair and/or redox homeostasis in this animal. Consistent with
396 this hypothesis, we experimentally validated biochemical activity of HTGs in the biosynthesis of

397 NAD" (Figure 5A, E-G), a cofactor that supports oxidative stress and DNA-damage responses?’,

398 and the responses to DNA-alkylating as well as oxidative stressors (Figure 5B, H-L).

8.89 and responses to oxidative®

399 Notably, carbohydrate catabolism?>°, detoxification
400 and DNA damage® have putatively been enhanced by HGT in other transitions to herbivorous
401 or soil-dwelling niches®’. Thus, repeated horizontal acquisition of genes conferring niche-

402  associated functions (Table S11) may facilitate ecological convergence across diverse

403 animals®’*2. Taken together, these results add to the emerging paradigm that HGT plays an
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404  important role in animal innovations including niche adaptation®®’. Our findings expand the
405  functional relevance of HGT beyond prokaryotes and show that animal-to-animal HGT can be

406  both prevalent and biologically relevant.

407 What factors might have enabled massive HGT in sciarids? Proximity to soil-dwelling
408  donor lineages likely contributed (Table S4; Figure 6A). Collembolans, mites, and rotifers are
409 thought to possess genomic adaptations to life in soil, including HTGs from

16.23.47.48,53.8061.81 ' Qur phylogenetic analyses suggest that multi-step networks of genetic

410  microbes
411 exchange among these organisms and sciarids may also contribute to adaptation to this shared
412  niche (Figures 6A, S4, S7; Tables S8B-H). We speculate that ecological factors including the
413  stabilization of extracellular DNA by adsorption to soil particles®, horizontal transmission of
414  cargo-carrying transposons or viruses'®, or frequent DNA damage caused by soil-related

)17,83

415  stressors (see above might contribute to the apparent frequency of HGT in the soil.

416 To conclude, our results suggest that inter-animal HGT cannot be overlooked as a
417  source of genomic and physiological novelty in animal evolution. We anticipate that future work
418  will uncover more examples of genetic exchange among animals, especially those that inhabit

419  stress-inducing environments.

420
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421 Methods

422 Bioinformatic and experimental analyses are described in brief here, with additional detail

423  provided in S| Methods.

424

425 HGT inference

426  DIAMOND-based HGT inference

427 The longest isoform for each B. coprophila protein-coding gene was queried against the
428  clustered non-redundant (clusteredNR) database

429  (https://ftp.ncbi.nim.nih.gov/blast/db/experimental/, access date 5/26/2026) with DIAMOND
430  (v.2.2.0 --evalue 0.01, very-sensitive mode). Protein-coding genes were assigned to one of five
431 ancestry annotations (Table S6) depending upon the taxonomic distribution of the top 2,000

432  DIAMOND hits (Figure 1A) as follows:

433 e orphan: no significant (E-value < 0.01) hits outside of the taxonomic family of the query.
434 e non_dipt (HTG 1 in Figure 1A): significant hits (E-value < 10°) in non-dipteran lineages
435 and no significant (E-value < 0.01) hits in Diptera outside the family of the query

436 sequence.

437 e alien (HTG 2 in Figure 1A): significant hits in other dipteran families that are more than
438 ten orders of magnitude higher in E-value (i.e., weaker similarity) than the best non-
439 dipteran hit, such that the “Alien Index”'® (Al) > 10.

440 e dipt: top hit outside of the taxonomic family of the query is in a different dipteran family.
441 These genes are inferred to be of vertical descent.
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442 e none: all others; i.e., the top hit outside of the taxonomic family of the query is non-
443 dipteran, with Al < 10 and/or E-value > 10,
444 Hits to synthetic sequences (NCBI taxid 32630) and the genome of Rhagoletis zephyria

445  (NCBI taxid 28612), previously shown to be contaminated with reads from mites®’, were
446  excluded from the above calculations and subsequent phylogenetic inference. We modified the
447  previously derived Alien Index (Al)' to allow for HTG candidates of non-dipteran origin, as

448  follows:

min(E — value) giprerqa + 1E — 200
min(E — value)on—giptera + 1E — 200

449 AI = l0g10

450 Here, diptera refers to hits in Diptera outside of the family of the query sequence, and non —

451  diptera refers to any hit outside of Diptera, including both metazoan and non-metazoan clades.

452 Genes assigned to the non_dipt or alien categories were considered to be of putative
453  HGT ancestry. We note that our Al cutoff of ten is conservative and may undercount the number
454  of HTGs, especially from other arthropods. Accordingly, one cytochrome P450 sequence

455  previously identified via phylogenetic analysis as an HTG of arthropod origin

456  (XP_037052058.1)% failed to pass our threshold (Table S1). Comparisons to dipteran-ancestry
457  genes in all downstream analyses refer to the dipt category. The above criteria were also

458  applied to the longest predicted protein isoform per protein-coding gene for 53 non-Bradysia
459  dipteran species with RefSeq annotations of chromosome-level or scaffold-level assemblies

460 (genome accessions in Table S2).
461
462  Phylogenetic inference

463 DIAMOND hits for putative HTGs were similarity-clustered prior to gene tree inference.

464  Phylogenetic datasets were constructed to include protein sequences from B. coprophila, other
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465 members of the same taxonomic family (Sciaridae), and non-sciarid homologs retrieved via
466  DIAMOND. Genome annotations for other sciarids were obtained from GenBank if available or
467  generated via BRAKER3% if no annotation was available. Sequences were aligned with

468 MUSCLE (v.5.1)%, followed by alignment trimming with trimAl (v.1.4.1)*, and maximum-

469 likelihood gene tree inference with IQ-TREE (v.2.2.0.3)%. Trees were subjected both to

470 automated analysis of closest phylogenetic relatives on midpoint-rooted trees (Figure S2A), and
471 manual inspection of the broader phylogenetic context surrounding each clade of sciarid

472  sequences (Figure 3A1-A4; Figure S2C-J), including manual re-rooting to reflect species

473  relationships when applicable (55 cases). Each (potentially multi-sequence) clade of sciarid
474  sequences was considered to reflect an HGT event if it phylogenetically grouped with

475  sequences from non-dipteran sources and was separated from non-sciarid dipteran sequences
476 by at least one node with > 70% bootstrap support. We additionally excluded topologies

477  suggestive of one-step transfer from sciarids to non-sciarids. Only HTGs supported by both

478  DIAMOND and tree inspection were included in the final set of 1,517 HTGs.

479 Closest relatives of HTGs in Figures 5 and S6, S9, and S10, as well as Tables S18, S21,
480 S22, S24, and S25 were determined from the closest non-sciarid clade on gene trees, or top
481  non-sciarid DIAMOND hits if this clade was polyphyletic. Sciarid homologs of HTGs were

482  defined as all sciarid sequences more closely related to a B. coprophila HTG than any non-

483  sciarid sequence. Thus, a B. coprophila HTG and its homologs in other species were inferred to
484  descend from a single transfer event in a sciarid ancestor. Phylostratigraphic age estimates

485  (Figure 1H; Tables S3 and S15) were assigned according to the distribution of homologs across

486  sciarid species.
487

488  Contamination analysis
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489 Previously published Oxford Nanopore reads® were mapped to the B. coprophila

490 reference annotation with Minimap2 (v.2.28)%, SAMtools (v.1.21)%”, and BEDTools (v.2.31.1)%®
491  to compute read depth, length and co-occurrence data for HTGs and dipteran genes. Null

492  distributions of the proportion of HTGs found in chimeric and pure HTG-containing reads in

493  Figure 1G were produced by 1,000 iterations of a simulation in which annotated ‘dipteran’ genes
494  were randomly relabeled as ‘dipteran’ or ‘HTG’ such that the proportion of simulated HTGs was
495  equal to the observed proportion. Microsynteny between loci in the genomes of B. coprophila

496  and other sciarids (Figure S1E-F) was assessed via reciprocal best DIAMOND BLASTDp hits.
497

498  In silico functional analysis

36,55,56

499 Previously published B. coprophila RNA-Seq TPM and raw count data were
500 accessed from NCBI. Differential expression analysis was performed in DESeq2%. dN/dS was
501 computed for reciprocal best DIAMOND BLASTYp hits between B. coprophila and B. impatiens,
502 the most closely related species with a publicly available chromosome-level assembly, using
503 PAL2NAL'®-generated codon alignments and PAML'"". Analysis was restricted to pairs with dS
504 <2, and selective constraint was measured using a likelihood ratio test (y?(1) = 2 Alog(L)) of
505 the null hypothesis that dN/dS = 1, with false discovery-rate adjustment according to the

506 Benjamini-Hochberg procedure implemented in statsmodels'®? (version 0.14.0). Figure 4E is
507 restricted to HTGs shared by B. coprophila and B. impatiens. “Middle-age” HTGs were defined

508 as those with tree-inferred orthologs in B. impatiens but not in more distantly related sciarids,

509 and “old” HTGs have tree-inferred orthologs in Lycoriella ingenua or P. hygida.

510 Subcellular localization was predicted for the longest protein isoform per B. coprophila
511  gene using DeeplLoc2.0'® (“accurate” model). Plastid predictions were excluded for enrichment

512 analyses. Gene Ontology (GO) term annotations pre-computed with InterProScan®® version
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513 5.72-103.0 were obtained from the NCBI FTP site for the B. coprophila reference genome

514  annotation (“GCF_014529535.2-RS_2026_02_gene_ontology.gaf’, access date 7/7/2026) and
515 mapped to their respective names using the “go-basic.obo” file obtained from the GO website
516 (release 2026-06-15). Functional enrichments for DeepLoc2-predicted subcellular localizations,
517 GO molecular function, and GO biological process were computed with Fisher’s exact test in
518  SciPy'™ (version 1.8.1), with “alternative” set to two-sided for subcellular localization and

519  “greater” for GO terms. Enrichment computations were restricted to the longest isoform per
520 gene, excluding all genes without at least one assigned GO term. P-values were adjusted with
521  the Benjamini-Hochberg procedure.

522 The following biological process terms were considered to be potentially associated with
523 transposable elements: GO:0006310 (DNA recombination); GO:0015074 (DNA integration);
524  GO0:0006313 (DNA transposition); GO:0098039 (replicative DNA transposition); GO:0098038
525  (non-replicative DNA transposition); GO:0006317 (DNA-mediated transposition); GO:0006318
526  (DNA-mediated transposition); GO:0032197 (retrotransposition).

527 All B. coprophila HTGs were submitted to InterProScan®® (version 5.77-108.0) for protein
528 domain annotation. Biological pathways (Table S18, sheet “manual_annotations”) were

529  manually assigned from inspection of InterPro domain descriptions (access date 7/14/2026) or
530 the sources indicated in Table S18. Author-assigned pathways were reviewed and revised for
531 internal consistency using assistance from ChatGPT (version 5.5, “Pro” intelligence).

532  Hercynylcysteine sulfoxide lyase domain assignments (Figure S10A) were validated with the
533  KofamKOALA'® web server (version 2026-06-01, KEGG release 118.0).

534 Carbohydrate-active enzyme (CAZyme) annotations were obtained for B. coprophila
535 from a previous publication*® and mapped to the current genome annotation. We found that
536  258/270 (95.6%) of CAZymes identified by Trinca and colleagues*® from annotation version
537 GCF_014529535.1 successfully mapped to GCF_014529535.2, of which 89 were identified as
538 HTGs. Carbohydrate catabolism HTGs were tabulated by combining previously reported*
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539 Pfam'® and dbCAN2'%-based annotations (Table S18, “carbohydrate_catabolism”; Table S26).
540  When InterProScan annotations differed from previously reported annotations*®, priority was
541  given to the previously reported annotation.

542 Protein structures were predicted with AlphaFold2'% using ColabFold'® (v.1.5.5) and
543  aligned to solved crystal structures from the Protein Data Bank (PDB) with PyMOL"? (v.3.0.3).

544
545 RT-PCR confirmation of B. coprophila HTG expression

546 cDNA was synthesized from mRNA extracted from seven-day-old B. coprophila larvae
547  and used as a template for a PCR reaction to assess endogenous expression of putative HTGs
548  selected for trans-species experimental analysis. Gene-specific primers were designed using
549  the NCBI Primer-BLAST tool'" to span multiple introns when possible. PCR products were
550 subjected to Sanger sequencing and compared to corresponding RefSeq annotations. Primer
551 sequences and GenBank accessions of Sanger sequencing results are available in Table S14
552  (sheet “Sanger_results”).

553

554  Transgenic assays in D. melanogaster

555  Design and synthesis of transgenic constructs

556 The coding sequences (CDSs) of B. coprophila ArsM, B-CAS, APEX2, and 8ODP

557  (referenced with Bc prefixes) were codon-optimized for D. melanogaster expression using the
558  Twist Biosciences Codon Optimization tool''?. Each codon-optimized sequence had a

559  (Gly4Ser)3 linker and hemagglutinin (HA) tag added to the 3’ end of the sequence and a Kozak
560 sequence (ATCAAC ATG) at the 5’ end just upstream of the start site. These sequences were
561  synthesized by Twist Biosciences and cloned between the Xbal and Xhol restriction sites after
562 the removal of the myristoylated GFP from the original plasmid (pJFRC12-10XUAS-IVS-

563 myr::GFP; Addgene #26222). Both Xbal and Xhol restriction sites were retained in the final

564  plasmid.
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565

566  Generation of transgenic flies

567 Each plasmid was integrated into the D. melanogaster genome via phiC31-mediated
568 recombination into an attP site on the second chromosome (attP40)"®. Plasmids were injected
569 by BestGene Inc. and transgenic flies were identified by eye color.

570

571 Drosophila maintenance and stocks

572 Flies were raised at 25 °C and 60% relative humidity with standard Drosophila food

573  prepared as previously described™. All flies used in this study were either generated herein or
574  obtained from the Bloomington Drosophila Stock Center (BDSC) and are listed in the

575  Supporting Information Materials “Experimental Materials” table.

576

577  Test for resistance to hydrogen peroxide

578 We adapted our protocol from methods reported by Vrailas-Mortimer and colleagues'.
579  Virgin male and female flies of BCAPEX2 and Bc8ODP experimental (UAS+GAL4) and parental
580 control (UAS-only and GAL4 driver-only) genotypes were collected by crossing virgin females of
581 the UAS line to males of the GAL4 lines (for experimental flies), or virgin females of the UAS or
582  GAL4 lines to Oregon R males (for control flies). Flies were aged for two days and then starved
583  for six hours. 25 flies of the same sex were transferred into plastic vials with 1.3% agarose and
584 1% sucrose in reverse osmosis (RO) water (controls) or 1.3% agarose, 1% sucrose and 1%
585 hydrogen peroxide in RO water (experimental), with five replicate vials per each combination of
586  genotype, sex, and treatment. Survivors were counted daily and flies were transferred every
587  four days into new vials until all the flies had died.

588

589 Test for resistance to arsenite
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590 We adapted our protocol from methods reported by Ortiz and colleagues’®. Virgin male
591 and female flies of all BcArsM genotypes (UAS-only or GAL4 driver-only parental controls, and
592  UAS+GAL4 experimental flies) were collected by crossing as described for hydrogen peroxide
593  assays above. 25 one-day-old flies of the same sex were placed in vials with Formula 4-24
594  instant medium (controls) or 1 mM sodium arsenite-supplemented Formula 4-24 instant medium
595  (experimental). Between five and ten independent replicate vials were analyzed per combination
596  of sex, genotype, and condition (Table S23). Survivors were counted daily and flies were

597 transferred every five days into new vials until all the flies had died.

598

599  Test for resistance to cyanide

600 We adapted our protocol from methods reported by Fernandez-Ayala and colleagues’®.
601  Virgin male and female flies of Bcop B-CAS genotypes (UAS-only or GAL4 driver-only parental
602 controls, and UAS+GAL4 experimental flies) were collected by crossing as described for

603 hydrogen peroxide assays above. 20 one-day-old flies of the same sex were flipped into

604  plugged vials with 1% agarose in RO water containing 10 mM KCN, 50 mM Tris-HCI (pH 7.5)
605 inside a fume hood at room temperature. Six replicate vials were assayed per combination of
606 sex and genotype. Flies were kept in the vials until the last fly in all three conditions stopped
607 moving (58 minutes; see Video S1). Flies were then transferred to vials with 1% agarose in RO
608  water and kept overnight at 25 °C and 60% relative humidity to measure recovery. The time
609 taken for the paralysis of all flies in each vial was measured, as well as the number of flies that
610 recovered overnight.

611
612  Survival analysis

613 Experimental recordings of cumulative deaths per day were transformed to long-format
614  tables in which each row corresponds to a single death or censoring. All flies alive on the last

615 day were recorded as a separate censoring event. In this table, we enforced monotonicity in
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616  cumulative deaths to account for inadvertent mis-recording of deaths; Cox proportional hazards
617  regression results were robust to removal of two replicates in the arsenite experiment that

618  exhibited apparent mis-recording on a single day in each replicate.

619 These long-format tables were visualized as Kaplan-Meier survival curves and analyzed

620 using Cox proportional hazards regression with lifelines'® (

version 0.30.0). Cox regressions
621  (Table S23) were fit with biological replicates as clusters to account for potential non-

622 independence within vials. Comparisons of 1% H,O, or arsenite-supplemented diets to

623 unsupplemented diets were performed on pooled datasets using sex and genotype as

624  covariates. Pairwise comparisons of UAS+GAL4 experimental flies to GAL4 driver-only or UAS-
625  only control flies were performed on subsets of the data separated according to dietary medium
626  and sex.

627

628  Saccharomyces cerevisiae complementation assays

629  Plasmid construction

630 Putative B. coprophila kynurenine pathway coding sequences (CDSs) for KYNU, HAAO,
631 and QPRT were initially codon optimized for expression in Nicotiana tabacum. Due to difficulties
632  driving expression in this system (not shown), we then cloned the B. coprophila CDSs from the
633  N. tabacum expression plasmids into a S. cerevisiae expression vector. The yeast expression
634  vector pPN352"7 with an Actin promoter (~1,000 base pairs upstream of the start codon of the
635 Actin gene) and an ADH1 terminator, was linearized by Notl digestion to introduce the CDS.
636  Gibson assembly reactions were performed using pPN352-Notl as the vector and individual B.
637  coprophila coding sequences as inserts to generate pPN352-BcKYNU, pPN352-BcHAAO, and
638 pPN352-BcQPRT. Representative correct clones were confirmed by whole plasmid sequencing
639 (Plasmidsaurus) and used for subsequent yeast transformations.

640 B. coprophila DNA repair genes (BcMPG, BcCAPEX2) were amplified based on the

641  gBlocks sequence containing yeast-codon-optimized CDSs using primers to add 2X SV40
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642  nuclear localization sequences to the C-termini of the predicted proteins. PCR products were
643  purified and assembled into Notl-linearized pPN352 by Gibson assembly.

644

645  Yeast strains and growth conditions

646 S. cerevisiae BY4741 deletion strains lacking the yeast equivalents of five B. coprophila
647 HTGs were obtained from the yeast deletion collection (Research Genetics; Catalog No.

648  95401.H2)"'®"° and revived from frozen stocks onto appropriate synthetic medium (CSM'20:12")
649  or yeast extract, peptone, dextrose (YPD'??) plates. CSM Medium comprised of 6.7 g/L Yeast
650 Nitrogen Base (Research Products International), 0.74 g/L Complete Supplement Mixture

651 (CSM; Sunrise Science Products) and 2% (w/v) glucose. For CSM-URA, Complete Supplement
652  Mixture (CSM) without Uracil (Sunrise Science Products) was used. The wild-type MATa strain
653 RDY68 (S288C background) was used as a positive control for growth and DNA damage

654  resistance. Cells were routinely cultured at 30 °C in synthetic medium lacking uracil (SC-URA)
655  with 2% glucose unless otherwise noted.

656

657  Yeast transformation and selection

658 Deletion strains were transformed with the empty vector pPN352 or the indicated B.

659  coprophila CDS expression plasmids using a standard high-efficiency LIAc/PEG transformation
660 protocol'®. Transformants were selected on CSM-URA plates and re-streaked to ensure

661 clonality. For each genotype (empty vector vs. B. coprophila rescue construct), two independent
662 transformants were chosen for downstream growth and DNA damage assays.

663

664  Nicotinic acid auxotrophy complementation (kynurenine pathway)

665 Complementation of kynurenine pathway deletions by B. coprophila HTGs was assayed
666  on nicotinic-acid—free medium. Overnight cultures of empty vector, BY4741 bna1A, bna5A, and
667  bnabA transformants grown in SC-URA medium containing nicotinic acid were harvested. 10 yL
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668  of each culture was transferred to a 96-well filter plate. Cells were pelleted at 1,800 rpm for
669 three minutes (twice) and washed with 200 pL of post-shift medium to remove residual nicotinic
670 acid. Washed cells were resuspended in 200 pL of yeast nitrogen base (YNB) medium lacking
671  nicotinic acid (YNB-NA, Formedium) supplemented with SC-URA and 2% glucose, transferred
672 to a 96-well plate, and incubated at 30 °C with orbital shaking in a plate reader. Optical density
673 at 600 nm was recorded every six minutes for 24 hours, and growth curves were compared
674  between empty-vector and B. coprophila gene expression constructs in the deletion strains, with
675 RDY68 included as a wild-type positive control. Growth curves were plotted with a Savitzky-
676  Golay smoothing filter in SciPy (savgol_filter window_length: 31; polyorder: 1).

677

678  MMS sensitivity assay (DNA alkylation repair)

679 To assess complementation of DNA repair defects, apn1A and mag1A strains

680 transformed with empty vector or with BCAPEX2 or BcMPG expression constructs were tested
681  on methyl methanesulfonate (MMS). SC-URA plates containing 2% glucose and 0.02% MMS
682  were prepared by adding MMS to cooled SC-URA agar just before pouring (35 mL per

683  omniplate). Overnight cultures were adjusted to the same OD600, and four 10-fold serial

684  dilutions were prepared in sterile medium. Five pL of each dilution was spotted onto control and
685 MMS-containing plates, which had been dried in a laminar-flow hood for five minutes before
686  spotting. Plates were incubated at 30 °C and imaged after 48 hours to assess the relative

687  survival of each strain—plasmid combination.

688

689  Software access and use of artificial intelligence

690 Except where otherwise noted in “Supporting Information Materials: Software and

691 algorithms,” all bioinformatics software was accessed via Singularity images distributed by the
692  BioContainers project'® on the Harvard Faculty of Arts and Sciences Research Computing
693  cluster. ChatGPT (versions 4-5.5) was used to assist with scripting from human-generated
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694  pseudocode; review, commenting, and organization of human-generated code; and
695  proofreading of the manuscript for spelling, grammar, and consistency. All Al-assisted code was
696  reviewed, revised, and interpreted by R.R.K.. Figures were assembled with

697  hiips:/BioRender.com/ (RRID:SCR_018361) and Adobe lllustrator v30.1. Sankey diagrams

698  were created using SankeyMATIC'®,
699
700 Data availability. Input data as well as intermediate and final data outputs have been deposited

701  as a Dryad repository (10.5061/dryad.5dv4 1nsmx). Sanger sequencing results are available on

702  GenBank (accessions provided in Table S14). Gene trees for selected HTGs are provided as
703  supplementary Figures S3, S4, S5, S7 and S14, and all gene trees are available on iTOL

704  (https://itol.embl.de/shared/20NWy5j2zngY5). All code required to reproduce these analyses is

705 available at https://github.com/rishabhrajkapoor/Bradysia coprophila HGT (commit ID:

706  594a074).
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Figure 1 (previous page). Signatures of massive HGT in the B. coprophila genome. (A) lllustration of
our methodology for inference of gene ancestry from the taxonomic distribution of DIAMOND hits, with
numbers beneath each ancestry annotation (see Methods) indicating the number of corresponding B.
coprophila proteins. Circles represent DIAMOND hits colored by taxonomic source. HTG 1 and HTG 2
represent patterns interpreted as transfers from non-dipteran sources. Dipteran-affinity genes are
assumed to be vertically inherited. (B) Phylogram'?® of 13 dipteran families subjected to DIAMOND-based
HTG inference, with the number of searched RefSeq genomes per family indicated in parentheses. Bar
graph and adjacent numbers show the number and percentage of protein-coding HTGs per genome
averaged across all genomes analyzed per family, rounded to the nearest integer and tenth of a
percentage point, respectively. (C) Principal component analysis of coding region codon usage. Each dot
represents codon usage of one gene, colored by gene ancestry. (D) Pooled Oxford Nanopore (ONT) read
depth overlapping B. coprophila genes per kilobase, separated by gene ancestry (Unte= 3.09; Ontc=2.14;
Moipt= 2.38; ooipt=2.12). (E) Mean ONT read length overlapping each gene (log scale), separated by
ancestry type (UHte= 1.05x10%; onte=5.00x10%; ppipt= 9.54x10%; opipt=4.37x10%). Asymptotic two-sided
Mann-Whitney test statistics are indicated for (D)-(E). (F) “Chimeric reads” = ONT reads containing at
least one putative HTG (orange rectangle) and one dipteran gene (blue rectangle). “Pure HTG reads” =
ONT reads containing only putative HTGs. Percentages of the total number of putative HTG-containing
reads in each category are indicated. (G) Fraction of HTGs found exclusively in ONT reads containing
only HTGs or in at least one read containing a dipteran gene (dashed lines). Histograms show simulated
null distributions. (H) Fossil-calibrated sciarid species tree (Figure S8A). Numbers at branches indicate
the number of transfer events (of 934) inferred to have occurred in the corresponding interval. Number
and % of B. coprophila HTGs shared with other sciarid species are indicated to the right of species
names. (1) UpSet plot'?” of the presence of homologs of HTGs from B. coprophila in other sciarid
genomes.
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Figure 2 (previous page). DIAMOND and phylogenetic inference reveal diverse origins of putative
B. coprophila HTGs. (A) Sankey diagram of the taxonomic origin of the top non-sciarid DIAMOND hit for
HTGs"8. Branch height is proportional to the number of HTGs. (B) Phylogenetic relationships among
arthropod lineages with annotated genomes represented in GenBank or RefSeq at the time of analysis.
Tree tips correspond to orders, except for intra-order relationships within Diptera. The number and
percentage of total HTGs with a top DIAMOND hit in each order are indicated to the right of each text
label in parentheses; absence of numbers adjacent to a clade indicates no evidence of contributions to
HGT in the B. coprophila genome. Circle sizes are proportional to the logarithm of HTG number. The top
six putative donor orders for B. coprophila HTGs (family Sciaridae) by top DIAMOND hit are highlighted in
colored text/silhouettes (from www.phylopic.org). (C) Phylogenetic tree of Hexapoda showing the
minimum number of independent losses (red symbols) required to explain the presence of a gene in
Collembola and Sciaridae but no other examined hexapod genome without HGT. Terminal leaf nodes are
at the order taxonomic level except for Diptera, which is expanded to the infraorder and family level. Red
lines indicate conservation of the gene under this hypothesis required since the hexapod common
ancestor. (D) The expected number of collembolan-affinity genes (u = 1.58, o = 1.25) was computed
under a null model assuming vertical descent with gene loss. Vertical lines indicate the observed number
of putative collembolan-affinity HTGs via DIAMOND (black, N = 785) or collembolan origin transfer events
via manual tree inspection (gray, N = 386). (E) Comparison of the percent identity to the top collembolan
hit for B. coprophila proteins of dipteran ancestry and B. coprophila HTGs of putative collembolan origin
via tree inspection, with one-sided Mann-Whitney test statistics indicated.
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Figure 3 (previous page). HTG genomic and evolutionary characteristics. (A) Schematic gene tree topologies consistent with four
evolutionary scenarios: one-step transfers (A1-A2; Table S8A), two-step transfers (A3, Table S8B-C), and convergent transfers to sciarids and
another metazoan taxon (A4; Table S10; 128 transfers (13.7% of all transfers) and 248 genes (16.3% of all HTGs)). Pie charts show relative
contributions of transfer types to the putative HTGs detected in the B. coprophila genome. Categories not illustrated in this figure are shown in
Figure S2C-E. “met” = metazoan; "non-met” = non-metazoan; “?” indicates unclear direction. (B) Circular genome diagram showing the number of
HTGs (inner ring) and dipteran genes (outer ring) per 100 kb on each of the four B. coprophila chromosomes. Numbers outside each sector show
the proportion and number of HTGs and dipteran protein-coding genes found on each chromosome, excluding 33 HTGs and 274 dipteran genes
not assigned to a chromosome. (C) Observed proportions of HTGs immediately adjacent to other HTGs including (solid line) and excluding
adjacent paralogs (dashed line), compared to a randomized null distribution (gray shaded region). (D) NCBI genome data tracks (not to scale) for
adjacent genes putatively encoding consecutive enzymes of the glyoxylate shunt (D1) and the B-lactam biosynthesis pathway (D2) in B.
coprophila and other animal recipients or donors of these HTGs (accessions in Table S25). Thick colored bars show CDS exons; thick gray bars
show untranslated exon regions; thin lines indicate introns; arrows indicate the direction of transcription. Histograms below each transcript model
indicate aggregate RNA-Seq exon coverage. Numbers below each transcript model in D2 indicate coding region-spanning introns for B. coprophila
loci; conserved intron positions with respect to the homologous B. coprophila locus for F. candida and P. metropolitanus loci. The single conserved
intron for each gene in the glyoxylate shunt cluster (D1) is indicated with a star. For isocitrate lyase, the intron position differs by one nucleotide
position between the two homologous loci.
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Figure 4 (previous page). HTGs exhibit signatures consistent with biological functionality. (A) Heatmap of log-transformed mean RNA-Seq
expression level in transcripts per million (TPM) by sex and stage for HTGs. (B) Mean expression level in TPM for dipteran genes and HTGs. (C)
Stage of maximal mean expression level by gene ancestry. y?(1) contingency test p-values from left to right are 5.97x1074, 4.79x10-2%8, 7.06x105,
and 0.03; x? values are 331.0, 947.0, 15.8, and 4.5. ** p<10*, * p<0.05. (D) Volcano plots of differential expression between larval and non-larval
samples, for dipteran-ancestry genes (left) and HTGs (right). Y-axes indicate —log,, Benjamini-Hochberg-adjusted p-values; x-axes indicate log,
fold change (larval/non-larval). (E) Pairwise dN/dS estimates (median values indicated under white median line) obtained for pairs of orthologous
B. coprophila and B. impatiens genes separated by ancestry, with HTGs assigned to “middle” or “old” phylostratigraphic age. “Orphan” is as in
Figure 1A. ** p<10*, * p<0.05 under two-sided Mann-Whitney test; exact p-values left to right are 1.31x10"", 1.07x108°; 3.66x10*, 1.63x107"5,
1.42x1072%; U statistics left to right are 9.14x103, 7.19x10%, 2.61x10%, 1.88x10°, and 3.07x10°. . (F) Gene Ontology (GO) biological process (left)
and molecular function (right) enrichment among HTGs. Circle size indicates the number of HTGs in a given gene set. Circle color indicates the
Benjamini-Hochberg-adjusted p-value from Fisher's exact test. X-axis position indicates fold-change enrichment over the genome-wide non-HTG
background. See Table S18 for full data.
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Figure 5 (previous page). Transgenic assays demonstrate physiological activity of B. coprophila
HTGs. (A) Predicted activity of HTGs and dipteran-ancestry genes involved in tryptophan catabolism
and/or NAD* biosynthesis (Table S21). Text and arrow colors indicate predicted enzyme-coding gene
ancestry and reactions predicted to be solely catalyzed or facilitated by HTGs. Not shown for simplicity:
an additional ACMSD HTG of arachnid affinity; an IDO HTG of fungal affinity; a Kfase HTG of collembolan
affinity. (B) Schematic of putative HTG and dipteran gene activity in repair of non-bulky DNA damage (for
example by oxidation, alkylation or uracil substitution; Table S24). Asterisks indicate HTGs inferred to be
absent in non-sciarid dipterans. (C) Reactions predicted to be catalyzed by arsenite methyltransferase
(ArsM). Trx-(SH)2 and Trx-(S)z indicate reduced and oxidized thioredoxin, respectively; SAM and SAH
indicate S-adenosylmethionine and S-adenosylhomocysteine, respectively. (D) Reactions predicted to be
catalyzed by B-cyanoalanine synthase and a downstream nitrilase, both predicted HTGs. (E)-(G)
Savitzky-Golay filter smoothed optical density (OD600) growth curves of S. cerevisiae colored by
genotype, for KYNU ((E), S. cerevisiae ortholog bna5); HAAO ((F), S. cerevisiae ortholog bnat); and
QPRT ((G), S. cerevisiae ortholog bna6). WT and EV indicate wild type and empty vector controls. (H) S.
cerevisiae spot assay for B. coprophila APEX2 and MPG complementation of null mutants of their
respective S. cerevisiae orthologs (apn1A and mag1A). Cell concentrations decrease from left to right
across four 10-fold serial dilutions on 0.02% MMS (two replicates per genotype). (I)-(J) Survival curves for
D. melanogaster exposed to hydrogen peroxide, colored by genotype for the 80ODP transgene for females
(I and males (J). Colored curves indicate constitutive, ubiquitous transgene expression; dark gray and
light gray indicate driver-only and UAS-only controls. Asterisks: p < 0.05 and hazard ratio <1 for the
protective effect of the ubiquitous expression compared to control genotypes (indicated by asterisk color)
via Cox proportional hazards regression. (K)-(L) Survival curves as in (I)-(J) for the APEX2 transgene in
females and males, respectively. (M)-(N) Survival curves of D. melanogaster exposed to arsenite, for
females (M) and males (N). Colors and symbols are as in (I)-(L). Shaded regions in I-N indicate 95%
confidence intervals. (O) Time to paralysis of all flies per replicate following HCN fumigation. (P)
Percentage of flies recovering overnight following HCN fumigation.
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Figure 6. Conceptual model for the facilitators and consequences of HGT in B. coprophila. (A) Sciarids (white circle) occupy a soil-dwelling
niche where they acquire HTGs from other soil-dwelling microbes, fungi, and invertebrates (blue arrows). Red arrows indicate putative transfers
from non-animals to other invertebrates, which may be followed by transfer to sciarids. (B) lllustration of subcellular localizations and predicted
biological functions of manually annotated HTGs (S| Note 2). Stars indicate functions putatively associated with stress responses; the number of
HTGs associated with each process (Table S19) is indicated in parentheses; italicized text indicates subprocesses within the broader process in

bold text.
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Figure S1. Bioinformatic characteristics of HTGs. (A) Coding-region GC3 content and (B) GC content,
respectively, separated by gene origin. (C) MILC (Measure Independent of Length and Composition)' values for
Bradysia coprophila coding sequences (CDSs), separated by ancestry. Higher MILC values correspond to greater
deviation from global codon use frequencies. Gene ancestry legend in (A) applies also to (B) and (C). In (A)-(C),
green curves indicate statistics computed for coding regions across the reference genome annotation of the
collembolan Folsomia candida, the species containing the most top hits to B. coprophila. Two-sample, two-sided
Kolmogorov-Smirnov test-statistics (D) and p-values are indicated below each plot. The HTG distributions for all
three statistics are more similar to the distributions for dipteran genes than to genes from the top putative donor
lineage (lower value of D). (D) DIAMOND BLASTp summary statistics for all 1,517 B. coprophila putative HTGs.
Hexagons show the joint distribution of percent identity and percent query length coverage for the top non-
dipteran DIAMOND hit. Histograms along the axes show marginal distributions. (E) Schematic illustrating the
procedure for microsynteny analysis between genomes of B. coprophila and other sciarids. For a given focal
reciprocal best BLASTp (RBB) pair (white), we determined whether at least one RBB (connected with gray lines)
was present on either side at a distance of § genes away, for increasing values of §. (F) The fraction of RBB pairs
with at least one RBB pair § genes away plotted for varying values of §, and pairwise combinations of B.
coprophila and other sciarid genomes. Sciarids in the legend are listed from top to bottom in increasing order of
evolutionary divergence from B. coprophila, with the total number of dipteran genes and HTGs with RBBs
indicated in parentheses. 83.3% (701/842) of B. coprophila HTGs with an RBB in Bradysia odoriphaga were one
gene away from another RBB pair, compared with 95.4% (9,142/9,586) of B. coprophila dipteran-ancestry genes.
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Figure S2. Supporting data for DIAMOND and phylogenetic inference of HTG origins. (A) Sankey diagram of the closest non-sciarid sequences (“sisters”) to
HTGs on midpoint-rooted gene trees. “Ambiguous” indicates that the closest non-sciarid branch of the gene tree contained sequences assigned to multiple
taxonomic labels. Branch height is proportional to the number of HTGs. (B) The distribution of the ratio of DIAMOND bitscores for top hits in the putative B.
coprophila rickettsial endosymbiont genome (GenBank accession JAHXDMO000000000.1) to top non-sciarid hits in the NCBI NR database for 111/1,517 HTGs with
at least one hit in the B. coprophila endosymbiont genome annotation. Since no HTGs have a higher bitscore hit in the endosymbiont genome than in their top hit
in NR, we conclude that endosymbiotic gene transfer is an unlikely explanation for most putative B. coprophila HTGs. (C-J) Schematic gene tree topologies
supporting the following inferences: (C) a two-step other direction transfer, from non-metazoans to Sciaridae, then to non-sciarid metazoans (Table S8G, H); (D)
two-step transfer of unclear direction (could be non-metazoans to Sciaridae to non-sciarid metazoans, or non-metazoans to non-sciarid metazoans to Sciaridae) or
convergent transfers (Table S8D, E); (E) an “ambiguous” topology consistent with HGT but of unclear source; (F) an “other direction” transfer, from sciarids to non-
dipterans, rejected as a transfer to sciarids (Table S8F); (G) standard dipteran vertical inheritance, rejected as a transfer to sciarids; (H) gene family expansion via
post-transfer gene duplication; (I) gene family expansion via multiple independent transfers to the B. coprophila genome; (J) HGT of a gene with a pre-existing
dipteran ancestry vertically transferred gene (VTG) homolog (pseudoparalog?) in the B. coprophila genome. Numbers and percentages of inferred transfer events
(of 934) and B. coprophila HTGs (of 1,517) are indicated per scenario.
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A. Oxalate-CoA ligase Pcs60
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Figure S3. Examples of gene trees supporting one-step transfers. Trees are pruned to show only the
relevant portion of the tree; full topologies are available on iTOL
(https://itol.embl.de/shared/20NWy5j2znaY5). Scale bars show substitutions per site. Internal node
numbers indicate ultrafast bootstrap support. Tree clades are labeled with the lowest common taxonomic
rank. Circles indicate individual sequences; triangles represent collapsed multi-sequence clades, with
edge lengths representing shortest and longest distances from the node to its leaves, and number in
parentheses indicating the number of sequences in the clade. Text adjacent to sciarid clades indicates
RefSeq accession(s) of B. coprophila sequences. (A) Tree supporting a one-step transfer from fungi to
sciarids (iTOL identifier: tree_454). The sciarid clade contains a single B. coprophila sequence we
annotate as a predicted Oxalate-CoA ligase Pcs60. The sister clade of the sciarid clade consists entirely
of sequences from Cunninghamellaceae (phylum Mucoromycota), a family of predominantly soil-dwelling
fungi®. (B) Tree supporting a one-step transfer from bacteria to sciarids (iTOL identifier: tree_321). The
sciarid clade contains a single B. coprophila sequence annotated by RefSeq as a diaminopimelate
epimerase. The sister clade of the sciarid clade contains multiple members of the endosymbiotic and
pathogenic order Rickettsiales*. (C) Tree supporting a one-step HGT event from mites (class Arachnida,
superorder Acariformes) to sciarids (iTOL identifier: ML_tree_723). The sciarid clade contains a single B.
coprophila sequence that we experimentally verified as a 3-hydroxyanthranilate 3,4-dioxygenase (HAAO;
Figure 5A, F). (D) Tree supporting a one-step HGT event from mites (class Arachnida, superorder
Acariformes) to sciarids (iTOL identifier: ML_tree_648). The sciarid clade contains a single B. coprophila
sequence that we experimentally verified as a quinolinate phosphoribosyltransferase (QPRT; synonym
nicotinate-nucleotide pyrophosphorylase; Figure 5A, G). (E) Tree supporting a one-step HGT event from
mites (class Arachnida, superorder Acariformes) to sciarids (iTOL identifier: ML_tree_520). The sciarid
clade contains a single B. coprophila sequence we annotated as an apurinic/apyrimidinic-site
endonuclease family 2 member (APEX2; synonym putative endonuclease 4), and experimentally
analyzed for resistance to alkylating and oxidative stress (Figure 5B, H, K, L).
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Figure S4 (previous page). Examples of gene trees supporting two-step transfers. All except (D) are pruned
to show only the relevant portions of the tree topology; full topologies are available on iTOL
(https://itol.embl.de/shared/20NWy5j2zngY5). Legend and symbols as in Figure S3. (A) Tree supporting a two-
step transfer, from bacteria to Collembola, followed by Collembola to Sciaridae (iTOL identifier: ML_tree_464).
The sciarid clade contains a single B. coprophila sequence that we annotate as a predicted B-mannosidase
(Table S18, sheet “carbohydrate_catabolism”). (B) Tree supporting a two-step transfer, from protists of the groups
Amoebozoa or Discoba to Rotifera, followed by Rotifera to Sciaridae (iTOL identifier: ML_tree_448). The sciarid
clade contains three B. coprophila sequences annotated by RefSeq as uncharacterized proteins. (C) Tree
supporting a “two-step, other direction” transfer from bacteria to Sciaridae, followed by Sciaridae to the
collembolan F. candida (iTOL identifier: ML_tree_197). The three sciarid clades contain predicted
polygalacturonase proteins (Table S18, sheet “carbohydrate_catabolism”). (D) Tree supporting HGT of an
experimentally validated (Figure 5D, O, P) B-cyanoalanine synthase (iTOL identifier: ML_tree_704). Topology is
consistent with a two-step transfer, from bacteria to non-sciarid arthropods, then from non-sciarid arthropods to
sciarids. The closest non-sciarid arthropod sequence is from the collembolan Orchesella cincta, but inference of
the sequence and direction of inter-arthropod transfer(s) is complicated by the complex interleaving of
collembolan, arachnid, millipede (Diplopoda) and lepidopteran sequences within the arthropod clade. The top
insect clade contains insect cystathionine B-synthase enzymes, members of the same enzyme family as -
cyanoalanine synthase® that are conserved across eukaryotes but participate in the synthesis of cysteine® rather
than cyanide detoxification. The tree topology supports the absence of B-cyanoalanine synthase enzymes from
non-sciarid dipterans. (E) Tree supporting HGT of an experimentally validated (Figure 5C, M, N) arsenite
methyltransferase (iTOL identifier: ML_tree_523). Topology is consistent with a two-step transfer, from bacteria to
Collembola, then from Collembola to sciarids. Tree also exhibits possible independent transfers to Hydra (phylum
Cnidaria) and Brachionus (phylum Rotifera). (F) Tree supporting HGT of a predicted isocitrate lyase (iTOL
identifier: ML_tree_661). Topology is consistent with a two-step transfer, from bacteria to non-sciarid arthropods,
then from non-sciarid arthropods to sciarids. The closest relatives of the sciarid clade are sequences from the
collembolan order Entomobryomorpha. (G) Tree supporting HGT of a predicted malate synthase (iTOL identifier:
ML_tree_660). Topology is consistent with a two-step transfer, from bacteria to non-sciarid arthropods, then from
non-sciarid arthropods to sciarids. The closest relatives to the sciarid clade are sequences from the collembolan
order Entomobryomorpha.
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Figure S5. Examples of gene trees supporting convergent HGT events to sciarids and other metazoan genomes. Trees are pruned to show only
the relevant portions of the tree topology; full topologies are available on iTOL (https://itol.embl.de/shared/20NWy5j2znqY5). Legend and symbols as in
Figure S3. (A) Tree (iTOL identifier: ML_tree_451) supporting an independent transfer to B. coprophila and Hemiptera (class: Insecta) from bacteria. The
single B. coprophila sequence in the sciarid clade is annotated by RefSeq as a secreted chorismate mutase. (B) Tree (iTOL identifier: ML_tree_47)
supporting independent HGT events to sciarids and collembolans from fungi. All five B. coprophila sequences in the sciarid clade are predicted proton-
linked monocarboxylate transporters (Table S18, sheet “manual_annotations”). (C) Tree topology (iTOL identifier: ML_tree_562) supporting two
independent transfer events from fungi to: (1) bdelloid rotifers and (2) collembolans and sciarids. The sciarid sequences likely originated from a two-step
transfer (fungi to collembolans to sciarids), with the sciarid clade containing five B. coprophila sequences annotated by RefSeq as “uncharacterized
proteins”.
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Figure S6. HTGs may enable the synthesis of B-lactam antibiotics. Accessions are available in Table S22.
Purple arrows and enzyme names indicate reactions predicted to be solely catalyzed or facilitated by HTGs
derived from collembolans. Enzymes catalyzing two consecutive steps in synthesis of isopenicillin from amino
acid precursors are predicted to be encoded by adjacent HTGs (Figure 3D2). Isopenicillin is the common
precursor to all B-lactam antibiotics?®. Pathway diagram is modified from MetaCyc?*.
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Figure S7. Examples of gene trees of “ambiguous” topology, in which the source of the HGT cannot be
unambiguously inferred due to a lack of nesting of sciarid sequences in a clade of sequences of a single
taxonomic source. (A) Tree (iTOL identifier: ML_tree_443) supporting HGT of a predicted B. coprophila
isopenicillin-N synthase (Table S18, sheet “manual_annotations”). (B) Tree supporting HGT of a B. coprophila N-
(5-amino-5-carboxypentanoyl)-L-cysteinyl-D-valine synthase (iTOL identifier: ML_tree_375), trimmed to show the
portion of the tree relevant to HGT inference. In (A)-(B), gene annotations are supported by domain annotation
and a sister relationship between the B. coprophila sequences and sequences from F. candida, in which B-lactam
synthesis is biochemically active’. Topologies show a complex interleaving of bacterial, fungal, tardigrade,
collembolan, and rotifer sequences, which precludes inference of the exact sequence of transfers, although
ultimate fungal or bacterial origin appears likely. (C) Tree (iTOL identifier: ML_tree_691) supporting HGT of a
predicted oxidized purine nucleoside triphosphate hydrolase (80DP; Figure 5B, |, J). Sciarid sequences are most
closely related to sequences from non-dipteran insects (orders Lepidoptera and Neuroptera). (D) Tree (iTOL
identifier: ML_tree_485) supporting HGT of an experimentally verified B. coprophila kynureninase (KYNU; Figure
5A, E). Sciarid sequences are most closely related to a sequence from the collembolan F. candida. (E) Tree (iTOL
identifier: ML_tree_350) supporting HGT of an experimentally verified B. coprophila methylpurine glycosylase
(MPG; Figure 5B, H). Sciarid sequences are most closely related to sequences from collembolans.
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Figure S8. Additional data related to HTG conservation and predicted functions. (A) The full time-calibrated species tree that was pruned for Figure
1H. Gray bars around nodes indicate 95% Bayesian credible intervals. D. ferruginosa and M. fungorum were excluded from Figure 1H because the
genomes used for these species were not annotated. Therefore, the gall midges C. nasturtii and S. mosellana were shown as the closest dipterans with
genomes that could be searched via DIAMOND. (B) Enrichment of DeepLoc2?® subcellular localization predictions among HTGs. Circle size indicates the
number of HTGs in each gene set; circle color indicates the Benjamini-Hochberg corrected p-value from Fisher's exact test; the position along the x-axis
indicates fold-change enrichment over the genome-wide non-HTG background. Full data are available in Table S18, sheet “localization_enrichment”. (C)
Heatmap of mean tissue- or organ-specific expression values of HTGs (horizontal axis) in log transcripts per million from NCBI BioProjects
PRJNA1109384 and PRIJNA291918. Carcass refers to whole adult bodies without gonads. (D) Tissue or organ of maximal mean RNA-Seq expression by
gene ancestry. y?(1) contingency test exact p-values from top to bottom are: 6.88x10%7, 5.42x10%, 0.48, 0.19, 1.26x10?', 0.87, 3.37x10°'%; x? statistics
are: 161.0, 244.0, 0.5, 1.8, 91.3, 0.03, 48.5.

Kapoor et al. Massive inter-animal HGT. Sl Page 12 of 111



Possible carbohydrate sources

9% Fungi ?Viridiplantae =% Bacteria  FX Arthropoda

a-1,3-glucan

ﬁ} ¢ @ Glucan-endo-1,3-a-glucosidase (GH71)

Pectin
@ Pectin methylesterase (CE8)
@ Pectin/pectate lyase (PL1_7)
@ Pectin/pectate lyase-like
@ Polygalacturonase (GH28)

Bg-1,3-glucan
. Glucan-1,3-B-glucosidase (GH5)
{P @ Glucan-1,3-B-glucosidase (GH55)
@ Exo-B-1,3-glucanase (GH5_9)
© B-1,3-glucanase (GH17)
@ Endo-B-1,3-glucanase (GH16)

Xylan (hemicellulose)
@ Endo-1,4-B-xylanase (GH11)
@ Endo-1,4-B-xylanase (GH43_34)
@ Exoglucanase/xylanase (GH10)
? Exo-a-(1-5)-L-arabinofuranosidase (GH43_26)

Xylan exo-a-(1-2)-glucuronosidase (GH67)
@ o-L-arabinofuranosidase (GH51)
@ B-D-xylosidase (GH3) O

Cellulose
Endoglucanase (GH45) ?

Endoglucanase (GH9)

Mannan (hemicellulose)
@ Endo-1,4-B-mannosidase (GH5_10)
@ B-mannosidase (GH130)
@ B-mannosidase (GH2)

Peptidoglycan
® cell wall hydrolase
o Lysozyme (GH24)
[ ) N-acetylmuramic acid 6-phosphate etherase MurQ
© Murein tetrapeptide carboxypeptidase x
Domesticated amidase effector

Chitin
@ chitinase (GH19)
@ Chitinase (GH18) ¢
@ Endochitinase-like m
@ Chitin deacetylase (CE4)
@ N-acetyl-B-hexosaminidase (GH20)
@ Lytic chitin monooxygenase (AA15)

Monosaccharide transport
@ Sodium-dependent glucose transporter (SGLT)
@ L-fucose-proton symporter
Gene ancestry
[ Collembola [Ji] Arachnida  Other arthropods [JJj Rotifera

M Fungi [l Bacteria [ Viridiplantae

Figure S9. HTGs may contribute to the catabolism of plant, fungal, and bacterial cell wall-derived
polysaccharides. Pie charts indicate the inferred ancestry of HTGs assigned to each function via manual
annotation (Table S18, sheet “carbohydrate_catabolism”). Ancestry for putative HTGs was inferred from the
closest non-sciarid phylogenetic relative (sister clade) except when the sister clade was polyphyletic, in which
case origins were assigned according to the top non-sciarid DIAMOND hit. Associated subcellular localization
predictions and numbers of HTGs in each category are in Table S26. Plausible ecological sources of each
carbohydrate?®-2?® are indicated with phylopic silhouettes (www.phylopic.org). Stars indicate enzymes predicted to
act on non-carbohydrate components of peptidoglycan.
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Figure $10. HTGs may contribute to multi-step antioxidant and cofactor biosynthetic pathways.
Accessions are available in Table S22. Text and arrow colors indicate predicted ancestry, with non-dipteran
ancestry shown for reactions predicted to be solely catalyzed or facilitated by HTGs. Pathway diagrams are
modified from MetaCyc?*. “Spontaneous” indicates steps that may occur non-enzymatically. (A) Predicted
biosynthetic pathway for the antioxidant and non-canonical amino acid ergothioneine. In fungi, the first and
second steps are characterized by the same bifunctional protein (ergothioneine synthesis protein 1)?°. However,
the B. coprophila protein is lacking the domain predicted to catalyze the second step (indicated by a question
mark). SAM and SAH indicate S-adenosylmethionine and S-adenosylhomocysteine, respectively. (B) Predicted
biosynthetic pathway for coenzyme pyridoxal 5’-phosphate, the biologically active form of vitamin B6. (C)
Predicted biosynthetic pathway for ascorbic acid (vitamin C). The first step is thought to be catalyzed as a
byproduct of UDP-glucuronosyltransferase catalysis?®. UDP-glucuronosyl and UDP-glucosy! transferase family
members (CAZy family GT1) were previously predicted in the B. coprophila genome?’, including five HTGs
detected here (Table S18, sheet “predicted_CAZymes”). Not shown for simplicity are three collembolan and one

arachnid-affinity regucalcin HTGs.
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Figure S11. Alignment of AlphaFold2 predictions for HTGs and solved homolog structures. (A) Whole-protein alignment (root-mean-square
deviation (RMSD) = 0.79) of AlphaFold2 predictions for B. coprophila 3-hydroxyanthranilate-3,4-dioxygenase (HAAO; yellow, RefSeq accession
XP_037051528.1) to a crystal structure of Ralstonia metallidurans 3-hydroxyanthranilate-3,4-dioxygenase (cyan, PDB accession 1YFY) complexed with
the Fe(lll) cofactor (red sphere) and the 3-hydroxyanthranilate (3HA, magenta) substrate. (B) Active site residues from 1YFY (HAAQO), with the following
functions®: coordination of the catalytic Fe(lll) ion (His-51, Glu-57, and His-95); stabilization of molecular oxygen as an oxidizing agent (not shown, Arg-47
and Fe(lll)); polar contact with the 3HA substrate (Arg-99). All residues shown are conserved in the B. coprophila enzyme. Figure 5A, F.
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Figure S11. (C) Whole-protein dimer alignment (RMSD = 0.93). of AlphaFold2 predictions for a dimer of B. coprophila kynureninase (KYNU, color: yellow,
RefSeq accession XP_037041147.1) to a crystal structure of Homo sapiens kynureninase (cyan, PDB accession 3E9K) complexed with the pyridoxal 5'-
phosphate (PLP) coenzyme, and 3-hydroxyhippuric acid (3XH), a structural analog of the substrate 3-hydroxykynurenine. In D-E, asterisks indicate
residues in the opposite (symmetric) monomer. (D) 3E9K active site residues interacting with PLP (magenta)'®, with the following functions: covalent
attachment to PLP (Lys-276); polar contacts to PLP (Tyr-275, Ser-332*, Asn-333*, Asp-168, Asp-250); direct or indirect pi-stacking with PLP (Phe-165,
Phe-225, Trp-305*). (E) 3E9K active site residues interacting with 3XH (magenta)'”, with the following functions: pi-stacking with the substrate (Phe-165,
Trp-305*, and Phe-314*, all universally conserved among kynureninases); polar contacts with the substrate (Arg-434, Tyr-275, Asn-333*, and Ser-75);
proposed catalytic residues (found across both (D) and (E), Asn-333*, Tyr-275, Arg-434, Lys-276). All residues are conserved in the B. coprophila enzyme,
except for His-102* and Asn-333*, which have been replaced by physicochemically similar residues (Tyr and Ser respectively). Figure 5A, E.
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Figure S11. (F) Alignment of AlphaFold2 predictions for a B. coprophila quinolinate phosphoribosyltransferase (QPRT; yellow, RefSeq accession
XP_037047821.1) hexamer aligned to a crystal structure of hexameric H. sapiens QPRT (cyan, PDB accession 5AYY, RMSD = 0.85) complexed with
quinolinate (Q, magenta). (G) Alignment to quinolinate-interacting active site residues from two adjacent monomeric subunits in 5AYY (numbered). All
quinolinate-interacting residues are conserved, including residues with the following functions''2: stabilization of the SN1 oxocarbenium intermediate (Arg-
138); catalysis (Arg-138* and Lys-171); quinolinate recognition (Arg-102* and Arg-161). Polar contacts to quinolinate are shown as dashed lines. (H)
Alignment to phosphoribosyl pyrophosphate (PRPP)-interacting active site residues from two adjacent subunits in S. cerevisiae quinolinate
phosphoribosyltransferase (PDB 3C2F, RMSD = 0.79 for S. cerevisiae monomer to B. coprophila hexamer). Numbers refer to 3C2F residues. Key
conserved residues that interact with the substrate phosphate groups and ribose sugar'® are shown, along with the predicted catalytic residues. Lys-144,
Lys-48* and Lys-176 engage in water-mediated hydrogen bonds (water molecule not shown). All residues are conserved except for Leu-291*, which is
replaced by a methionine that maintains the backbone amide NH in the appropriate orientation for hydrogen bonding. In (G-H), dashed lines indicate polar
contacts with substrate; asterisks indicate a residue from an adjacent monomer, distinct from the monomer containing the remaining residues. Figure
5A,G.
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Figure S11. (I) Whole-protein alignment (RMSD = 0.46) of AlphaFold2 prediction for B. coprophila oxidized purine nucleoside triphosphate hydrolase
(80ODP; yellow, RefSeq accession XP_037049870.1) to a crystal structure of its H. sapiens homolog, MTH1 (cyan, PDB accession 3ZR0), complexed with
sulfate ions (spheres) and its product, 8-oxo-dGMP (magenta). (J) 3ZR0 active site residues inferred to participate in the following roles' are numbered:
substrate hydrolysis (Glu-100, Glu-56, Glu-52); base recognition (Asn-33, Asp-119, Asp-120); non-polar interactions with the product base (Trp-117, Phe-
27); substrate polar contacts and binding specificity (Asn-33, Asp-119, Asp-120, Thr-8, Lys-23); recognition of oxidized nucleotides (Met-81 and Phe-27).
Lys-23 may instead form a polar contact with an adjacent water molecule (water molecule not shown). All indicated residues except for Met-81 are
conserved. Polar contacts with the product are shown as dashed yellow lines. Figure 5B, I, J.
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Figure S$11. (K) Whole-protein alignment (RMSD = 0.73) of AlphaFold2 prediction for B. coprophila AP endonuclease family 2 (APEX2; yellow, RefSeq
accession XP_037042473.1) to a crystal structure of a member of the same homologous family in Escherichia coli, endonuclease IV (cyan, PDB
accession 1QUM) complexed with catalytic zinc ions (gray spheres) and double-stranded DNA (orange and magenta) containing a synthetic abasic site.
We note that E. coli endonuclease IV is a member of the AP endonuclease family 2'5. (L) Alignment of active site residues that interact with the abasic
site'®. A single strand of DNA containing tetrahydrofuran (indicated with a black star) as a synthetic abasic site is shown in magenta. All indicated residues
are conserved, except for Trp-268, which has been replaced by a tyrosine. (M) Alignment of residues that coordinate three catalytic zinc ions in the active
site. All indicated residues are conserved. Residues from 1QUM are numbered in (L-M). Figure 5B, H, K, L.
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Figure S11. (N) Whole-protein alignment (RMSD = 0.57) of AlphaFold2 prediction for B. coprophila methylpurine DNA glycosylase (MPG; yellow, RefSeq
accession XP_037036837.1) to a crystal structure of its H. sapiens homolog, methyladenine DNA glycosylase (cyan, PDB accession 1F4R), complexed
with 1,N6-ethenoadenine-DNA, with DNA bases in magenta and backbone in orange. (0) Alignment of active site residues identified via site-directed
mutagenesis'’. Polar contacts to the alkylated base are shown as dashed lines. All active site residues are conserved except for His-136, which was found
to only partially abrogate catalytic activity when substituted'”. Tyr-162, Met-164, and Tyr-165 participate in DNA base-pair intercalation; Tyr-127, His-136,
and Tyr-159 participate in substrate stacking; Arg-182 and Glu-125 participate in catalytic water binding (water molecule not shown). Figure 5B, H.
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Figure S11. (P) Whole-protein alignment of AlphaFold2 prediction for B. coprophila arsenite methyltransferase (ArsM; yellow, RefSeq accession
XP_037042500.1) to a crystal structure of Cyanidioschyzon merolae arsenite methyltransferase (cyan, PDB accession 4FR0; RMSD = 0.70) complexed
with an S-adenosylmethionine (SAM) coenzyme or As(lll) ion8. 4FRO is missing residues 1 through 48 at the N-terminus (corresponding to the unaligned
unstructured region and alpha-helix in yellow only, bottom right). B. coprophila arsenite methyltransferase contains the conserved catalytic core, but is
missing the C-terminal domain of unknown function (unaligned cyan region, top left) found in its C. merolae homolog. (Q) Alignment of SAM-binding
residues from PDB accession 4FR0'® to B. coprophila arsenite methyltransferase, with residues from 4FR0 numbered and SAM shown in magenta. All
residues are conserved, except GIn-120 (replaced by Met) and Tyr-70. Polar contacts to SAM are shown as dashed lines, including a putative contact to
Asn-173 not previously reported to our knowledge. (R) Alignment of catalytic and As(lll)-binding residues from C. merolae ArsM PDB accession 4FSD to
B. coprophila arsenite methyltransferase, with residues from 4FSD numbered, an As(lll) ion in purple, and a chloride ion in green. Labeled cysteine
residues are conserved across arsenite methyltransferases, with site-directed mutagenesis of any of the three leading to the loss of catalytic activity®.
Figure 5C, M, N.
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Figure S11. (S) Whole-protein dimer alignment (RMSD = 0.93) of B. coprophila B-cyanoalanine synthase (B-CAS; yellow, RefSeq accession
XP_037050347.1) to a crystal structure of Tetranychus urticae $-cyanoalanine synthase (cyan, PDB accession 6PMU) complexed with a pyridoxal
5’-phosphate (PLP) coenzyme (magenta in T). 6PMU is missing residues 221 through 257 (unstructured loops in yellow only) due to the absence
of interpretable electron density at these likely unstructured residues®. (T) Active site residues® from 6PMU are numbered and polar contacts to
PLP shown as dashed lines. All indicated active site residues are conserved or replaced by physicochemically similar residues (Gly196Ala),
including residues responsible for the covalent (Lys-52) and non-covalent (Asn-82, Thr-284, Gly-194, Cys-198, Thr-195) attachment of PLP, and
the catalytic residues Thr-79, Ser-80, Asn-82, GIn-160. Figure 5D, O, P.
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Figure S12. D. melanogaster survival curves related to APEX2 and 80DP transgenic expression. (A)-(D) show
effects of genotype on survival on a control diet (1% sucrose), for APEX2-expressing and 80DP-expressing genotypes
separated by sex. Asterisks: p<0.05 Hazard ratio <1 for the protective effect of the ubiquitous expression compared to
control genotypes (indicated by asterisk color) via Cox proportional hazards regression. (E)-(H) show the effects of
hydrogen peroxide on survival of the genotype expressing the transgene. Shaded regions indicate 95% confidence

intervals.
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Figure S$13. D. melanogaster survival curves related to ArsM transgenic expression. (A)-(B) show effects of genotype on survival on a control diet.
(C)-(D) show the effects of dietary arsenite supplementation on survival of transgenic flies ubiquitously expressing the ArsM transgene. Figure 5C, M, N.
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A. Glycosyl hydrolase YngK-like (bacterial cell wall hydrolase) /’. Sciaridae N C. Heparan-alpha-glucosaminide N-acetyltransferase
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Figure S14. Examples of gene trees supporting gene family expansion via HGT. Legend and symbols as in Figure S3. Trees are partial, with full
topologies available on iTOL (https://itol.embl.de/shared/20NWy5j2znqY5). (A) Tree supporting a one-step transfer from collembolans to sciarids, followed
by gene family expansion via post-transfer duplication (iTOL identifier: ML_tree_598). In this case, both the transfer and duplication likely occurred prior to
the divergence of Pseudolycoriella and Bradysia;. The B. coprophila genome has two paralogs, both of which we annotate as glycosyl hydrolase YngK-like
bacterial cell wall hydrolase proteins (Table S18, sheet “carbohydrate_catabolism”). (B) Tree consistent with a gene family expansion via two independent
HGT events into sciarid genomes from collembolan donors (iTOL identifier: ML_tree_1). The top and bottom sciarid clades each contain three B.
coprophila sequences, all of which we annotate as predicted B-lactamases (Table S18, sheet “manual_annotations”). (C) Tree supporting a gene family
expansion via HGT of a gene with a pre-existing vertically inherited homolog (‘pseudoparalog’?) in the B. coprophila genome (iTOL identifier:
ML_tree_291). The top clade of sciarid sequences is of inferred collembolan (HGT) ancestry, and the bottom clade of sciarid sequences is of inferred
dipteran (vertical inheritance) ancestry. B. coprophila sequences in both clades are annotated by RefSeq as heparan-alpha-glucosaminide N-
acetyltransferases.
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Sl Video S1 (below & |attached video file|). Video of D. melanogaster cyanide fumigation assay of

B-CAS activity. 20 individuals of each indicated sex and genotype were placed into each vial with 1%
agarose containing 10 mM KCN, 50 mM Tris-HCI (pH 7.5) inside a fume hood at room temperature and
imaged for 58 minutes. This 30 second video is sped up by approximately 116x. Figure 50.

female male female
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S| Note 1. HGT contributes to the expansion of gene families.

Prior studies of horizontal transfer across multiple systems have revealed that HGT frequently
contributes to gene family expansions?*=2. We found that 26.4% (247/934) of sciarid HTG clades
contain sequences of more than one B. coprophila gene, a topology consistent with the origination of
paralogs via gene duplication following a single ancestral HGT event (Figure S2H; Figure S14A; Table
S4). We infer that 687 HTGs are single-copy and 830 are members of multigene paralogous families.
We further observed that 39.0% (364/934) of sciarid HTG clades co-occur in the same gene tree as a
distinct sciarid clade containing sequences from other B. coprophila HTG(s) (Figure S2I, Figure S14B).
This topology suggests that multiple closely related HTGs might have appeared in the B. coprophila
genome via independent HGT events, rather than post-transfer duplication. Finally, 27.3% (255/934) of
transfer events were inferred in the same gene tree as a dipteran-ancestry homolog (Figure S2J; Figure
S14C), suggesting that HGT not only confers novel gene families but may also expand pre-existing
sciarid gene families through pseudoparology?. Future work should examine whether such cases of
gene family expansion induced by the above three HGT-associated mechanisms have resulted in
increases in gene dosage, or sub- or neo-functional specialization of the copies, as has been
extensively documented for expansions by gene duplication?3334,
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Sl Note 2. HTGs have diverse predicted functions in B. coprophila stress responses,
metabolism, and ecology.

In the following sections, we describe physiological and biochemical processes that we predict
are impacted by HGT in B. coprophila based on amino acid sequence-based domain annotations.
Following initial analysis of Gene Ontology terms (Figure 4F), we performed detailed manual curation of
HTG functions as presented in Table S18 and Figure 6B. We based our inferences on InterProScan'®
domain annotations, with additional supporting data from subcellular localization predictions, published
expression data, and published functional experimental studies as available. We hope that this
discussion will provide a foundation for future functional investigations into the physiological
contributions of HTGs.

Macromolecule catabolism and digestion

Gene Ontology analysis revealed that carbohydrate metabolism (GO:0005975) was the most
common predicted biological process among HTGs (N = 61 HTGs), and was also strongly enriched
among HTGs relative to non-HTGs (fold-change 7.22, FDR-adjusted p-value 1.20x102°). To further
characterize the contribution of HGT to carbohydrate metabolism, we compared our set of HTGs to a
previously published®” annotation of B. coprophila carbohydrate-active enzymes (CAZymes)?’ and
found that HTGs constitute 89 of 258 (34.5%) predicted B. coprophila CAZymes that mapped to the
latest B. coprophila genome annotation (GCF_014529535.2; Table S18, sheet “predicted_CAZymes”).

Combining these previous predictions?’ with our InterProScan-based manual annotations, we
predicted that a total of 126 HTGs participate in carbohydrate catabolism, including 82 predicted to
enable the breakdown of plant, fungal, and bacterial cell wall components (Figure S9; Table S18, sheet
“carbohydrate_catabolism”). Consistent with a functional role for these enzymes, 12 of 18
Pseudolycoriella hygida salivary CAZymes with previous experimental validation of catabolic function?’
are inferred by phylogenetic analysis to be homologous to B. coprophila HTGs identified here (Table
S18, sheet “confirmed_CAZymes”). Our genome-scale phylogenetic results corroborate and extend
prior work showing HGT of two families of sciarid glycoside hydrolases®+¢, and a recent hypothesis
based on sequence similarity (but not gene trees) that HGT has contributed to the plant-cell-wall-
degrading enzyme repertoire of sciarids®’.

Beyond CAZymes, we predict that an additional 81 HTGs function in protein catabolism, 24
HTGs in amino acid catabolism, and 67 HTGs in lipid catabolism. Since larvae are the predominant
feeding stage of the sciarid life cycle?’*, we examined published data for evidence of expression of
catabolism genes in larval samples. Of 600 HTGs with significantly higher RNA-Seq expression in
larval than non-larval samples (DESeq2 adjusted p-value < 0.05, log fold change > 0), 49 are predicted
to function in protein catabolism (8.2%), 37 in lipid catabolism (6.2%), 80 in carbohydrate catabolism
(13.3%), and nine in amino acid catabolism (1.5%). Protein catabolism, lipid catabolism, and
carbohydrate catabolism HTGs are significantly overrepresented among larval-upregulated HTGs
(Fisher’s exact odds ratio values 2.46, 1.94, 2.91, respectively; p-values 7.37x10°, 5.74x107, 1.25x10°¢,
respectively).
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We next examined a published larval saliva proteome of the sciarid P. hygida derived via mass
spectrometry?’, and found that 11.0% (126/1,149) of genes with expression evidence in this dataset are
HTGs via tree-inferred homology to B. coprophila HTGs. Of these 126 HTGs detected in the P. hygida
saliva proteome, 15 (11.9%) are predicted to participate in protein catabolism, 19 (15.1%) in
carbohydrate catabolism, six in lipid catabolism (4.8%) and two in amino acid catabolism (1.6%).
Protein catabolism and carbohydrate catabolism HTGs are significantly overrepresented among P.
hygida larval salivary proteome HTGs (Fisher’s exact odds ratio values 2.71 and 2.13, respectively; p-
values 1.90x10° and 5.79x10°®, respectively).

Collectively, these data suggest that HGT may have functionally expanded the digestive enzyme
repertoire of sciarids, facilitating their exploitation of a broad dietary niche encompassing fungi, leaf
litter, living plant tissue, and even other sciarids®~°. We note that although endogenous plant cell wall-
degrading enzymes are generally rare in animals*’, independent transitions to phytophagy in other
lineages of insects have also been accompanied by horizontal acquisition of CAZymes?®3141:42,

Transmembrane transport

A total of 68 HTGs have domain annotations consistent with function in transmembrane
transport, of which 35 (51.5%) have predicted cell membrane localization and 25 (36.8%) have
predicted lysosome/vacuole localization. All five HTGs with domain annotations consistent with function
in trafficking into or out of the mitochondrion also have predicted mitochondrial localization, including a
predicted mitochondrial carnitine/acyl carnitine carrier, which imports lipids into the mitochondrion for
catabolism via B-oxidation*’. Transmembrane transporters include those that may function in nutrient
import (e.g., 12 sodium-coupled glucose transporters)* as well as toxin export (see below).

Detoxification/xenobiotic metabolism

We observed 115 HTGs predicted to contribute to the detoxification, elimination, or tolerance of
exogenously derived toxic molecules (xenobiotics). Aside from the cyanide- and arsenite-detoxification
HTGs (Figures 5C, D, M-P), we predict that HTGs span all three phases of xenobiotic metabolism*°.
These include 60 putative phase | xenobiotic metabolism enzymes (e.g., 12 flavin monooxygenases
and 27 cytochrome P450 enzymes)*>“®, 30 phase Il conjugation enzymes (e.g., 17 glutathione S-
transferases)*, and three phase Ill efflux transporters***’. The Bradysia odoriphaga homologs of two
HGT-derived B. coprophila cytochrome P450 enzymes (published accessions XP_037049686.14 with
updated accessions XP_080118275.1 and XP_037050080.14°) have been shown via RNA interference
to promote insecticide resistance*®*°, providing direct experimental evidence of a physiological role for
these HTGs. A distinct B. coprophila HTG encoding a predicted intradiol ring cleavage dioxygenase is
phylogenetically related to an enzyme from the herbivorous spider mite Tetranychus urticae (iTOL
identifier: ML_tree_724) that has been shown via in vitro and in vivo assays to metabolize plant toxins
and promote survival on exposure to plant toxins®.

Our results show that HGT of putative xenobiotic metabolism genes extends beyond previous
findings of HGT of cytochrome P450s®" in sciarids. We speculate that horizontally acquired xenobiotic
metabolism genes may promote detoxification of naturally occurring defensive molecules produced by
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plants, fungi, and microbes encountered in the sciarid niche*'*253, Consistent with this interpretation,
HTGs with predicted function in xenobiotic metabolism or toxin resistance are enriched among HTGs
we detect in a published P. hygida saliva proteome (21 HTGs; Fisher’s exact test p-value 2.68x10*;
odds ratio 2.76). Since sciarids secrete saliva into their feeding substrate prior to ingestion®’, we
speculate that HTGs could enable environmental detoxification prior to uptake of toxin-bearing food.
We note, however, that many enzymes we predict to participate in xenobiotic metabolism may also
have unrelated roles in biosynthesis, defense, homeostasis, or other biological processes*>4°.

Proteostasis

We predicted that 58 HTGs participate in protein quality control and homeostasis of protein
folding, including 11 chaperones and 16 E3 ubiquitin ligases predicted to contribute to protein
degradation?'. We speculate that these HTGs may contribute to protein quality control under
homeostatic conditions and/or participate in responses to stresses imposed by environmental toxins,
oxidative stress, heat, or cold®.

Epigenetic regulation and transposon defense

A total of 27 HTGs may participate in epigenetic regulation, including four nuclear zinc finger
proteins, and a total of ten predicted SET domain-containing histone methyltransferases. Consistent
with their domain annotation-predicted functions, 88.9% (24/27) of these putative epigenetic regulators
have predicted nuclear localization. Four of these HTGs are homologous to genes that have been
shown in other organisms to defend against transposons, including two histone methyltransferases
associated with transposon suppression (SUV39H2)%, and two components of the RNA interference
pathway (argonaute 2 and dicer endonuclease)?"*®. Future work should examine whether these
horizontally acquired regulatory genes primarily function in the regulation of other horizontally acquired
genes or transposons, or have become integrated into the regulation of endogenous genes.

Redox homeostasis/oxidative stress responses

We predict that 67 HTGs contribute to oxidative stress tolerance or redox homeostasis. These
include two alternative mitochondrial respiratory proteins (alternative NADH dehydrogenase and
alternative oxidase) that may limit the production of reactive oxygen species®’, enzymes that directly
detoxify reactive oxygen species (11 catalases and five peroxidases), antioxidant biosynthesis (see
below), and antioxidant disulfide-reduction systems (three thioredoxins and 27 glutathione metabolism
genes)®®. An alternative oxidase was previously identified as an HTG and shown to be physiologically
active in the sciarid P, hygida®°. Oxidoreductase activity is strongly enriched among HTGs (Fisher’s
exact test odds ratio 5.23, adjusted p-value 5.42x107°), raising the possibility that, in addition to
responding to possible environmental stressors, oxidative stress response HTGs may facilitate
homeostasis in the face of endogenous sources of reactive oxygen species.

Kapoor et al. Massive inter-animal HGT. Sl Page 30 of 111



135

136
137
138
139
140

141
142
143
144
145
146
147
148
149
150
151
152
153
154

155
156

157
158
159
160
161
162
163
164
165
166
167
168

169
170
171
172
173
174

DNA repair

Domain annotations suggest participation of a total of 16 HTGs in DNA repair processes,
including six HTGs in the repair of damaged base pairs (Figure 5B). We also recapitulated the prior
finding of a DASH cryptochrome/photolyase, predicted to resolve pyrimidine dimers, as a B. coprophila
HTG®%%'. We found that 87.5% (14/16) of HTGs predicted to function in DNA repair are predicted to
localize to the nucleus.

B. coprophila tolerates double the radiation dose of D. melanogaster, a finding previously
speculated to be linked to a unique set of DNA repair genes that are transcriptionally upregulated on
irradiation®2. Upon reanalysis of these data, we found that 40 out of 338 (11.8%) genes upregulated
upon irradiation are putative HTGs (Table S14, sheet “irradiated_upregulated”). Four of these
upregulated HTGs are in the set of HTGs with predicted DNA repair function, including the most highly
upregulated gene in this dataset (poly[ADP-ribose] polymerase tankyrase), MPG (validated here via
complementation; Figure 5H), Argonaute-2, and a predicted repair-associated polymerase. Irradiation-
upregulated HTGs also include seven HTGs predicted to function in proteostasis and three predicted
glutathione S-transferases, which participate in the oxidative stress response and xenobiotic
metabolism*. These findings are consistent with physiological overlap in the effects and responses to
DNA damage, oxidative stress, toxins, and protein-folding stress*>®*-%°, Collectively, these HTGs may
contribute to B. coprophila’s unique capacity to withstand stressors imposed by hypoxia®® and ionizing
radiation®. In the following section, we discuss HTGs that may contribute to stress tolerance through
biosynthetic pathways.

Biosynthesis

We find 13 HTGs that may participate in amino acid biosynthesis, and 92 HTGs that may
participate in lipid biosynthesis or modification. The latter category includes six isoprenoid/terpene
synthase enzymes, of which four were identified in a recent study that also obtained in vitro evidence of
function for three of these enzymes®’. We additionally predict a total of 56 HTGs that may participate in
the synthesis of antimicrobials or other secondary metabolites, including the two B-lactam antibiotic
biosynthesis genes (Figures 3D2, S6) and 12 genes associated with polyketide or non-ribosomal
peptide biosynthesis. B. coprophila isopenicillin-N synthase, predicted to participate in p-lactam
antibiotic biosynthesis, is phylogenetically most closely related (Figure S7A) to a collembolan HTG
whose enzymatic activity was previously experimentally verified’. Since biosynthesis of these
secondary metabolites has primarily been documented in plants, microbes, and fungi to date®®, future
work should explore the biochemical contributions of these HTGs through in vitro characterization and
in vivo metabolomics in B. coprophila.

HGT may have additionally contributed to the de novo biosynthesis of four compounds in B.
coprophila that are likely to participate in redox homeostasis (Figure 5A and Figure S10; Tables S21
and S22). Key enzymatic steps in all four pathways are absent in most insects and/or animals (Table
S20), highlighting the biochemical novelty potentially conferred by these HTGs. Below, we describe the
HTGs that we predict or experimentally demonstrated to participate in these biosynthetic pathways,
along with relevant evidence of the antioxidant properties of their end products from existing studies.
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e NAD". We provide genetic complementation evidence of the biochemical activity of three
consecutive HTGs in the de novo synthesis of NAD* from tryptophan (Figure 5A, E-G).
Additionally, we detect two putative horizontal acquisitions of 2-amino-3-carboxymuconate-
6-semialdehyde decarboxylase (ACMSD), an enzyme that regulates concentrations of the
toxic kynurenine pathway intermediate quinolinate®. NAD(H) is a cofactor for several redox
homeostasis enzymes and is non-catalytically consumed by NAD* ADP-ribosyltransferases
(e.g. poly(ADP-ribose) polymerases (PARPs)), key components of redox stress responses
and DNA repair®® represented by nine putative HTGs.

¢ Ergothioneine. We find HTGs predicted to encode both enzymatic steps of the fungal
ergothioneine biosynthesis pathway (Figure S10A), although we note that the first enzyme
catalyzes the first and second steps in fungi® but is missing a domain that catalyzes the
second enzymatic step in B. coprophila. Ergothioneine is a redox-scavenging non-canonical
amino acid®®, shown via dietary supplementation to promote redox homeostasis in
Drosophila melanogaster’®.

¢ Pyridoxal 5’-phosphate (PLP). Most mammals and insects are obligately dependent on
dietary vitamin B6 for PLP owing to one or more ancestral gene losses’'. We predict that
both subunits of the heteromeric PLP synthase complex are encoded by adjacent HTGs in
B. coprophila (Figure S10B). PLP, the active form of vitamin B6, has been shown via
depletion studies to protect against oxidative stress’> and DNA damage®*. We note that
independent horizontal transfers of PLP biosynthetic enzymes have been documented in
plant parasitic nematodes, where they are also speculated to function in responses to
oxidative stress’®.

e Ascorbate (vitamin C). We predict that HTGs participate in two steps of the synthesis of
ascorbate, an essential free radical scavenger and redox homeostasis regulator (Figure
S10C)"™. The terminal enzyme in this pathway (L-gulono-1,4-lactone oxidase) is putatively
encoded by 17 B. coprophila HTGs but was lost in or before the last common ancestor of
insects’>®. Other insects likely acquire ascorbate from diet or via alternative biosynthetic
pathways’>78.

Interestingly, proteins with ‘pyridoxal phosphate binding’ and ‘NADP binding’ GO molecular
function predictions are enriched in the set of HTGs (fold-change: 3.68, adjusted p-value: 6.28x10* and
fold-change: 9.61, adjusted p-value: 8.74x10°, respectively), suggesting PLP synthesis and kynurenine
pathway HTGs may support the function of other B. coprophila HTGs.

Glyoxylate shunt

The glyoxylate shunt consists of two consecutive steps that bypass the decarboxylation
reactions of the citric acid cycle and thereby enable the net conversion of fatty-acid-derived acetyl-CoA
to glucose via gluconeogenesis’”’®. While it is a key feature of plant’” and microbial’®"® metabolism
under glucose scarcity, the shunt is absent in most metazoans®'®. Both enzymes of the glyoxylate
shunt, isocitrate lyase and malate synthase, are predicted to be encoded by adjacent HTGs in the B.
coprophila genome (Figure 3D1).
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Both B. coprophila glyoxylate shunt proteins have predicted mitochondrial localization, and
expression of both genes peaks in non-feeding adults and is lowest in feeding larvae (Table S27).
These localization and expression patterns are consistent with a possible function in gluconeogenesis
under glucose scarcity’®8'. Expression of both genes is also correlated across development with
expression of key regulatory enzymes of $-oxidation (carnitine palmitoyltransferase 1) and
gluconeogenesis (phosphoenolpyruvate carboxykinase 1) (Table S27). The latter two genes exhibit
conserved transcriptional upregulation upon starvation across Metazoa®'®? and would act upstream (-
oxidation) and downstream (gluconeogenesis) of the predicted glyoxylate shunt, respectively?"’".

The glyoxylate shunt enzymes have been independently acquired via HGT in the nematode
Caenorhabditis elegans®, where they have been experimentally demonstrated to contribute not only to
starvation tolerance®’, but also to tolerance of desiccation in the non-feeding dauer stage’®, and to
tolerance of protein misfolding resulting from oxidative stress®. Future studies should investigate
whether glyoxylate shunt HTGs are similarly implicated in B. coprophila stress and starvation tolerance.

Cell signaling

We predicted that 63 HTGs might function in cell signaling, including two receptor tyrosine
kinases with predicted cell membrane localization, four serine/threonine kinases with predicted
intracellular localization, four protein phosphatases and three predicted caspases. We predict that 14
HTGs function in neuronal signaling, including two predicted extracellular acetylcholinesterases, three
acetylcholine receptor subunits (two with predicted extracellular localization, one with cell membrane
localization), an ionotropic receptor (predicted lysosomal/vacuolar localization), and three dopamine (3-
hydroxylase-like monooxygenases (all with predicted cell membrane localization)?"®. HTGs with
predicted function in immune signaling are discussed below. Considering that HGT has been more
rarely documented for signaling than defense and metabolism genes®¢, we suggest that these
putative signaling genes represent particularly compelling candidates for future experimental analysis.

Immunological defenses, protein toxins, and host-microbe interaction

A total of 23 HTGs are predicted to function in canonical metazoan immunity, including nine
signaling and pattern recognition genes, and 14 innate immune effector genes, including the
antimicrobial peptide defensin (two HTGs)®’, the antiviral effector viperin (one HTG)®, and two
antimicrobial lysozymes®.

Aside from HTGs canonically associated with metazoan immunity, other horizontally acquired
genes not necessarily associated with immune defenses in donor lineages may have been co-opted
into roles in host-microbe interaction. We find evidence for HGT of a type VI bacterial cell wall amidase
gene, previously reported to have been transferred from bacteria to eukaryotes at least six independent
times and functionally co-opted into antibacterial immune defenses in the tick Ixodes scapularis®®®'. A
total of 13 HTGs are predicted to function in degradation or recycling of bacterial cell walls, which may
reflect analogous co-option into immune defenses or interaction with the B. coprophila rickettsial
bacterial symbiont®%. Consistent with the latter hypothesis and with reports of the participation of host
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HTGs in the maintenance of endosymbiont physiology®>**, we find that HTGs may participate in

biosynthesis of the bacterial cell wall (15 HTGs) and cell membrane (nine HTGs).

HGT may additionally contribute to immune defenses through the biosynthesis of toxins’ . We
predict that 12 HTGs encode toxin-like proteins, including three aerolysin-type pore-forming toxins, one
hemolysin, and five cytolytic pore-forming toxins. Horizontally acquired pore-forming toxins have been
shown in other insects to participate in immunological defenses against parasitoid wasps®, suggesting
a possible defensive role for these B. coprophila HTGs. Similarly, 56 HTGs may participate in the
biosynthesis of secondary metabolites (e.g., B-lactam antibiotics; Figure S6) that frequently participate
in antimicrobial defenses. As was previously proposed for collembolans’®, antimicrobial HTGs could
function in defense against the high density of potentially pathogenic microbes in the soil niche®.
Alternatively, antimicrobial HTGs may participate in the control of host-associated microbes such as the
putative B. coprophila rickettsial endosymbiont. Accordingly, we find the protein target of B-lactam
antibiotics (penicillin-binding protein®’) in our annotation (see Dryad directory PROKKA 06122024
within the repository for this study) of a previously published genome assembly for the B. coprophila
endosymbiont®®, along with six B. coprophila HTGs annotated as putative B-lactamases, which confer
resistance to B-lactams®’. Viewed in the context of emerging literature on the contributions of HGT to
the evolution of eukaryotic immune systems and symbioses® %% these results highlight multiple B.
coprophila HTGs as promising candidates for future functional work on the evolution of immunity and
host-microbe interactions.
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Supporting Information Materials: Software and Algorithms

Name & version Reference URL
BEDTools v.2.31.1 101 https://biocontainers.pro/
Benchling https://www.benchling.com/
Biopython v.1.83 102 https://biopython.org/
BLAST+v.2.12.0 103 https:/ftp.ncbi.nim.nih.gov/blast/executables/blast+/LATEST/
BRAKER3 104 Galaxy BRAKER3
Zﬁgﬁg;@ﬁgg?gomicg 105 https://github.com/jamiemcg/BUSCO_phylogenomics
BUSCO v.5.7.1 106,107 https://biocontainers.pro/
CD-HIT v.4.8.1 108 https://biocontainers.pro/
ColabFold v.1.5.5 109,110 https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
DeeplLoc2.0 8 https://services.healthtech.dtu.dk/services/DeepLoc-2.0/
DESeq2 v.1.38.3 m https://biocontainers.pro/
DIAMOND v.2.2.0 n2 https://biocontainers.pro/
ETE v.3.1.2 ns https://pypi.org/project/ete3/
FigTree v.1.4.4 4 https://tree.bio.ed.ac.uk/software/figtree/
:Z‘Z:‘:S'Igis probabilistic s https://doi.org/10.1093/nar/gkI792
GffRead v.0.12.9 e https://biocontainers.pro/
Irgt;;}:reo:c;l?lj 1vg;b§ erver, 1 https://www.ebi.ac.uk/interpro/search/sequence/
IQ-TREE v.2.2.0.3 " https://biocontainers.pro/
iTOL webserver and API ne https://github.com/iBiology/iTOL; https://itol.embl.de/
KEGG release 118.0 me https://www.genome.jp/kegg/pathway.html
ggngKOALA release 2026- | 1z https://www.genome.jp/tools/kofamkoala/
lifelines v.0.30.0 121 https://zenodo.org/records/14007206
Liftoff v.1.6.3 122 https://biocontainers.pro/
matplotlib v.3.9.2 123 https://matplotlib.org/
MetaCyc release 29.5 u https://metacyc.org/
Minimap2 v.2.28 124 https://biocontainers.pro/
MUSCLE v.5.1 125,126 https://biocontainers.pro/
NCBI Genome Data Viewer 127 https://www.ncbi.nlm.nih.gov/gdv/
NCBI Primer-BLAST 128 https://www.ncbi.nlm.nih.gov/tools/primer-blast/
NetworkX v.2.8.8 129 https://github.com/networkx/networkx
NumPy v.1.23.5 130 https://numpy.org/
PAL2NAL v.14.1 131 https://biocontainers.pro/
132-134

PAML v.4.10.6

https://biocontainers.pro/

Prokka v.1.14.6

135

https://biocontainers.pro/

pyCirclize v.1.7.1

136

https://github.com/moshi4/pyCirclize

PyMOL v.3.0.3 187 https://pymol.org/
Python v.3.9.7 138 https://www.python.org/
Rv.4.2.3 139 https://www.R-project.org/

SAMtools v.1.21

140

https://biocontainers.pro/
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https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/
https://usegalaxy.eu/root?tool_id=toolshed.g2.bx.psu.edu%2Frepos%2Fgenouest%2Fbraker3%2Fbraker3%2F3.0.3%20galaxy1
https://github.com/jamiemcg/BUSCO_phylogenomics
https://biocontainers.pro/
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://services.healthtech.dtu.dk/services/DeepLoc-2.0/
https://biocontainers.pro/
https://biocontainers.pro/
https://pypi.org/project/ete3/
https://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1093/nar/gkl792
https://biocontainers.pro/
https://www.ebi.ac.uk/interpro/search/sequence/
https://biocontainers.pro/
https://github.com/iBiology/iTOL
https://itol.embl.de/
https://www.genome.jp/kegg/pathway.html
https://www.genome.jp/tools/kofamkoala/
https://zenodo.org/records/14007206
https://biocontainers.pro/
https://matplotlib.org/
https://metacyc.org/
https://biocontainers.pro/
https://biocontainers.pro/
https://www.ncbi.nlm.nih.gov/gdv/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://github.com/networkx/networkx
https://numpy.org/
https://biocontainers.pro/
https://biocontainers.pro/
https://biocontainers.pro/
https://github.com/moshi4/pyCirclize
https://pymol.org/
https://www.python.org/
https://www.r-project.org/
https://biocontainers.pro/

273

scikit-learn v.1.2.0

141

https://github.com/scikit-learn/scikit-learn

SciPy v.1.8.1

142

https://scipy.org/

seaborn v.0.13.2

143

https://seaborn.pydata.org/

SRA toolkit v.3.1.1

144

https://biocontainers.pro/

statsmodels v.0.14.0

145

https://www.statsmodels.org/stable/index.html

Tracer v.1.7.2

146

https://tree.bio.ed.ac.uk/software/tracer/

Treemble v.1.6.2

147

https://treemble.org/

Trim Galore v.0.6.9

148

https://biocontainers.pro/

trimAl v.1.4.1

149

https://biocontainers.pro/

Twist codon optimization tool

150

https://codon-optimization.twistdna.com/

UniProtkB

151

https://www.uniprot.org/uniprotkb/

UpSetPlot v.0.9.0

152

https://pypi.org/project/UpSetPlot/
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Supporting Information Materials: Experimental Materials

REAGENT or RESOURCE | SOURCE | IDENTIFIER

Chemicals, peptides, and recombinant proteins

Hydrogen Peroxide solution 30%, AR® ACS Macron Fine Chemicals Cat# 7722-84-1

Paraquat Dichloride hydrate, PESTANAL Sigma-Aldrich Cat# 36541-100MG

Potassium cyanide, ACS, 96.0% min BeanTown Chemical Cat# 128615-50G

Sodium arsenite, 0.1N Standardized Solution Thermo Scientific Chemicals | Cat# 041533AP

Formula 4-24® Instant Drosophila Medium, Plain Carolina Biological Supply Cat# 173204

Methyl Methanesulfonate Sigma-Aldrich Cat# 129925-5G

Yeast Nitrogen base w/o Amino acids and Nicotinic Acid Formedium Cat# CYN3901

Experimental models: Organisms/strains

B. coprophila HoLo2 Yamashita Lab (MIT)

D. melanogaster. actin5¢c Gal4/CyQ:y[1] w[*]; Bloomington Drosophila RRID:BDSC 4414

P{w[+mCJ]=Act5C-GAL4}25F01/CyO, y[+] Stock Center (BDSC)

D. melanogaster. Oregon-R-C BDSC RRID:BDSC 5

D. melanogaster. yw; UAS Bcop APEX2/CyO This study

D. melanogaster. yw; UAS Bcop ArsM/CyO This study

D. melanogaster: yw; UAS Bcop B-CAS/CyO This study

D. melanogaster. yw; UAS Bcop 80ODP/CyQO This study

S. cerevisiae BY4741 bna1A Yeast Deletion Collection: #95401.H2
Invitrogen

S. cerevisiae BY4741 bna5A Yeast Deletion Collection: #95401.H2
Invitrogen

S. cerevisiae BY4741 bna6A Yeast Deletion Collection: #95401.H2
Invitrogen

S. cerevisiae BY4741 apn1A Yeast Deletion Collection: #95401.H2
Invitrogen

S. cerevisiae BY4741 mag1A Yeast Deletion Collection: #95401.H2
Invitrogen

S. cerevisiae BY4741 bna1A + pPN352 (Empty Vector) This study

S. cerevisiae BY4741 bna5A + pPN352 (Empty Vector) This study

S. cerevisiae BY4741 bna6A + pPN352 (Empty Vector) This study

S. cerevisiae BY4741 apn1A + pPN352 (Empty Vector) This study

S. cerevisiae BY4741 mag1A + pPN352 (Empty Vector) This study

S. cerevisiae BY4741 bna1A + pPN356 This study

S. cerevisiae BY4741 bnab5A + pPN357 This study

S. cerevisiae BY4741 bna6bA + pPN358 This study

S. cerevisiae BY4741 apn1A + pPN362 This study

S. cerevisiae BY4741 mag1A + pPN370 This study

Recombinant DNA

Plasmid: pJFRC12-10XUAS-IVS-myr::GFP 153 Addgene #26222

Plasmid: UAS: Bcop APEX2 This study

Plasmid: UAS: Bcop Arsenite methyltransferase This study

Plasmid: UAS: Bcop B-CAS This study

Plasmid: UAS: Bcop 80ODP This study

Plasmid: pPN352 (Episomal expression plasmid with Actin This study

promoter and alcohol dehydrogenase terminator)

Plasmid: pPN356 (pPN352-BcHAAO) This study

Plasmid: pPN357 (pPN352-BcKYNU) This study

Plasmid: pPN358 (pPN352-BcQPRT) This study

Plasmid: pPN362 (pPN352-BcAPEX2-Cterm:2X SV40 NLS) | This study
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Plasmid: pPN370 (pPN352-BcMPG-Cterm:2X SV40 NLS) \ This study \

Other

Fly Injection Service | | BestGene Inc.
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S| Methods

Phylogenetic inference
Sciarid database construction

We generated a custom DIAMOND database of sciarid proteins consisting of the longest
protein isoforms per gene for the publicly available annotations of Bradysia coprophila (RefSeq
accession GCF_014529535.2), B. odoriphaga (GenBank accession GCA_016920775.1), and
Pseudolycoriella hygida (GCA_029228625.1)?”. We additionally supplemented this database
with protein sequences we generated via BRAKER3'* annotation of the unannotated
assemblies of Lycoriella ingenua (GCA_965233655.1) and B. impatiens (GCA_965233325.1)"%.
Soft-masked genomic FASTA files were annotated on the Galaxy webserver'®® (Galaxy
BRAKERS3) with a protein evidence FASTA containing the longest isoform per B. coprophila
protein-coding gene along with the OrthoDB'®® version 12 protein set for Arthropoda
(Bioinformatics Web Server - University of Greifswald). Protein FASTA files were extracted using
GffRead''® (version 0.12.9), and the single longest isoform per protein-coding gene was
selected, for a total of 35,264 and 32,751 proteins for L. ingenua and B. impatiens, respectively.
Annotation completeness was assessed with BUSCO'® (version 5.7.1) against the
diptera_odb10 set, with a score of 95.9% for L. ingenua and 95.0% for B. impatiens. Protein
FASTA files for these two species were clustered at 90% identity and 90% length coverage
using CD-HIT'® (version 4.8.1, resulting in 31,776 sequences for L. ingenua and 29,074
sequences for B. impatiens) and subsequently concatenated to generate a combined sciarid
database, with a resulting total of 111,399 sequences.

Maximum likelihood gene tree construction

Sequences for maximum likelihood phylogenetic inference were selected from separate
DIAMOND BLASTDp runs against the clusteredNR database’’ as well as the sciarid database
generated above. To reduce redundant phylogenetic inferences, we used a DIAMOND search
against the sciarid database above to cluster candidate HTG sequences by similarity. We
generated a NetworkX'? (version 2.8.8) protein similarity network in which HTGs that were
DIAMOND hits of other HTGs were connected with an edge if their alignment to other HTGs
satisfied all of the following criteria:

1. DIAMOND E-value < 10",

2. DIAMOND bit-score > 0.80*max (bit-score outside of Sciaridae in the clusteredNR
database), selecting sequences likely to be more closely related to the focal HTG than
non-sciarid sequences.

3. > 30% alignment overlap with the region of the query that aligned with its top non-sciarid
hit.

Similarity clusters were defined as weakly connected components on this network. For
each of the 924 resulting similarity clusters, we selected as its representative sequence the
longest sequence within the cluster.
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Within each cluster, we selected non-sciarid DIAMOND hits of the representative
sequence from the clusteredNR database (https://ftp.ncbi.nlm.nih.gov/blast/db/experimental/,
access date 5/26/2026), filtering by E-value < 10 and > 30% alignment overlap with the region
of the query that aligns with its top non-sciarid hit. For each HTG candidate, we selected the top
300 non-dipteran hits and top 30 non-sciarid dipteran hits. We additionally included the top 20
non-dipteran metazoan hits and top 20 non-metazoan hits if these hits were not represented in
the top 300 non-dipteran hits. We chose this search strategy to promote inclusion of sequences
from potential metazoan and non-metazoan donor lineages, as well as dipteran sequences to
test the alternative hypothesis of vertical descent.

From the combined sciarid database, we selected the following proteins (E-value < 107° and
same coverage criterion as for the clusteredNR search):

o Other B. coprophila HTG candidates: all B. coprophila hits to the cluster
representative that were DIAMOND-identified HTG candidates, to test HTG origins via
single or multiple transfer events.

e B. coprophila dipteran ancestry candidates: The top five B. coprophila hits of the
cluster representative that were DIAMOND-identified as being of dipteran origin, along
with the top 10 non-sciarid dipteran and top 10 non-dipteran arthropod hits (against
clusteredNR) of the top dipteran origin B. coprophila protein. These proteins were
included to test the hypothesis of pseudoparology? (i.e. coexistence of vertically inherited
and horizontally acquired homologs in the B. coprophila genome).

o Putative HTG homologs in other sciarids: non-B. coprophila sciarid proteins with
bitscore > 0.80 of the bitscore of the top non-sciarid hit for all cluster members, limited to
a maximum of 15 proteins per species per query. We reasoned that these proteins were
candidate homologs of the query B. coprophila proteins, descended from a common
transfer event.

These sequences were retrieved from the NR database with the BLAST+'% (version
2.12.0) ‘blastdbcmd’ command and aligned using MUSCLE'?%'2¢ (version 5.1) with default
parameters. Multiple sequence alignments were then successively trimmed in two ways: 1. to
solely include regions overlapping with the region of the top non-sciarid hit, 2. to include
columns with > 60% column occupancy with trimAI'*® (version 1.4.1). The resulting trimmed
alignment was used to produce maximum likelihood trees with IQ-TREE'" (version 2.2.0.3)
using 1,000 iterations of ultrafast bootstrapping and automated model selection. All 918 trees
with = 4 sequences, containing 1,714/1,721 DIAMOND-identified putative HTGs, were analyzed
in subsequent steps. Trees were annotated with taxonomic information and visualized using the
iTOL Python API and web browser'®.

Automated gene tree analysis

We wrote an ETE' (version 3.1.2)-based Python script to automate analysis of the
closest phylogenetic relatives (“sisters”) to putative HTGs from midpoint-rooted gene trees
(Figure S2A). First, the script identified monophyletic groups of sciarid sequences consisting of
at least one putative B. coprophila HTG in each tree’s respective similarity cluster (see
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“Maximum likelihood gene tree construction”). For each such monophyletic group, potential
donors were identified as the immediate sister sequence or multi-sequence clade. For all multi-
sequence sister clades, the potential donor taxon was determined as the lowest common
ancestor taxon of all non-sciarid sister sequences using the ‘ncbi.get_topology’ function in ETE.
Automated tree analysis results per HTG sequence (see below) are available in Table S3 (sheet
“sister_automated_inspection”).

Manual gene tree inspection and HGT inference

To validate the inferences of our automated tree analysis, and also consider the
evolutionary information potentially contained in non-sister clades of the trees, we manually
inspected all the gene trees analyzed above. The taxonomic label of non-sciarid sequences in
each tree was assigned as follows according to NCBI taxonomic ranks:

—_—

“Diptera” for non-sciarid dipterans.
Taxonomic order for non-dipteran insects.
Taxonomic class for non-insect arthropods.

Taxonomic phylum for non-arthropod metazoans.

o & 0N

Kingdom or higher level for non-metazoans, including Fungi, Viridiplantae, Viruses, and
Bacteria. All Eukaryotes outside Fungi, Viridiplantae, and Metazoa were assigned the
paraphyletic label “protist” for simplicity, and due to the unresolved deep branching
relationships of Eukarya'"1%,

Within each gene tree, we separately examined the phylogenetic context surrounding
each monophyletic group of sciarid sequences (hereafter referred to as HTG clades) containing
at least one B. coprophila sequence in the tree’s respective similarity cluster. Trees were
midpoint rooted by default, with alternative non-sciarid outgroups selected (55 cases) when
midpoint rooting led to ambiguous topologies with polyphyly in sister or cousin clades, or placed
sciarid sequences as the outgroup to a larger clade of non-sciarid sequences. Alternative
outgroups were selected according to known lineage relationships between taxonomic
kingdoms and domains, animal phyla'®®, and/or arthropod classes'® when possible, and at
random for clades of bacterial or fungal sequences. HTG clades were assigned to topological
categories according to the following rules:

1. Reject (Figure S2G). Sciarid sequences had sister sequences from non-sciarid
dipteran taxa, or were not separated from a multi-sequence non-sciarid dipteran clade
by at least one node with > 70% bootstrap support. These topologies are consistent
with vertical descent from a dipteran common ancestor.

2. Other direction transfer (Figure S2F). Non-sciarid sequences were nested within an
otherwise monophyletic group of dipteran sequences in which they were most closely
related to sciarid sequences. These topologies are consistent with a transfer event
from sciarids to non-sciarids and were excluded as a possible transfer to sciarids.

3. One-step transfer (Figure 3A1-A2, Figure S3). Closest (“sister”) and second closest
(“cousin”) non-sciarid clades to an HTG clade were of the same taxonomic label such
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that the sciarid clade is nested within an otherwise monophyletic group of non-sciarid
sequences. This topology allowed for unambiguous inference of a non-sciarid origin in
the taxon of the sister/cousin clades. In cases in which sisters and cousins both
consisted of non-dipteran arthropod sequences of different classes, we considered
this a one-step transfer from the arthropod taxon of the sister clade. Similarly, when
both sisters and cousins were non-metazoan of different kihngdoms or domains, we
considered this a one-step transfer from the taxon of the sister clade.

4. Two-step transfer (Figure 3A3, Figure S4). In these topologies, the sciarid HTG
clade is nested within a non-sciarid metazoan donor clade (“A”) consisting of
sequences from a single phylum, and the combined sciarid + metazoan clade was in
turn nested within a non-metazoan clade (“B”). This is consistent with two successive
horizontal transfer events: non-metazoan clade B to metazoan clade A, followed by
transfer from clade A to sciarids. The metazoan donor is inferred from the sister
clade within A, and the non-metazoan donor is inferred from the sister clade within B.

5. Two-step, other direction transfer (Figure S2C, Figure S4C). These cases
consisted of non-sciarid metazoan sequences (“A”) nested within a paraphyletic
group of sciarid sequences, which were in turn nested within a different non-
metazoan clade (“B”). This topology is consistent with a transfer from non-metazoan
clade B to sciarids, followed by a transfer to non-sciarid clade A. All sciarid
sequences within the paraphyletic group were considered to be the results of a
single HGT event.

6. Two-step, unclear direction transfer (Figure S2D). A sciarid HTG clade and non-
sciarid metazoan clade consisting of sequences of at most one phylum were each
other’s closest relatives, without nesting of one clade within the other. These two
clades were nested within a clade of non-metazoan sequences. We interpreted this
topology as consistent with either a two-step transfer or multiple independent transfer
events from a non-metazoan donor to sciarids and the clade of the sister sequences.

7. Ambiguous transfer (Figure S2E, Figure S7). Like other HGT categories, these tree
topologies are inconsistent with dipteran ancestry due to non-dipteran sister clades.
These topologies did not fall into any of the above categories with straightforward
interpretation of transfer source and/or direction due to polyphyly of sister clades, or
mismatch between the taxonomic label of sister and cousin clades. Following prior
work in which HGT was inferred even when topologies did not unambiguously
suggest a single donor source'®, we consider these cases consistent with HGT
based on their non-dipteran sister clades.

Analysis of intron position conservation for two-step transfers

We first collected 34 B. coprophila HTGs satisfying two criteria: (1) a manual tree
annotation of Two-step or Two-step, unclear direction, with an inferred transfer from Bacteria—
Collembola — Sciaridae; and (2) top collembolan DIAMOND hit in Folsomia candida. F. candida
hits were selected exclusively from the RefSeq annotation (GCF_002217175.1). To identify
conserved intron positions, we first pairwise aligned protein sequences of each of the 34 B.
coprophila proteins with its top F. candida hit using MUSCLE'?>"? (version 5.1) with default
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parameters. Protein alignments and nucleotide coding sequences (CDSs) were used to
generate codon alignments with PAL2NAL™" (version 14.1), on which GFF-derived positions of
the final base of each coding exon were annotated. Positions of the resulting annotated
alignment in which both B. coprophila and F. candida shared a final position of an exon were
considered conserved intron positions (Table S9).

Analysis of putative convergent transfers to other metazoans

To identify possible instances of convergent horizontal transfer events to non-sciarid
metazoans and sciarids, we manually inspected one-step (Figure 3A1, A2), two-step (Figure
3A3), two-step, other direction (Figure S2C), and two-step unclear direction (Figure S2D) gene
trees with evidence of gene origination in a non-metazoan taxon for clades of non-sciarid
metazoan sequences that met all of the following criteria:

1. In the same gene tree as a B. coprophila-containing sciarid clade with an HTG confirmed
via manual inspection.

2. Not more closely related to the confirmed sciarid HGT clade(s) than the sciarid clade(s)
are to their closest non-metazoan relatives.

3. Contained sequences from no more than one metazoan phylum, to reduce spurious
detection of vertically inherited sequences.

We reported the number of sciarid HGT events that co-occurred with putative transfers
to other metazoans per non-sciarid recipient taxon in Table S10. We caution that these
inferences of independent HGT events in non-sciarids are preliminary, given that we did not
investigate the potential for contamination as an explanation for these sequences in non-sciarid
genomes. lllustrative trees are provided in Figure S5.

Gene family expansion analysis: post-acquisition gene duplication

To quantify post-acquisition gene duplication, we computed the total number of B.
coprophila genes contained in each confirmed HGT sciarid clade, where each B. coprophila
gene within a multi-sequence clade was interpreted as a paralog. We limited our tabulation
(Table S4) to only those genes that were identified as HTG candidates via both DIAMOND and
phylogenetic inference, and appeared in the tree’s corresponding similarity cluster. In total, we
found 247 HTG clades with at least one inferred post-acquisition gene duplication by these
criteria.
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Gene family expansion analysis: multiple putative independent transfers to the B. coprophila
genome

All clades of confirmed HTGs that were found in the same gene tree as at least one
other HTG clade were considered the products of multiple independent transfers. For each tree,
we relaxed the requirement that all sciarid clades analyzed per tree contained at least one
representative of the tree’s DIAMOND similarity cluster, such that sciarid clades containing
sequences belonging to a different tree’s similarity cluster (but independently confirmed as
HTGs in their respective trees) were also considered as possible instances of independent
HGT.

Expansions of gene families via HGT of genes with pseudoparalogs in the B. coprophila
genome

We searched trees with at least one HGT clade of inferred one-step origin from
metazoan sources for other B. coprophila sequences of dipteran ancestry. We inferred dipteran
ancestry for sequences in which the top non-sciarid DIAMOND hit was dipteran, and the
sequence grouped with non-sciarid dipteran sequences in the gene tree. Trees containing these
sequences alongside HTG clades supported gene family expansion via co-occurrence of
vertically and horizontally inherited genes (‘pseudoparalogs’) in the B. coprophila genome. The
numbers of HTG clades and HTG sequences found in these trees are reported in Figure S2J.

Analysis of HTG synteny between B. coprophila and other sciarid genomes

We first searched for reciprocal best BLASTp hits (RBBs) between the genome
annotations for B. coprophila (GCF_014529535.2), and four other sciarid genome annotations
(B. odoriphaga [GCA_016920775.1], B. impatiens [BRAKER annotation], L. ingenua [BRAKER
annotation], and P. hygida [GCA_029228625.1]) using DIAMOND (parameters --evalue 1e-20 -k
1 --very-sensitive), restricting our search to the single longest protein isoform per protein-coding
gene.

We obtained gene localizations from dff files. To each locus with an RBB, we assigned a
unique numeric identifier common to both B. coprophila and non-B. coprophila proteins in the
RBB. For each RBB and gene distance 6, we queried the RBB identifiers & genes away on the
same scaffold (Figure S1E-F). The gene distance 6 excludes any locus without an RBB. If an
RBB identifier & genes away from the query gene (on either side) was common to both B.
coprophila and the corresponding non-B. coprophila species, then we tabulated the RBB as
having a conserved RBB 6 away. We performed RBB analysis separately on dipteran genes
and HTGs, and plotted the fraction of genes with RBBs with a syntenic neighbor over varying
values of &.
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Search for possible HGT donor sequences in a putative B. coprophila endosymbiont
genome

We obtained the metagenome-assembled genome of a putative B. coprophila rickettsial
endosymbiont® from GenBank (accession JAHXDM000000000.1) and submitted it to Prokka'®
(version 1.14.6) for annotation. We used the resulting protein FASTA to build a DIAMOND
database and then queried via DIAMOND BLASTp (parameters --evalue 0.001 -k 10 --sensitive)
with a FASTA of putative B. coprophila HTGs. For each B. coprophila HTG with a hit in the
predicted endosymbiont genome, we compared the top bitscore of the alignment to an
endosymbiont protein to the top bitscore from NR.

Liftoff annotation transfer

We used Liftoff'?? (version 1.6.3) to transfer the annotation (gff file) from
GCF_014529535.2 to the independently assembled GCA_965233685.1"%*, using the following
parameters: -p 16 -polish -flank 0.25 -a 0.9 -s 0.9. 1,392 HTGs transferred with an identical
open reading frame; 63 transferred with a modified but intact open reading frame; 31 transferred
with a partial open reading frame; 31 did not transfer at all.

Analysis of Oxford Nanopore (ONT) reads

We downloaded Oxford Nanopore read FASTQ files for 17 runs associated with NCBI
BioProject PRINA291918 from NCBI using the SRA Toolkit"** (version 3.1.1). We mapped
reads to the B. coprophila genome assembly (accession GCF_014529535.2) using the ‘map-
ont’ function of Minimap2'?* (version 2.28). We excluded SRR9971648 from subsequent
analysis due to zero successfully mapped reads. We converted the resulting SAM files to sorted
BAM files using SAMtools' ‘view’ and ‘sort’ (version 1.21), and subsequently to BED files using
the ‘bamtobed’ function of BEDTools™" (version 2.31.1). We extracted BED files for annotated
genes from the dff file for GCF_014529535.2. The BEDTools ‘intersect’ function was used to
determine the protein-coding genes overlapping each ONT read. The BEDTools ‘coverage’
function was used to determine the number of reads mapping to each protein-coding gene.
Reads were pooled across runs and normalized by gene length (in kilobases). To reduce the
influence of multi-mapping (e.g., to recently diverged paralogs) and low-quality alignments,
secondary alignments were excluded with Minimap2 (“~secondary=no”), and SAMtools view
was run excluding unmapped reads, reads not in the primary alignment, supplementary
alignments, and alignments with MAPQ quality score < 30 (“-F 2308 -q 30”). Chimeric reads
were defined as reads containing at least one dipteran ancestry gene and at least one HTG.

Nucleotide composition analyses

We analyzed GC content and codon usage for dipteran ancestry genes and HTGs. GC
content and GC3 values were inferred using Biopython'%? (version 1.83). Codon usage was first
analyzed using MILC (Measure Independent of Length and Composition) values', with expected
codon usage set to transcriptome-wide frequency vectors for all dipteran ancestry genes. MILC,
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GC, and GC3 values were also computed for the longest CDS sequence per protein-coding
gene in the RefSeq annotation for Folsomia candida®® (accession GCF_002217175.1, access
date 6/28/2026). MILC reference values for F. candida were set to the B. coprophila
transcriptome-wide reference to measure deviation from B. coprophila genes. We also
visualized codon usage using principal component analysis on standard-scaled codon
frequency vectors using Scikit-learn™’ (version 1.2.0). Two-sample Kolmogorov-Smirnov tests
were performed with SciPy (version 1.8.1).

Arthropod lineage tree construction

To determine the relationships between putative arthropod donor organisms and
sciarids, we obtained a reference arthropod lineage tree by integrating and pruning published

time-calibrated phylogenomic trees for Hexapoda'®!, Chelicerata'®?, Pancrustacea'®?,

Myriapoda'®, and Diptera'®®. Newick trees were obtained directly from the publication for
Pancrustacea'®®, with permission from TimeTree.org'®® for Hexapoda'®'!, Chelicerata'®?, and
Myriapoda'®* , and using Treemble (version 1.6.2)'* to extract from Figure S3 for Diptera'®®.

Backbone-level relationships among Hexapoda, Chelicerata, and non-hexapod Pancrustacea
were selected from a published pancrustacean tree'®®. The NR database consists of sequences
derived from genome annotations as well as protein- or gene-specific studies'®’, but we
reasoned that species with annotated genomes were most likely to be detected as potential
HTG donors. We therefore pruned the lineage tree such that it only contained non-dipteran
orders represented in GenBank- or RefSeqg-annotated genomes as of 5/27/26 (NR access
date). We additionally included in the tree the order Notostraca, which lacked a GenBank
annotated genome but was a top DIAMOND hit for two HTGs; all other orders of top DIAMOND
hits were represented by annotated genomes. Dipteran families were included to allow for
within-Diptera losses in analysis of the minimum number of losses under parsimony. Families
belonging to the infraorders Muscomorpha and Culicomorpha were collapsed to the infraorder
level.

Analysis of alternative hypothesis of vertical descent with differential loss

We considered both a probabilistic model and empirical percent identity scores to evaluate the
collembolan-affinity putative HTGs.

Probabilistic expectation of collembolan-affinity genes under vertical inheritance and loss

We computed the maximum-likelihood estimate of the probability of gene presence in
Collembola (considering a single order only) and Sciaridae alone, assuming its presence in the
hexapod common ancestor and allowing for recurrent gene loss. For this estimation, we
adapted a previously described dynamic programming scheme''® that considers all possible
histories of losses consistent with the gene distribution across the phylogeny.

First, we estimated P(phyletic pattern|T,u), where T is the time-calibrated tree of
hexapod relationships (see “Arthropod lineage tree construction” above), phyletic pattern is the
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distribution of the gene at the tree tips (in this case, Collembola and Sciaridae only) and u is a
free parameter reflecting the (constant) rate of gene loss. The previously derived recursion' for
-log10[P(phyletic pattern|T,u)] was minimized with respect to u using optimize.fmin in SciPy'#
(version 1.8.1). To compute the probability mass function shown in Figure 2D, the conditional
probability under the maximume-likelihood loss rate was treated as a binomial probability
parameter p, with N = 20,000 to approximate the order of magnitude of the number of genes in
the collembolan-sciarid common ancestor. This mass function was compared to the number of
HTGs with top DIAMOND hit in Collembola and the number of one-step (Figure 3A1, A2) or two-
step (Figure 3A3) transfer events of collembolan affinity.

Collembolan percent identity analysis

First, we collected a set of tree-validated HTGs of inferred collembolan ancestry, defined
as all B. coprophila proteins inside HGT clades with one-step or two-step annotations in which
the inferred donor lineage was Collembola. For each of the resulting 646 HTGs, we then
extracted the DIAMOND percent identity to the lowest E-value collembolan hit, and compared
this statistic to the percentage identity of DIAMOND-defined dipteran ancestry proteins to their
respective lowest E-value collembolan DIAMOND hits (for all 9,664 dipteran genes with
collembolan hits E-value < 0.01 in the top 2,000 hits). Histograms were plotted using the
‘histplot’ function in seaborn'? (version 0.13.2).

Genome localization analysis

Localization of HTGs and dipteran genes was analyzed using the dff file for the B.
coprophila reference annotation (GCF_014529535.2). A chi-squared contingency test was
performed with SciPy (version 1.8.1) on the distribution of HTGs across each of the four
chromosomes in this assembly relative to the distribution of DIAMOND-identified dipteran-
ancestry (dipt) genes. The Circos plot of HTG and dipteran gene density per 100,000 base pairs
was generated using pyCirclize'® (version 1.7.1).

A null distribution for the proportion of HTGs immediately adjacent to another HTG (i.e.
with no other intervening genes) was generated by 10,000 iterations of the following procedure:

1. Drawing a randomly selected subset of 1,517 genes from the B. coprophila genome,
equivalent to the observed number of tree-validated HTGs.

2. Assigning the randomly selected subset a “simulated HTG” label.

3. Computing the proportion of simulated HTGs immediately adjacent to other simulated
HTGs, pooling across all chromosomes and scaffolds.
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To generate Figure 3D, genes encoding top DIAMOND hits to B. coprophila HTGs were
selected for visualization for the collembolan F. candida and tardigrade Paramacrobiotus
metropolitanus (the latter only for B-lactam synthesis genes). Genomic localization of glyoxylate
shunt and B-lactam biosynthesis genes along with associated RNA-Seq tracks was obtained
from the NCBI Genome Data Viewer'?’. Intergenic regions were removed and genes were
rescaled for ease of visualization. Supporting amino acid and codon alignments are available
from the accompanying Dryad repository under “pairwise_folsomia_alignments_intron” and
“pairwise_paramacrobiotus_alignments_intron.tar.gz”.

Transcriptomic analysis

Raw RNA-Seq counts and transcripts per million (TPM)-normalized expression values
were obtained from the NCBI ftp site associated with the reference B. coprophila annotation
(https://ftp.ncbi.nim.nih.gov/genomes/all/GCF/014/529/535/GCF _014529535.2 BU Bcop v2.1,
access date 7/7/2026). Mean expression data in Figure 4B were pooled across BioProject
accessions PRJNA1109384, PRJNA1220056, PRINA291918, PRJNA928089; Figure 4A and
4C contain non-salivary gland data from PRJNA291918; and Figure S8C-D were generated
using PRINA1109384 and salivary gland data from PRJNA291918. Pairwise differential
expression analyses were executed with DESeq2'"" (version 1.38.3) in R (version 4.2.3) on raw
counts for the following comparisons:

1. Larval vs. non-larval expression from BioProject PRINA291918, excluding all salivary
gland transcriptomes.

2. lIrradiated larval expression vs control (non-irradiated) larval samples from BioProject
PRJNA928089.

Heatmaps were generated with the seaborn (version 0.13.2) clustermap function. Stage
or tissue of maximal expression was obtained from TPM values pooled per stage or
tissue. Pearson correlation coefficients of glyoxylate shunt enzyme expression with
phosphoenolpyruvate carboxykinase 1 (PEPCK1, RefSeq identifier Pepck1) and carnitine
palmitoyltransferase 1 (CPT1, RefSeq identifier whd) expression were computed from raw TPM
values across all developmental stages in BioProject PRINA291918.

Sciarid species tree inference

We extracted 760 complete and single-copy BUSCO orthologs'% from eight dipteran
NCBI genome annotations, two sciarid genomes we annotated via BRAKERS (see “Sciarid
database construction” section above), and two unannotated dipteran genomes (Table S28)
using the BUSCO software'”’ (version 5.7.1) and the diptera_odb10 BUSCO set (release 2024-
01-08). The BUSCO Phylogenomics pipeline'®® (release 20240919) was used to generate
multiple sequence alignments and concatenate trimmed alignments into a supermatrix. The
supermatrix was used for species tree inference using IQ-TREE (version 2.2.0.3) with
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automated model selection and 1,000 iterations of ultrafast bootstrapping. The resulting species
tree topology (Figure S8A) agrees with previously published relationships among sciarid
species'® and dipteran families'”. Partitioned tree inference yielded an identical topology, so
subsequent analyses were performed on the unpartitioned supermatrix.

We used the approximate likelihood method implemented in MCMCtree'**'" (PAML
version 4.10.6) to produce a time-calibrated phylogeny from literature-derived fossil constraints
and the maximum likelihood topology and concatenated supermatrix specified above (Tables
S29-S30). Following Alvarez-Carretero and colleagues'’?, we specified the gamma rate prior by
assuming an unrestrictive value of 2 for the shape (‘alpha’) parameter, and set the ‘beta’
parameter such that the mean rate equaled the B. coprophila to root distance on the maximum-
likelihood topology divided by 250 million years, an approximation of the time to the crown-
group dipteran common ancestor'®®. To approximate the best-fitting model determined by
ModelFinder in IQ-TREE (Q.insect+F+I+|+R9), we selected the Q.insect amino substitution
matrix'”® and modeled among-site heterogeneity with a discrete gamma distribution (ncatG = 9,
alpha = 0.5). Due to the close phylogenetic relatedness of the multiple Sciaroidea genomes in
our phylogeny, we selected the autocorrelated rates model for our molecular clock. We
discarded the first 100,000 iterations of MCMC sampling as burn-in, and subsequently collected
samples every 100 iterations until a total of 300,000 samples were collected.

Using Tracer'® (version 1.7.2), we confirmed that the dipteran root and sciarid

divergence time effective sample size (ESS) values were > 800, and posterior means of all
parameters differed by less than two percent across two independent runs of MCMCtree. Time-
calibrated species trees with highest posterior density (HPD) intervals from the first independent
run were visualized with FigTree'* (version 1.4.4).

Phylostratigraphic dating

HTG clades on gene trees were assigned to one of five possible age categories
(phylostrata'™*; Figure 1H) based on presence of sequences from the genomes of B.
odoriphaga, B. impatiens, L. ingenua, and P. hygida. In Figure 1H and Tables S3 and S15, HTG
acquisition events were assigned to the duration between (1) (minimum) the divergence of B.
coprophila from the most distantly related species containing a gene tree-determined homolog
of the B. coprophila sequence(s) in each HTG clade; and (2) (maximum) the divergence of B.
coprophila from the next most closely related species lacking a gene tree-determined homolog
of the B. coprophila sequence. For sequences found in P. hygida (and hence assigned to the
oldest phylostratum) we considered the upper bound on the HTG acquisition as the divergence
time of Sciaridae from Cecidomyiidae, since annotated Mycetophilidae or Diadocidiidae
genomes were not available at the time of writing and hence were not analyzed.

Selective pressure (dN/dS) analysis

A total of 13,046 reciprocal best DIAMOND BLASTp alignments between the B.
coprophila reference annotation and our BRAKER3-based annotation of the B. impatiens
genome (see “Sciarid database construction” above) were subjected to dN/dS analysis.
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Pairwise amino acid alignments were first obtained with MUSCLE'?>'% (version 5.1), which
were submitted alongside nucleotide CDS sequences to PAL2NAL™" (version 14.1) to produce
codon alignments. Codon alignments with dS < 2 were successfully generated for
12,764/13,046 input protein pairs, including 990 HTGs. Pairwise dN/dS estimates were
subsequently obtained with CODEML in PAML"%"3* (version 4.10.6) with the MO model (model
= 0, cleandata = 1, Confer = 7). A null model of dN/dS = 1 was also fit using the same model
with fix omega = 1 and omega = 1. Likelihood ratio test p-values were obtained with y? =
2AlogL using SciPy'*? (version 1.8.1), and were false discovery-rate adjusted according to the
Benjamini-Hochberg procedure implemented in statsmodels'* (version 0.14.0).

Mann-Whitney comparisons of dN/dS between tree-inferred HTGs and DIAMOND-
inferred dipteran genes were performed using SciPy'*? (version 1.8.1). To determine whether
the observed increase in dN/dS for HTGs vs. dipteran genes held after adjustment for
covariates, we used the ‘smf.ols’ tool in statsmodels'* (version 0.14.0) to fit an ordinary least
squares model for dN/dS of “dipteran” or “HGT” ancestry genes, with the following predictor
variables:

o log1o(TPM+10?), with TPM being the mean transcripts per million expression value
across all analyzed B. coprophila RNA-Seq datasets (BioProjects PRINA1109384,
PRJNA1220056, PRINA291918, PRINA928089).

o Extracellular. a binary variable, with “1” indicating predicted “extracellular” subcellular
localization (see Methods).

e HGT: a binary variable, with “1” indicating tree-confirmed HGT ancestry and “0”
indicating DIAMOND-inferred dipteran ancestry.

e CDS length: the number of nucleotides in each gene’s coding sequence.

Mann-Whitney comparisons in Figure 4E were performed for 10,535 DIAMOND-inferred
dipteran genes, 466 DIAMOND-inferred orphan genes (i.e., no DIAMOND hits outside of
Sciaridae), 76 “middle”-aged HTGs, and 910 “old”-aged HTGs (see Methods).

Mapping of accessions from previous B. coprophila genome annotation to current
annotation

Our analysis used reference annotation version GCF_014529535.2, which differs from
the version used in previously published studies of B. coprophila HGT and carbohydrate-active
enzymes (GCF_014529535.1). To facilitate comparisons between these prior publications and
our results (Table S1), we performed a DIAMOND BLASTp search (--very-sensitive) of proteins
from the old annotation vs. the current annotation. Proteins without an exact accession match in
the current annotation were mapped to their top (lowest E-value) match in the current
annotation if available (pident > 95% and qcovhsp > 85%). Protein matches were mapped to
their respective genes and then to the longest protein isoform selected for HGT inference in the
current annotation.
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Sl Tables S1-S30

S| Tables and legends are listed in numerical order. S| Tables for which only the legend is
included here, are available to download as individual Excel files.

Table S1. Previously published B. coprophila HTGs. Table excludes studies of HGT and/or
introgression into Bradysia germline-restricted chromosomes®'*°, which were not analyzed
here, as well as hypothesized HGT of carbohydrate catabolism genes based upon sequence
similarity and gene presence/absence patterns without gene tree validation®. RefSeq protein
accessions from published studies were mapped to gene accessions before comparison to our
set of HTGs to mitigate inconsistencies in protein isoform selection. Mappings from the previous
annotation (GCF_014529535.1) to closest match in current (GCF_014529535.2) RefSeq
annotation (85% length coverage, 95% identity) are indicated in the “new_accession” column,
where “removed” indicates that the sequence has been removed from the current annotation
with no replacement. “Confirmed” column indicates whether the gene appeared in our final set
of tree-validated HTGs.

Annotation published_accession | new_accession | Confirmed | Reference
Cytochrome P450 XP_037037647.1 Yes 51
Cytochrome P450 XP_037047887.1 XP_080113996.1 | Yes 51
Cytochrome P450 XP_037048891.1 XP_080119038.1 | Yes 51
Cytochrome P450 XP_037051484.1 Yes 51
Cytochrome P450 XP_037049572.1 Yes 51
Cytochrome P450 XP_037025072.1 XP_080120198.1 | Yes 51
Cytochrome P450 XP_037036945.1 XP_037036944.1 | Yes 51
Cytochrome P450 XP_037042570.1 Yes 51
Cytochrome P450 XP_037042572.1 Yes 51
Cytochrome P450 XP_037052143.1 Yes 51
Cytochrome P450 XP_037034543.1 Yes 51
Cytochrome P450 XP_037044115.1 XP_080112887.1 | Yes 51
Cytochrome P450 XP_037050080.1 Yes 51
Cytochrome P450 XP_037045845.1 Yes 51
Cytochrome P450 XP_037025508.1 Yes 51
Cytochrome P450 XP_037036450.1 Yes 51
Cytochrome P450 XP_037049686.1 XP_080118275.1 | Yes 51
Cytochrome P450 XP_037049098.1 XP_037049099.1 | Yes 51
Cytochrome P450 XP_037029925.1 XP_080112043.1 | Yes 51
Cytochrome P450 XP_037049483.1 Yes 51
Cytochrome P450 XP_037025913.1 Yes 51
Cytochrome P450 XP_037037225.1 Yes 51
Cytochrome P450 XP_037035924.1 Yes 51
Cytochrome P450 XP_037043806.1 Yes 51
Cytochrome P450 XP_037047695.1 Yes 51
Cytochrome P450 XP_037052058.1 No 51
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Cytochrome P450 XP_037032840.1 Yes 51
Cytochrome P450 XP_037029512.1 removed No 51
Chimeric gene XP_037032039.1 removed No 200
Chimeric gene XP_037036061.1 Yes 200
Chimeric gene XP_037047876.1 XP_037047876.2 | Yes 200
Chimeric gene XP_037051404.1 XP_080119310.1 | Yes 200
Chimeric gene XP_037041958.1 XP_080119927.1 | Yes 200
Chimeric gene XP_037048916.1 XP_080113585.1 | Yes 200
Chimeric gene XP_037049533.1 No 200
Chimeric gene XP_037030969.1 No 200
Chimeric gene XP_037026007.1 No 200
Chimeric gene XP_037047875.1 XP_037047875.2 | Yes 200
Chimeric gene XP_037038002.1 XP_080118104.1 | No 200
Terpene synthase XP_037024969.1 XP_080120004.1 | Yes 67
Terpene synthase XP_037027991.1 Yes 67
Terpene synthase XP_037028003.1 Yes 67
Terpene synthase XP_037049366.1 XP_080114915.1 | Yes 67
Tryptophanase/tryptophan- | 5 437059404 1 Yes 201
indole lyase (TNase) -
Alternative oxidase (AOX) XP_037036163.1 Yes 39,59
DASH XP_037034936.1 Yes 6061
cryptochrome/photolyase -
Uncharacterized B-propeller v, 437046651 1 removed No 202
gene (propellin) -
Glycoside hydrolase family 32 35
XP_037 4.1 N
(GH32) 03703009 0
Glycoside hydrolase family 32 35
(GH32) XP_037025415.1 Yes
Glycosyl hydrolase group 43 6
(GH43) XP_037044875.1 removed No
Apoptosis inducing protein 36 | 5 437050353 1 removed No 203
(toxin)
Lysozyme XP_037029278.1 Yes 208
Bacterial extracellular solute- ' v 137031050.1 XP_037031050.2 | Yes 204

binding protein
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Table S2 ). Per-genome results of DIAMOND screen for HGT across 54
dipteran genomes. Columns are as follows: “Genome” is the RefSeq accession of the genome
analyzed; “Organism Name”, “family”, and “taxid” provide NCBI taxonomic information for the
genome analyzed; “orphan”, “dipt”, “alien”, “non_dipt”, “none” quantify the number of protein
ancestries in each ancestry class described in Methods; “HGT” and “p_HGT” are the total
number and percentage of DIAMOND-inferred HTGs in the genome computed as the sum of

proteins in the “alien” and “non_dipt” categories.

Table S3 (). HGT gene tree analysis. Results of maximum-likelihood gene tree

inspection, in two sheets:

o sister_automated_inspection: Taxonomic information of closest non-sciarid phylogenetic
relatives (“sisters”) to manual inspection-confirmed B. coprophila sequences, determined
via automated analysis of midpoint-rooted trees. Each row corresponds to a single HTG
(“accession”) confirmed via manual inspection. Columns are as follows: “tree_number” is a
unique numerical identifier for each tree available on iTOL, with some trees containing
multiple clades/rows; “name” and “taxid” are the taxonomic name and NCBI taxid of the
lowest common taxonomic rank to all sequences in the sister clade per HGT clade;
remaining columns are various higher taxonomic ranks if applicable to the rank in “hame”
else blank.

¢ manual_inspection_merged: Results of manual inspection of gene trees, per clade of
sciarid sequences. Clades in this table are restricted to those containing at least one B.
coprophila sequence in each tree’s respective similarity cluster. Column description:
“tree.cluster” a unique identifier for each clade, with format “iTOL tree identifier.clade
number”; “annotation”, inferred HGT or non-HGT annotation for each clade; “primary
neighbor” the taxonomic labels of donors for “One step” and “Two step” transfers, closest
non-sciarid relatives for “Two step unclear direction” (possibly donors to sciarids or
recipients of independent transfer events), recipient lineage for “Other direction” and “Two-
step other direction” transfers; “secondary neighbor” are donors to the proximate neighbors
for “Two-step” transfers, either donors to both sciarids and non-sciarid metazoans, or
donors to proximate neighbors for “Two step unclear direction”, and donors to sciarids for
“Two step other direction”; “re-root” indicates manually selected outgroup rooting scheme if
applicable, and is blank for default midpoint rooting; “notes” are any specific factors
considered for HGT inference of this clade; “all_seqs” are all sequences in the clade,
including both B. coprophila sequences and those from other sciarids (GenBank accessions
for P. hygida and B. odoriphaga; accessions generated via BRAKERS3 annotation for L.
ingenua and B. impatiens); “cluster_seqs” are B. coprophila sequences in the clade that
were identified as HTGs via DIAMOND and are in the tree’s respective similarity cluster;
“n_cluster_seqs” are the number of sequences in “cluster_seqs”; “sciarid_species” is a list
of all sciarid species with sequences in the clade; “age” is the phylostratigraphic age
category from youngest (1) to oldest (5) assigned according to “sciarid_species”;
“convergent” contains the metazoan taxon/taxa inferred to have independently received the
HTG, if detected (otherwise blank); “pseudoparalog” is TRUE for metazoan origin HGT-
confirmed clades that co-occur with an inferred vertically-inherited/dipteran-ancestry sciarid
clade; “multi_transfer” is TRUE for HGT clades inferred to represent independent transfer
events to B. coprophila in the same tree (including those not in each tree’s respective
similarity cluster and hence absent from this table). Blank entries in the latter two columns
represent clades not assessed for pseudoparalogy or multiple transfers.
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e Table S4. Distribution of the numbers of inferred B. coprophila genes per HGT clade.
247 clades with > 1 B. coprophila sequence are inferred to contain paralogs resulting from
post-transfer gene duplication. Tabulation excludes B. coprophila proteins in HGT clades
that did not pass DIAMOND-based thresholds.

Number of genes Number of transfers
1 687
2 127
3 54
4 24
5 16
6 7
7 6
8 4
9 3

13 2
16 2
17 1
20 1
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Table S5 (). HTG presence across other genomes, in two sheets:

o other_sciarids. Gene-tree-based assessment of presence of homologs of B.
coprophila HTGs in the genomes of the other sciarid species B. odoriphaga, B.
impatiens, L. ingenua, and P. hygida (“TRUE” if a homolog is detected in the column
species). “phylostratum” provides the age category from youngest (1) to oldest (5)
based on the most distantly related sciarid species in which a homolog is found
(tabulated in Table S15).

¢ other_b.coprophila_genome. Assessment of HTG presence in the independent B.
coprophila genome assembly GCA_965233685.1 using Liftoff. Value descriptions for
“GCA 965233685.1_liftoff” are as follows: “full” indicates the full ORF transferred to the
updated assembly with identical protein sequence; “modified_ ORF” indicates transfer
with a modified protein sequence; “partial_ORF” indicates that the transferred ORF is
incomplete; “no_transfer” indicates that the sequence could not be transferred to the
new assembly by Liftoff. “full" and “modified_ORF” transfers were considered intact for
the purpose of this analysis.

Table S6 (). Per-gene results of DIAMOND screen for HGT across the B.

coprophila genome. Columns are as follows: RefSeq “accession” of the protein; “description”
NCBI RefSeq annotation description of the protein; “gene”: accession of the gene;
“n_non_diptera”: number of non-dipteran protein hits; “n_out_fam_diptera”: number of non-
sciarid dipteran hits; “Al”: alien index as explained in S| Methods; “sseqid”, “sciname”, “tid”
(NCBI taxid), “evalue”, “bitscore”, “qcovhsp”, “gstart”, “qend”, and “pident” indicate standard
DIAMOND output fields; “length”: length of the protein; “type”: annotation to “orphan”, “dipt”,
“alien”, “non_dipt”, or “none” categories as described in SI Methods; “domain”, “kingdom”,
“phylum”, “class”, “order” are taxonomic information of the top non-sciarid hit; “BLAST_HTG”:
TRUE if protein was determined as a putative HTG via DIAMOND; “tree_ HTG”: TRUE if protein
was confirmed as an HTG via manual inspection of gene trees. Seven proteins that failed to

return any DIAMOND hits were excluded from this table.
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Table S7. Top 20 species by top non-sciarid DIAMOND hits to HTGs. “N_HTGs” indicates the number of DIAMOND-defined
HTGs with a top non-sciarid DIAMOND hit in the “Species” column. “Soil-dwelling” indicates whether the species or corresponding
genus has a reported niche in soil, leaf litter or moss according to the cited source. All species with at least seven HTGs are reported.
Note: Collembola is considered a class in the NCBI Taxonomy database'’®. Rotaria Silwood species were sampled from a pond

subject to periodic drying'® and are members of a genus that harbors other soil-dwelling species'”’~"7°.
Species Domain Kingdom Phylum Class Soil-dwelling N_HTGs
Folsomia candida Eukaryota Metazoa Arthropoda Collembola Yes53 461
Allacma fusca Eukaryota | Metazoa Arthropoda Collembola Yes'80 133
Orchesella dallaii Eukaryota | Metazoa Arthropoda Collembola Yes '8 129
Orchesella cincta Eukaryota Metazoa Arthropoda Collembola Yesb? 61
Halotydeus destructor | Eukaryota | Metazoa Arthropoda Arachnida Yes'82 59
Oppia nitens Eukaryota | Metazoa Arthropoda Arachnida Yes'83 32
Rotaria sp. Silwood1 Eukaryota | Metazoa Rotifera Bdelloidea Yes!76-178 18
Leptotrombidium Eukaryota | Metazoa Arthropoda Arachnida Yes'84 17
deliense
Archispirostreptus Eukaryota | Metazoa Arthropoda Diplopoda Yes'8® 15
Syriacus
Venturia canescens Eukaryota Metazoa Arthropoda Insecta No 13
Oppiella nova Eukaryota | Metazoa Arthropoda Arachnida Yes'86 11
Medioppia Eukaryota | Metazoa Arthropoda Arachnida Yes'®7 10
subpectinata
Adineta steineri Eukaryota | Metazoa Rotifera Bdelloidea Yes!77-179 9
Rotaria sp. Silwood2 Eukaryota | Metazoa Rotifera Bdelloidea Yes!76-178 8
Adineta ricciae Eukaryota | Metazoa Rotifera Bdelloidea Yes!77-179 8
Pectobacterium Bacteria Pseudomonadati Pseudomonadota Gammaproteobacteria Yes'88 8
aroidearum
Adineta vaga Eukaryota | Metazoa Rotifera Bdelloidea Yes!77:178 8
Blomia tropicalis Eukaryota Metazoa Arthropoda Arachnida No 8
Rotaria sordida Eukaryota | Metazoa Rotifera Bdelloidea Yes'7® 8
Ralstonia Bacteria Pseudomonadati Pseudomonadota Betaproteobacteria Yes'8? 7
pseudosolanacearum
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Table S8. Taxonomic origins of HTGs as determined via manual inspection of gene trees.
Taxonomic labels were assigned at the class level for non-insect arthropods, order level for
insects, phylum level for non-arthropod metazoans, and kingdom or domain level for non-
metazoans. “Protists” encompasses eukaryotes outside Metazoa, Fungi and Viridiplantae.

Taxon # Transfers
A. Origins of putative one-step transfers (n = 565; Figs 3A1, A2)

Collembola 304
Arachnida 80
Fungi 60
Bacteria 41
Rotifera 16
Protist 14
Hymenoptera 13
Coleoptera 11
Hemiptera 8
Diplopoda 4
Lepidoptera 3
Viridiplantae 2
Psocodea 2
Ostracoda 2
Branchiopoda 1
Blattodea 1
Mollusca 1
Thysanoptera 1
Nematoda 1

B. Primary origins of putative two-step transfers, determined as the likely donor lineage to
sciarids (n = 102; Fig. 3A3)

Collembola 82
Rotifera 14
Arachnida 6

C. Secondary origins of putative two-step transfers, determined as the likely donor to the
primary donor lineage (n = 102)

Fungi 44
Bacteria 39
Ambiguous 14
Protist 4
Viruses 1

D. Primary origins of putative two-step unclear direction transfers, determined as the likely
donor to sciarids, or recipient of a convergent transfer event from a non-metazoan donor (n =
65; Fig. S2D)
Collembola 50
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Rotifera 12
Arachnida 3

E. Second-closest non-sciarid relatives for two-step unclear direction transfers, which are
interpreted either as donors to both sciarids and their proximate neighbors (above) or donors to
the proximate neighbors (n = 65 Fig. S2D)

Bacteria 24
Fungi 21
Protist 12
Ambiguous 7
Viridiplantae 1
F. Inferred recipients for putative other direction transfers, from sciarids to non-sciarids (n = 8;
Fig. S2F)
Collembola 4
Bacteria 1
Branchiopoda 1
Arachnida 1
Archaea 1
G. Inferred donors to sciarids for putative two-step other direction transfers (n = 10; Fig. S2C)
Bacteria 6
Fungi 2
Protist 2
H. Inferred recipients of HGT from sciarids for putative two-step other direction transfers (n =
10; Fig. S2C)
Collembola 8
Rotifera 2
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Table S9 (). Data on intron conservation with respect to Folsomia candida for
34 tree-confirmed “two-step” or “two-step unclear direction” HTGs of primary collembolan origin
and secondary bacterial origin with top collembolan hit in F. candida. Column descriptions are
as follows: “Bradysia_accession” is the B. coprophila protein RefSeq accession;
“Folsomia_accession” is the RefSeq accession of the top DIAMOND hit in F. candida;
“Annotation” is the type of HGT determined during manual tree inspection (see S| Methods
"Manual gene tree inspection and HGT inference”); “n_int” is the number of CDS-spanning
introns with conserved position in F. candida and B. coprophila genes (set intersection);
“n_union” is the total number of CDS-spanning introns across either species (set union); “n_fols”
is the number of CDS-spanning introns in the F. candida gene; “n_brad” is the number of CDS-
spanning introns in the B. coprophila gene.
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Table S10. Non-sciarid recipients of convergent HGT. Metazoan taxa inferred to have
received putative convergent HGT of genes in the same tree as a transfer to sciarids, reported
at the phylum level for non-arthropod metazoans, class level for non-insect arthropods, and
order level for insects. “Number of sciarid transfers” indicates the number of sciarid clades
inferred to co-occur in the same phylogenetic tree as a convergent HGT event to each taxon. A
total of 128 sciarid HGT events were inferred to co-occur in the same tree as a transfer to
another metazoan taxon. The total in this table (194) exceeds 128 because 46 transfers co-
occurred with transfers to multiple metazoan groups.

Recipient taxon Number of sciarid transfers
Rotifera 50

Collembola (non-insect arthropod) 21

Arachnida (non-insect arthropod) 20

Hemiptera (insect) 14

Porifera 12

Nematoda 10

Branchiopoda (non-insect arthropod) 7

Cnidaria

Annelida

Diplopoda (non-insect arthropod)
Xenacoelomorpha

Lepidoptera (insect)

Tardigrada

Chordata

Hymenoptera (insect)

Ostracoda (non-insect arthropod)
Mollusca

Placozoa

Zygentoma (insect)

Ctenophora

Neuroptera (insect)

Coleoptera (insect)

Malacostraca (non-insect arthropod)
Copepoda (non-insect arthropod)
Amphipoda (non-insect arthropod)
Trichoptera (insect)

Siphonaptera (insect)
Merostomata (non-insect arthropod)
Diptera (insect)

Psocodea (insect)
Platyhelminthes

2 A Al Al alaINDNNDNDNDNDNOWWWRABEADEBRAPAAPMMO

Kapoor et al. Massive inter-animal HGT. Sl Page 60 of 111



Table S11. B. coprophila HTGs with literature-derived evidence consistent with transfers of functionally similar HTGs to
other eukaryotes. Recipient taxa in the “other recipient(s)” column are stated at the taxonomic level reported in published studies,
with the taxonomic phylum for non-arthropod metazoans and taxonomic order for arthropods indicated in parentheses. The
“phytophagy-associated” column indicates whether at least some of the recipient lineage(s) are phytophagous and the HTG was
previously hypothesized to support phytophagy/herbivory. CAZy family designations (https://www.cazy.org/) for carbohydrate-active
enzymes are indicated in parentheses. Accessions of corresponding HTGs are provided in Table S18, sheet

“carbohydrate_catabolism” for carbohydrate-related genes, and Table S18, sheet “manual_annotations” for all others.

Protein (predicted function) N_HTGs | Other recipient(s) Phytophagy-
associated
Cyanate hydratase (cyanide detoxification) 1 Meloidogyne incognita (Nematoda)?®'®, Tetranychus urticae Yes
(Trombidiformes)'®’
B-cyanoalanine synthase (cyanide 1 Lepidoptera'®?, Tetranychus urticae (Trombidiformes)'®3 Yes
detoxification)
Alternative oxidase 1 Nematoda, Collembola, Rotifera® Yes
Arsenite methyltransferase (arsenite 1 Fungi, diatoms, possibly the last metazoan common No
detoxification) ancestor'%
Isocitrate lyase (glyoxylate shunt) 1 Nematoda, Cnidaria, Dictyostelium, and Euglena® No
Malate synthase (glyoxylate shunt) 1 Nematoda, Cnidaria, Dictyostelium, and Euglena® No
Kynureninase (kynurenine pathway) 1 Bombyx mori (Lepidoptera)'9%1% No
Pectin/pectate lyase (carbohydrate catabolism) 7 Nematoda?® and Chrysomelidae (Coleoptera)®’ Yes
Pectin methylesterase (CE8) (carbohydrate 2 Curculionoidea (Coleoptera)*' Yes
catabolism)
Polygalacturonase (GH28) (carbohydrate 5 Phytophaga (Coleoptera), Lamiinae (Coleoptera), Mirinae Yes
catabolism) (Hemiptera), Bruchinae (Coleoptera), Verophasmatodea
(Phasmatodea)*'; Aphelenchus avenae and Meloidogyne
incognita (Nematoda)?®, Chrysomelidae (Coleoptera)®!
Endo-B-1,3-glucanase 1 Aphelenchoidea (Nematoda)?® Yes
Exoglucanase/xylanase (GH10) (carbohydrate 1 Hypothenemus hampei (Coleoptera)*!, Cassidinae Yes
catabolism) (Coleoptera) and Criocerinae (Coleoptera)?"
Endo-1,4-B-xylanase (GH11) (carbohydrate 2 Hypothenemus hampei (Coleoptera)*!, Phaedon cochleariae Yes

catabolism)
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Cellulase/endoglucanase (GH45)
(carbohydrate catabolism)

Glycosyl hydrolase, family 5 (GH5)
(carbohydrate catabolism)
Exo-a-(1-5)-L-arabinofuranosidase (GH43)
(carbohydrate catabolism)

Glycosyl hydrolase, family 31 (GH31)
(carbohydrate catabolism)

B-fructofuranosidase (GH32) (carbohydrate
catabolism)

Pyridoxal 5’-phosphate synthase subunit
PdxS/SNZ (Pyridoxal 5’-phosphate synthesis)
Pyridoxal 5’-phosphate synthase subunit
PdxT/SNO (Pyridoxal 5’-phosphate synthesis)
Chorismate mutase (amino acid biosynthesis)
Polyketide/non-ribosomal peptide synthesis-
associated enzymes

D-alanine--D-alanine ligase (Bacterial cell wall
biosynthesis)

Alanine racemase (Bacterial cell wall
biosynthesis)

Domesticated amidase effector/type VI
secretion amidase effector (Immune effector;
Bacterial cell wall degradation/turnover)
Lysozyme/endolysin (Immune effector;
Bacterial cell wall degradation/turnover)
Intradiol ring-cleavage dioxygenase
(Xenobiotic metabolism)

Hemolysin (Pore-forming toxin)
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Phytophaga (Coleoptera)*!, Chrysomelidae (Coleoptera)’',
Aphelenchoidea (Nematoda)?®

Lamiinae (Coleoptera)*', Nematoda?®, Bruchinae
(Coleoptera)®"

Globodera pallida and Meloidogyne incognita (Nematoda)?®,
Lema (Coleoptera)®!

Lepidoptera®!

Lepidoptera, Agrilus planipennis (Coleoptera), Curculionidae
(Coleoptera), Mayetiola destructor (Diptera), Tetranychidae
(Trombidiformes)*!

Heterodera glycines (Nematoda)”3

Heterodera glycines (Nematoda)”3

Tylenchida (Nematoda)?®
Bdelloidea (Rotifera)'®”

Planococcus citri (Hemiptera)®

SAR group protozoans; Excavata; Holomycota;
Schizosaccharomyces pombe'®®

Acari (mites and ticks), Daphnia, Ciliophora, Annelida and
Mollusca, possibly the metazoan common ancestor®.

Aphidinae (Hemiptera)®®, Heterodonta and Palaeoheterodonta

(Mollusca)®®

Sarcoptiformes and Trombidiformes, Collembola, Tardigrada,
Bemisia tabaci (Hemiptera)®°

Drosophilidae (Diptera)®

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes
No

No

No

No

No

Yes

No



Table S12 (). Genomic clustering of HTGs. Data on the genomic clustering of
HTGs in the B. coprophila genome. Each row corresponds to a pair of HTGs that are each
other’s immediate genomic neighbors (i.e. no intervening genes) on the same scaffold or
chromosome indicated with “location”, with RefSeq gene locus identifiers in the “locus_”
columns, and RefSeq protein accessions in the “prot” columns. The “paralogs” column indicates
whether both members of the pair are inferred to be the products of post-transfer gene
duplication from gene trees. The “cluster_number” column contains a unique numerical identifier
assigned to 199 contiguous clusters of HTGs uninterrupted by non-HTGs; note that 42 clusters
contain multiple adjacent pairs.
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Table S13. Clusters of adjacent HTGs predicted to catalyze consecutive biochemical reactions. “Sequence” and “Enzyme”

provide protein accessions and manual annotations for pairs of adjacent HTGs predicted to catalyze consecutive steps in the same
biochemical “Pathway” as determined from MetaCyc?*. “Ancestry” indicates the phylogenetic affinity of the sequence as in Table S18.
“Enzyme” predictions for all proteins were verified with InterProScan (Table S18, sheet “manual_annotations”).

Pathway Sequence 1 Enzyme 1 Ancestry 1 | Sequence 2 Enzyme 2 Ancestry 2
N-(5-amino-5-
Isopenicillin/B- | v 5 (13703766814 | CAPOXYPENEANOYI-L- o hola | XP 0370402291 | Isopenicillin-N synthase | Collembola
lactam synthesis cysteinyl-D-valine
synthase
Pyridoxal 5'- Pyridoxal 5'-phosphate Pyridoxal 5'-phosphate
phosphate XP_037038870.1 | synthase subunit Fungi XP_037038869.1 | synthase subunit Bacteria
biosynthesis PdxT/SNO PdxS/SNZ
Glyoxylate shunt | XP_037048618.1 | Malate synthase Collembola | XP_037048622.1 | Isocitrate lyase Collembola
2-amino-3-
Kynurenine 3-hy§roxyanthranilate . carbf)xymuconate-6- .
pathway XP_037051528.1 | 3,4-dioxygenase Arachnida XP_080118561.1 | semialdehyde Arachnida
(HAAO) decarboxylase
(ACMSD)
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Table S14 (attached file). HTG expression data, in six sheets:

o Datasets: File with accession numbers of publicly available RNA-Seq accessions analyzed
for tree-confirmed HTG expression and differential expression analysis. NCBI SRA
accessions are in the “SRA run accession” column; “description” contains a description of
the sex, developmental stage, and tissue; “Bioproject accession” NCBI identifier for
submitting publication.

e mean_tpms_per_stage_organ: Mean transcripts per million (TPM) expression values per
developmental stage, sex, and organ/tissue type for HTGs. "description” indicates the
RefSeq description for the selected protein isoform, and “manual_annotation” indicates the
function assigned via manual curation (if applicable; Table S18). Data are derived from
previously published RNA-Seq data.

o DESeq2 differential expression data derived from publicly available RNA-Seq datasets for
tree-confirmed, significantly upregulated (adjusted p-value < 0.05, log2 fold change > 0)
HTGs. Data are split across two sheets: irradiated_upregulated for irradiated vs. non-
irradiated larval comparisons; larval_upregulated for larval vs. non-larval samples.
Columns correspond to standard DESeq2 output fields as follows: “gene” and “description”
contain RefSeq data for the selected gene/protein; “baseMean” mean DESeq2-normalized
counts across all samples; “log2FoldChange” log base 2 fold changes across each sheet’s
respective comparison (e.g., larval/non-larval for “larval_upregulated”); “IfcSE” standard
error of the log2FoldChange; “stat” Wald test statistic; “pvalue” unadjusted Wald test p-
value; “padj” Benjamini-Hochberg adjusted p-value; description indicates the RefSeq
annotation description of the HTG; “manual_annotation” indicates the function annotation
assigned by manual inspection of InterProScan results (Table S18, sheet
“manual_annotations”). Columns with TRUE/FALSE entries indicate whether the gene was
assigned to the biological pathway indicated in the column name via inspection of
InterProScan results (Table S18, sheet “manual_annotations”).

e p.hygida_salivary_proteome: HTGs with tree-determined homologs in P. hygida, with
mass spectrometry proteomics expression derived from larval saliva as reported by Trinca

and colleagues?’. “P.nygida_protein” is the GenBank accession of the previously validated

protein ?; “B.copro_homologs” are tree-inferred homologous HTGs in B. coprophila;
“Name” is the previously assigned 2’ annotation; “Unique peptides” is the number of unique
detected peptides from the P. hygida protein of interest. Columns with TRUE/FALSE entries
indicate whether the gene was assigned to the biological pathway indicated in the column
name via inspection of InterProScan results (Table S18, sheet “manual_annotations”). All
data e2>7(cept homology and function inferences are from Table S10 of Trinca and colleagues
2023 “'.

e Sanger_results: Sanger sequencing results and primer information for RT-PCR of eight B.
coprophila HTGs selected for experimental analysis (Figures 5, S3C-E, S4D-E, S7C-E,
S11). Protein accessions of the sequences derived from the RefSeq annotation are
available in the “RefSeq accession” column; sequencing products were submitted to
GenBank with accessions in the “Product accession” column. For QPRT, the RT-PCR
primers were initially constructed using an accession (XP_037047822.1) from the previous
B. coprophila RefSeq genome annotation, which was updated to a new accession
(XP_037047821.1) with identical amino acid sequence in the most recent RefSeq
annotation.
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https://www.dropbox.com/scl/fi/b27vdwwlxohr9rhefcmbr/HGTB_SI_table_14_v7_FINAL.xlsx?rlkey=p7zdywdzgnusanbsihlrzuia4&dl=0

Table S15. Phylostratigraphic age assignments of B. coprophila HTGs and transfer events. “Phylostratum” age categories are
from youngest (1) to oldest (5). “Lower bound” age values in millions of years ago (MYA) were assigned according to the posterior
mean divergence time of B. coprophila from the species in column “spanning species”, which is the most distantly related species
that contains tree-determined homolog(s) of each HTG; “upper bound” estimates are determined as the divergence time from the
next most closely related sciarid species lacking homologs of each HTG, or the divergence time from Cecidomyiidae, the most
closely related family to Sciaridae with RefSeg-annotated genomes, for phylostratum 5; “N_HTGs” is the number of HTGs that trace
their origins to the phylostratum, including subsequent gene duplications; “N_transfers” is the number of inferred transfer events
during the phylostratum.

Phylostratum @ Spanning species Lower bound (MYA) | Upper bound (MYA) N_HTGs  N_transfers

1 B. coprophila 0 (present) 14.1 53 45
2 B. odoriphaga 141 271 28 27
3 B. impatiens 271 58.2 106 79
4 L. ingenua 58.2 73.2 330 250
5 P. hygida 73.2 216.0 1,000 533
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Table S16 (). Pairwise dN/dS estimates. dN/dS statistics computed for reciprocal
best DIAMOND BLASTDp hits between B. coprophila and B. impatiens. Column descriptions are
as follows: “B.coprophila” protein accession from B. coprophila; “B.impatiens” protein identifier
for B. impatiens from BRAKERS annotation (available on Dryad); “dNdS” PAML dN/dS (omega)
maximum-likelihood estimate; “dS" synonymous substitution rate; “InL” log-likelihood for the
maximum-likelihood dN/dS estimate; “null_InL": log-likelihood for a null model with dN/dS fixed
at 1; “2delta(InL)” statistic used for likelihood ratio test for the null hypothesis that dN/dS=1;
“p_val” p-value obtained from likelihood ratio test; “p_val_corrected” p-values adjusted via the
Benjamini-Hochberg procedure; “type” is the ancestry annotation of the B. coprophila protein,
with “Other” indicating genes with a “none” DIAMOND-based ancestry annotation (Table S6), or
DIAMOND-inferred HTGs rejected by tree inspection. Only dN/dS values with corresponding dS
< 2 were analyzed.
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https://www.dropbox.com/scl/fi/b7vjqe3ypjgjh8y4qqnoa/HGTB_SI_table_16_v4_FINAL.xlsx?rlkey=ca7ailboj9awq12g6g2c8ggsm&dl=0

Table S17. Ordinary least squares statistics for dN/dS modeled as ~logTPM+Extracellular+HGT+CDS _length. logTPM =
log10(TPM+1072). Extracellular = 1 if DeepLoc2 predicts an extracellular localization; HGT = 1 if HTG and 0 if dipteran. HGT remains
significantly associated with dN/dS even when accounting for the other covariates. Bracketed values indicate bounds of the 95%
confidence interval.

Test statistic coef std err t-statistic | P-value [0.025 0.975]
Intercept 0.136 0.002 69.627 <1071% 0.132 0.140
logTPM -0.018 0.001 -16.755 2.82x10%2 | -0.021 -0.016
Extracellular 0.031 0.003 12.115 1.40x10% | 0.026 0.036
HGT 0.036 0.003 11.324 1.42x10%° | 0.030 0.042
CDS _len -1.83x10° | 5.27x107 | -3.476 5.11x10* | -2.86 x10 | -7.98x107
R-squared 0.060

Adj. R-squared | 0.059

F-statistic 182.40

Prob (F-statistic) = 7.89x107%?
Log-Likelihood 10,902
AIC -2.18x10*
BIC -2.18x10*
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Table S18 [attached file). Functional predictions for B. coprophila HTGs, across the
following nine sheets:

localization_predictions: sheet contains DeeplLoc2 subcellular localization predictions
for HTGs, with the following columns: “Protein_ID” is the RefSeq protein accession;
“Localizations” is the predicted label(s), separated with a “|” in the case of multiple
predictions per protein; “Signals” are the predicted signal motif(s) if found; and the
remaining columns are the localization probabilities per location.
localization_enrichment: sheet contains enrichment statistics for DeepLoc2 predictions
for HTGs, with “HGT” indicating the number of HTGs with each predicted localization;
“FC” as the fold-change over non-HGT proteins; “p_value” the unadjusted p-value from
Fisher’s exact test; “pad;” the Benjamini-Hochberg adjusted p-value. The total number of
proteins across localizations (1,853) exceeds the number of HTGs because DeeplLoc?2
assigned multiple predictions to 325 proteins.

molecular_function_enrichment: data for Gene Ontology (“GO”) molecular functions,
with the following columns: “GO term”; “Name” as the common name assigned to each
GO term; “HTGs” gene accessions of HTGs; “HTGs_desc” with the annotations of all
predicted HTGs with the predicted GO term; “HTG_count” with the number of HTGs with
the GO term; “FC” as the fold-change over non-HGT proteins; “p_value” the unadjusted
p-value from Fisher’s exact test; “pad;” the Benjamini-Hochberg adjusted p-value.
biological_process_enrichment: data for Gene Ontology (“GO”) biological processes,
with the same columns as “molecular_function_enrichment”.

predicted_CAZymes: tree-confirmed B. coprophila HTGs that were previously
annotated as predicted carbohydrate-active enzymes (CAZymes)?, with the following
columns: “original_accession” is the B. coprophila HTG previously reported®” accession
from B. coprophila annotation GCF_014529535.1; “new_accession” is the equivalent
accession obtained from the latest annotation GCF_014529535.2; “Final annotation” is
the previously reported?” manual CAZy family annotation (https://www.cazy.org/) with
corresponding CAZy family code in “CAZy family”; “Pfam” is the automated Pfam
domain(s); “EC Number” is the Enzyme Commission number of the predicted enzymatic
reaction. All data except “new_accession” are from Table S9 of Trinca and colleagues’
report?’, with protein accessions mapped to the latest genome annotation as described
in S| Methods.

confirmed_CAZymes: P. hygida CAZymes validated via proteomics and enzyme
assays performed against larval homogenates?’ that we infer to be orthologs of B.
coprophila HTGs, with the following columns: “P.hygida_protein” is the GenBank
accession of the previously validated enzyme?®’; “B.copro_homologs” are tree-inferred
homologous HTGs in B. coprophila (RefSeq accession); “Annotation” is the confirmed
enzymatic activity; “CAZy family” is the CAZy family code; “EC Number” is the Enzyme
Commission number; “Substrate” is the carbohydrate substrate against which activity
was validated (note: CMC and Avicel are cellulose derivatives); “Activity” is PCW for
substrates found in plant cell walls, |IE for insect endoskeleton, and FCW for fungal cell
waIIs.27AII data except orthology inferences are from Table 1 of Trinca and colleagues,
2023,

InterProScan_counts: numbers of HTGs and HTG accessions assigned to each
InterProScan domain.

carbohydrate_catabolism: a curated set of HTGs predicted to participate in the
catabolism of carbohydrates, combining previously reported information®’ (see
predicted_CAZymes) and manual annotations based on InterProScan results (see
manual_annotations) as indicated in the “Source” column; “CAZy family” is the CAZy
family code; “Cell wall substrate” indicates a plant, fungal or bacterial cell wall substrate
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https://www.cazy.org/
https://www.dropbox.com/scl/fi/97bqghyuo0y0br7k6x99m/HGTB_SI_table_18_v9_FINAL.xlsx?rlkey=ol2d1w3jcv9wiya5qz9modj59&dl=0

for the enzyme (if applicable); “Ancestry” indicates inferred HTG source via closest non-
sciarid phylogenetic relative or top non-sciarid DIAMOND hit; “Localization” indicates
DeepLoc-predicted subcellular localization. Rows highlighted in yellow are predicted to
act on non-carbohydrate components of peptidoglycan. Rows with substrates in “Cell
wall substrate” were used as inputs for Figure S9.

¢ manual_annotations: Functional predictions (“Manual annotation”) and predicted
pathway membership (“Pathway(s)”) of select proteins discussed in this study. Data
supporting functional inferences include: “RefSeq description” from current
(GCF_014529535.2) and previous (GCF_014529535.1) RefSeq annotations “Domains”:
InterProScan domain annotations with accessions in parentheses and delimited by
semicolons; “Localization” is the DeepLoc2 predicted subcellular localization; “Source(s)”
provides URLs for publications used for pathway assignments if applicable (blank if
taken directly from InterPro domain descriptions); “Ancestry” reflects the likely origin of
the HTG inferred from closest non-sciarid relatives on trees if possible, or from top non-
sciarid DIAMOND hit if phylogenetic closest relative was polyphyletic.
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Table S$19. Total numbers of HTGs assigned via manual annotation to biological pathways
(bold), their constituent sub-pathways (bold italicized) and gene-level functional annotations
(normal text). Note that some gene-level functional annotations have been assigned to multiple
biological pathways. Source data and RefSeq accessions for non-carbohydrate catabolism
terms are provided in Table S18, sheet “manual_annotations”; carbohydrate catabolism data are
derived from Table S18, sheet “carbohydrate_catabolism”. Immune defense annotations are
distributed across immune effectors and “Cell signaling-immune signaling/recognition” (cell
signaling) annotations. CAZy family designations (https://www.cazy.org/) for carbohydrate-active
enzymes are indicated in parentheses.

Pathway or Annotation N_HTGs

Carbohydrate catabolism 126

Endo-B-1,2-glucanase SGL (GH?)

Arylsulfatase H-like

Exo-B-1,4-glucuronan lyase (PL8_4)

Gluconokinase

Glucose-6-phosphatase

Glycoside hydrolase

Glycoside hydrolase family 31 (GH31)

Glycoside hydrolase family 65 (GH65)

Glycoside hydrolase, family 5 (GH5)

DegT/DnrJ/EryC1/StrS aminotransferase (GH5)

Glycosyl Hydrolase 5 (GH5)

Lactase (GH1)

Levanase/endo-inulinase (GH32)

O-Glycosyl hydrolase (GH30_1)

Unsaturated glucuronyl hydrolase (GH88)

Endo-a-1,4-polygalactosaminidase (GH114)

Exo-a-1,6-mannosidase (GH125)

a-L-fucosidase (GH29)

a-glucosidase (GH31)

W W=

B-galactosidase (GH35)

Carbohydrate catabolism-cellulose catabolism 15
Endoglucanase (GH45) 7
Endoglucanase (GH9) 8
Carbohydrate catabolism-chitin catabolism 19
Chitin deacetylase (CE4) 1
Chitinase (GH18) 2
Chitinase (GH19) 6
Endochitinase-like (GH?) 1
Lytic chitin monooxygenase (AA15) 5
N-acetyl-B-hexosaminidase (GH20) 4
Carbohydrate catabolism-mannan/hemicellulose catabolism 4
Endo-1,4-B-mannosidase (GH5_10) 1
B-mannosidase (GH130) 1
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B-mannosidase (GH2)

N

Carbohydrate catabolism-pectin catabolism

=
N

Pectin methylesterase (CES8)

Pectin/pectate lyase (PL1_7)

Pectin/pectate lyase-like (PL?)

Polygalacturonase (GH28)

Carbohydrate catabolism-peptidoglycan catabolism

Glycosyl hydrolase YngK-like (Bacterial cell wall hydrolase)

Cell wall hydrolase SleB (Bacterial cell wall hydrolase)

Domesticated amidase effector/Type VI secretion system amidase effector

Lysozyme (GH24)

Murein tetrapeptide carboxypeptidase

N-acetylmuramic acid 6-phosphate etherase MurQ

=ININ| = =2 DN O -=2O0N

Carbohydrate catabolism-xylan/hemicellulose catabolism

=
N

Endo-1,4-B-xylanase (GH11)

Endo-1,4-B-xylanase (GH43_34)

Exo-a-(1-5)-L-arabinofuranosidase (GH43_26)

Exoglucanase/xylanase (GH10)

Xylan exo-a-(1-2)-glucuronosidase (GH67)

a-L-arabinofuranosidase (GH51)

B-D-xylosidase (GH3)

Carbohydrate catabolism-a-1,3-glucan

Glucan-endo-1,3-a-glucosidase (GH71)

Carbohydrate catabolism-3-1,3-glucan

Glucan-1,3-B-glucosidase (GH5)

Glucan-1,3-B-glucosidase (GH55)

Exo-B-1,3-glucanase (GH5_9)

B-1,3-glucanase (GH17)

Endo-B-1,3-glucanase (GH16)

—\CA)—\—\—\\]MNCA)M—\—\M—\M

Carbohydrate catabolism-monosaccharide import

L-fucose-proton symporter

Sodium-dependent glucose transporter (SGLT)

Protein catabolism

Acylamino-acid-releasing enzyme

Arylamine N-acetyltransferase; Cysteine peptidase

Calpain peptidase

Carboxypeptidase Q

Carboxypeptidase Q-like

Caspase

Chymotrypsin-1-like

Chymotrypsin-2-like

Cyanophycinase-like

Cytosolic non-specific dipeptidase

Metalloendopeptidase OMA1, mitochondrial-like

Metallopeptidase

Al Al alal AN W =N Ww N

()]
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Neurolysin, mitochondrial-like

PPPDE peptidase

Peptidase

Peptidase C45-like

Peptidase M50B-like

Peptidase M64

Prenylcysteine oxidase

Proline iminopeptidase

Prolyl endopeptidase

Rhomboid peptidase

Secernin-3-like

Serine B-lactamase-like protein LACTB, mitochondrial

Serine protease

Subtilisin protease

TRPMB8 channel-associated factor 3-like/Peptidase M60

Thimet oligopeptidase-like

Trypsin-1-like

Venom serine carboxypeptidase-like

N = a2 N_2 NN O =l -

Amino acid catabolism

N
S

Aspartate dehydrogenase

2-iminobutanoate/2-iminopropanoate deaminase

4-hydroxy-2-oxoglutarate aldolase, mitochondrial-like

Argininosuccinate lyase

Aspartate/prephenate aminotransferase

Cysteine desulfurase

D-amino-acid oxidase

D-aminoacylase

Fumarylacetoacetase

Histidine ammonia-lyase

L-serine dehydratase/L-threonine deaminase

Prenylcysteine oxidase

Saccharopine dehydrogenase

Selenocysteine lyase

Tryptophanase

AN 2NN 2N A~

Lipid catabolism

(=})
~

2,4-dienoyl-CoA reductase

2-hydroxy-palmitic acid dioxygenase Mpo1-like

3-hydroxybutyrate dehydrogenase

Acyl-CoA dehydrogenase

Acyl-CoA dehydrogenase family member 11-like

Acyl-coenzyme A synthetase ACSM3

Alkaline ceramidase

Amidase signature (AS) superfamily/Vitamin D3 hydroxylase-associated protein-like

Amidase signature (AS) superfamily/monoglyceride lipase faah

Arylsulfatase H-like

Al Aalalalalalalalal—a
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CD36 family (scavenger receptor)

Carboxyl esterase

D-B-hydroxybutyrate dehydrogenase, mitochondrial-like

Enoyl-CoA hydratase

Enoyl-CoA hydratase echA8

Fungal lipase-like

GDXG lipase

Glycerophosphodiester phosphodiesterase

Glycoside hydrolase family 30/lysosomal acid glucosylceramidase

Lipase/calcium-activated chloride channel regulator

Low-density lipoprotein (LDL) receptor

Lysophospholipase D GDPD1-like

Lysoplasmalogenase

Mitochondrial ABHD10 acyl-protein thioesterase

Mitochondrial carnitine/acylcarnitine carrier protein

Mitochondrial coenzyme A diphosphatase

N-acyl-phosphatidylethanolamine-hydrolyzing phospholipase D

PLC-like phosphodiesterase

Peroxisomal trans-2-enoyl-CoA reductase

Phosphatidyl-N-methylethanolamine/Phosphatidylethanolamine N-methyltransferase

Phospholipase A and acyltransferase

Phospholipase A and acyltransferase 1-like

Phospholipase B

Phytanoyl-CoA dioxygenase

Prenylcysteine oxidase

SGNH hydrolase

Sterol transport protein NPC2-like

Glyoxylate shunt

Isocitrate lyase

Malate synthase

=S RN 2N 2RO 222NN 2 WO =N =W -~

Proteostasis

(3]
(<]

Acylamino-acid-releasing enzyme

Cystatin-A2

DSBA-like thioredoxin

F-box associated (FBA) domain protein

F-box domain protein

LanC-like protein

LanC-like protein, eukaryotic

Metalloendopeptidase OMA1, mitochondrial-like

Protein IMPACT homolog

Protein mono-ADP-ribosyltransferase PARP16-like

Serine/threonine-protein kinase/endoribonuclease IRE1

Serine/threonine-protein kinase/endoribonuclease IRE1/2-like

Speckle-type POZ protein-like

Ubiquitin carboxyl-terminal hydrolase

=SIN =2 (NN =22V 2NN 2NN

Kapoor et al. Massive inter-animal HGT. Sl Page 74 of 111




Ubiquitin-conjugating enzyme E2-like 3
Proteostasis-E3 ubiquitin-protein ligase 16
IBR-containing E3 ligase 1
RBR-family/RNF14-like E3 ubiquitin-protein ligase 1
RING-SPRY/B30.2-domain protein; putative E3 ubiquitin ligase 4
RNF-type E3 ubiquitin-protein ligase 1
E3 ligase/Deltex family protein 4
E3 ubiquitin-protein ligase NRDP1-like 1
E3 ubiquitin-protein ligase RNF14-like 1
E3 ubiquitin-protein ligase SHPRH-like 1
E3 ubiquitin-protein ligase SINA 1
E3 ubiquitin-protein ligase parkin-like 1
Proteostasis-chaperones 11
Mitochondrial chaperone BCS1-like 1
Cyclophilin-like (chaperone) 1
Hsp70 chaperone 1
DNAJ domain protein (chaperone) 5
Peptidyl-prolyl cis-trans isomerase FKBP-like (chaperone) 3
Transmembrane transport 68

ABC transporter G family

ATP-binding cassette subfamily G transporter

Acetyl-coenzyme A transporter 1-like

Ammonium transporter

Aquaporin

Bacterial-type extracellular solute-binding protein

CD36 family (scavenger receptor)

Choline/ethanolamine transporter

Citrulline exporter C365.16-like

Failed axon connections homolog

lonotropic receptor

L-fucose-proton symporter

Large-conductance mechanosensitive channel

Lipase/calcium-activated chloride channel regulator

Low-density lipoprotein (LDL) receptor

MFS transporter

MFS transporter/putative peptidoglycan muropeptide transporter SLC46

Magnesium-transporting ATPase, P-type

Mg2+ transporter protein, CorA-like/Zinc transport protein

Mitochondrial carnitine/acylcarnitine carrier protein

Mitochondrial substrate carrier

Multi Antimicrobial Extrusion Protein

Multidrug transporter EmrE superfamily

Na(+)/citrate cotransporter

Na(+)/citrate cotransporter-like

Nucleobase cation symporter

Al Aalalalalal a2l WwW =2 2NN 2NN = =2N
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Probable citrulline exporter 1
Protein translocase subunit SecA 1
Proton-linked Monocarboxylate Transporter/MFS transporter 5
Putative ABC-transporter type IV 1
SecA domain protein 1
Sodium-coupled monocarboxylate transporter 4
Sodium-dependent glucose transporter 12
Sodium-dependent multivitamin transporter 1
Sodium/anion cotransporter 1
Sodium/potassium-transporting ATPase subunit alpha-1-like 1
Sodium:solute symporter (SSF) 1
Solute carrier family 23 member 1
Sterol transport protein NPC2-like 1
UNC93-like protein 2
Voltage-gated hydrogen channel 1 1
Voltage-gated hydrogen channel 1-like 1
ADP-ribosylation 9
ADP-ribosyltransferase 2
Mono-ADP-ribosyltransferase 1
Mono-ADP-ribosyltransferase and antiviral protein 2
NAD(P)(+)--arginine ADP-ribosyltransferase 1
Protein mono-ADP-ribosyltransferase PARP16-like 2
poly [ADP-ribose] polymerase (PARP) tankyrase-like 1
Bacterial cell membrane biosynthesis 9
Cyclopropane-fatty-acyl-phospholipid synthase 8
GDP-D-glycero-alpha-D-manno-heptose dehydrogenase-like 1
Bacterial cell wall biosynthesis 15
Alanine racemase 1
Alanine racemase/D-amino acid metabolism enzyme 1
Anhydro-N-acetylmuramic acid kinase 1
D-alanine--D-alanine ligase 4
Diaminopimelate epimerase-like 1
N-acetylmuramate/N-acetylglucosamine kinase 1
B-lactamase/transpeptidase 6
Bacterial cell wall degradation/turnover 13
Anhydro-N-acetylmuramic acid kinase 1
Cell wall hydrolase SleB 1
D-amino-acid oxidase 2
Domesticated amidase effector 1
Glycosyl hydrolase YngK-like 2
Lysozyme 2
Murein tetrapeptide carboxypeptidase 2
N-acetylmuramate/N-acetylglucosamine kinase 1
N-acetylmuramic acid 6-phosphate etherase MurQ 1
Protein toxins 12
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Aerolysin-like toxin

Cytolytic pore-forming toxin

Hemolysin E (pore-forming toxin)

TcdA/TcdB toxin

Tox-ART-HYD1

Nl==2O0W®W

Immune effectors

-
H

Defensin

Domesticated amidase effector

Gamma-interferon-inducible lysosomal thiol reductase

Interferon-induced very large GTPase

Lysozyme

Membrane attack complex component/perforin (MACPF) domain protein

Mono-ADP-ribosyltransferase and antiviral protein

Pathogen-related defense protein

Viperin

SINININ N == =N

Cell signaling

[<}]
w

Arrestin domain (GPCR signaling)

Calmodulin-alpha

Caspase

Differentiation-associated signaling protein

Dual specificity protein phosphatase

E3 ligase/Deltex family protein

Ecdysteroid kinase-like

Ephexin

Integrin domain protein

Peptidyl-prolyl cis-trans isomerase FKBP-like (chaperone)

Platelet-derived growth factor receptor-like

Receptor tyrosine kinase

Serine/threonine-protein kinase

Serine/threonine-protein kinase/endoribonuclease IRE1

Serine/threonine-protein kinase/endoribonuclease IRE1/2-like

Serine/threonine-protein phosphatase

Store-operated calcium entry-associated regulatory factor

Sushi domain-containing protein 2-like

Cell signaling-immune signaling/recognition

2-5-oligoadenylate synthetase 1 (OAS1)

MFS transporter/putative peptidoglycan muropeptide transporter SLC46

Macrophage migration inhibitory factor-like

NFX1-type zinc finger-containing protein 1 (RNA sensing)

Pfs47 receptor/natterin-like

Tumor Necrosis Factor Receptor-Associated Factor (TRAF) domain

2N 22 W20 2N =2NBDN 2N W=22N AN 2w 2w

Cell signaling-neuronal signaling 14
(Dopamine B-hydroxylase) DBH-like monooxygenase protein 1 homolog 3
Acetylcholine receptor subunit 3
Acetylcholinesterase 2
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Amine oxidase

Aromatic-L-amino-acid decarboxylase

Glutamate decarboxylase

lonotropic receptor

UNC93-like protein

N =]

DNA repair

-
(=]

ATP-dependent DNA helicase PcrA

Argonaute 2

Cryptochrome DASH/pyrimidine photolyase

DNA polymerase kappa

E3 ubiquitin-protein ligase SHPRH-like

Fanconi-associated nuclease

Replication protein A

Smr domain protein

Tyrosyl-DNA phosphodiesterase

poly [ADP-ribose] polymerase (PARP) tankyrase-like

DNA repair-Base excision or damage reversal

Methylpurine DNA glycosylase (MPG)

Uracil-DNA glycosylase (UDG)

AP endonuclease family 1 member (APEX1)

AP endonuclease family 2 member (APEX2)

Oxidized purine nucleoside triphosphate hydrolase (80ODP)

DNA oxidative demethylase ALKBH2

RNA repair

RNA ligase domain, REL/RIn2 protein

Swiss Army Knife
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Xenobiotic metabolism/toxin resistance

115

2,6-Dihydroxypyridine 3-monooxygenase

2-iminobutanoate/2-iminopropanoate deaminase

Aldehyde dehydrogenase

Amine oxidase

Arsenite methyltransferase (ArsM)

Arylamine N-acetyltransferase; Cysteine peptidase

Dehydrogenase/reductase SDR family member 7

L-2-Haloacid dehalogenase

Methanethiol oxidase

NADH:cytochrome b5 reductase

Nitronate monooxygenase

Oxalate--CoA ligase Pcs60

Renalase

Xenobiotic metabolism/toxin resistance-cyanide resistance

Alternative oxidase

B-cyanoalanine synthase

Bifunctional nitrilase/nitrile hydratase NIT4A

Cyanate hydratase

=S IN == ==2] =2 [ =2 N =2 DNW ===
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Xenobiotic metabolism/toxin resistance-Phase | xenobiotic metabolism 60
Alpha-ketoglutarate-dependent 2,4-dichlorophenoxyacetate dioxygenase (TfdA) 1
Trans-1,2-dihydrobenzene-1,2-diol dehydrogenase-like 2
Aldo/keto reductase S
Carboxyl esterase 3
Bifunctional epoxide hydrolase 2-like 1
Extradiol ring-cleavage dioxygenase 1
Intradiol ring-cleavage dioxygenase 1
Mitochondrial amidoxime-reducing component 2-like 1
Mitochondrial amidoxime-reducing component 1-like 1
Cytochrome P450 27
L-xylulose reductase/carbonyl reductase 3
Epoxide hydrolase 1
Carbonyl reductase 1
Flavin monooxygenase FMO 12
Xenobiotic metabolism/toxin resistance-Phase Il xenobiotic metabolism 30
Sulfotransferase 1
Thiol S-methyltransferase 6
UDP-glucosyltransferase 6
Glutathione S-transferase 17
Xenobiotic metabolism/toxin resistance-Phase lll xenobiotic metabolism 3
ATP-binding cassette subfamily G transporter 1
Multidrug transporter EmrE superfamily 1
Multi antimicrobial extrusion protein 1
Redox homeostasis/oxidative stress response 67
Acylamino-acid-releasing enzyme 2
Catalase 11
Cytochrome b561/ferric reductase 1
Delta(24)-sterol reductase 1
Esterase FE4-like 1
Haem oxygenase 1
Metalloendopeptidase OMA1, mitochondrial-like 1
Mitochondrial amidoxime reducing component 1-like 1
Mitochondrial amidoxime reducing component 2-like 1
Nitronate monooxygenase 1
Oxidized purine nucleoside triphosphate hydrolase (80ODP) 1
Oxidoreductase Oye-like 3
Peroxidase 5
Thioredoxin 1
DSBA-like thioredoxin 1
Peroxiredoxin/Thioredoxin-like 1
Peroxynitrite isomerase THAP4-like 1
Pirin 1
Pyridine nucleotide-disulfide oxidoreductase/amino oxidase 1
Sirtuin (mitochondrial) 1
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Gamma-interferon-inducible lysosomal thiol reductase

—_

Redox homeostasis/oxidative stress response-glutathione metabolism

N
~N

Gamma-glutamylcyclotransferase

Glutamate--cysteine ligase

Glutathione S-transferase

~

Glutathione hydrolase

Glutathione reductase

LanC-like protein

LanC-like protein, eukaryotic

Redox homeostasis/oxidative stress response-alternative respiratory chain protein

Alternative NADH dehydrogenase

Alternative oxidase

=SR2 N W2 W=

Epigenetic regulation

N
~

5-hydroxymethylcytosine (5hmC) reader, thymocyte nuclear protein 1-like

Acyl-CoA N-acyltransferase with predicted nuclear localization

DNA oxidative demethylase ALKBH2

JmjC domain histone demethylation protein

Myb/SANT-like DNA-binding domain 5

SET and MYND domain-containing protein

SET domain-containing protein

SET domain-containing protein SmydA-8

SWR1-complex protein 5/Craniofacial development protein 1/2

Chromo domain protein

Zinc finger (nuclear)

Epigenetic regulation-Transposon suppression

Endoribonuclease Dicer

Argonaute 2

Histone-lysine N-methyltransferase SUV39H2-like

N == AP =2N WD~

Antioxidant/cofactor biosynthesis

w
g

Antioxidant/cofactor biosynthesis-ergothioneine

£

Ergothioneine synthesis protein 1 (histidine-specific methyltransferase)

—_

Ergothioneine synthesis protein 2 (hercynylcysteine sulfoxide lyase)

w

Antioxidant/cofactor biosynthesis-Vitamin C

N
-

L-gulono-1,4-lactone oxidase

—_
~

Regucalcin

Antioxidant/cofactor biosynthesis pyridoxal 5-phosphate

Pyridoxal 5’-phosphate synthase subunit PdxS/SNZ

Pyridoxal 5’-phosphate synthase subunit PdxT/SNO

Antioxidant/cofactor biosynthesis-kynurenine pathway (NAD")

2-amino-3-carboxymuconate-6-semialdehyde decarboxylase (ACMSD)

3-hydroxyanthranilate 3,4-dioxygenase (HAAQ)

Indoleamine 2,3-dioxygenase

Kynureninase

Kynurenine formamidase

Nicotinate-nucleotide pyrophosphorylase/quinolinate phosphoribosyl transferase (QPRT)

S Al 22NN~ 2N
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Amino acid biosynthesis 13
Asparagine synthetase 1
Aspartate/prephenate aminotransferase 1
B-cyanoalanine synthase 1
Chorismate mutase 1
Cobalamin-independent methionine synthase MetE, C-terminal/archaeal 1
Diaminopimelate epimerase-like 1
Glutamine synthetase 1
Homoserine/serine acetyltransferase 1
Threonine synthase 1
Argininosuccinate lyase 1
Amino acid biosynthesis-D-amino acids 3
Serine racemase-like 1
Alanine racemase 1
Alanine racemase/D-amino acid metabolism enzyme 1
Antimicrobial/secondary metabolite biosynthesis 56
Anthrone oxygenase 1
Baeyer-Villiger monooxygenase-like 4
Berberine/berberine-like biosynthetic oxidoreductase 18
Biosynthetic oxidoreductase 2
Fungal secondary metabolite SDR 1
Glycoside hydrolase, family 5;DegT/DnrJ/EryC1/StrS aminotransferase 1
Hydroxylase/desaturase AsaB-like 2
Isoprenoid/terpene synthase 6
Phenazine biosynthesis-like domain-containing protein 3
Questin oxidase-like 1
Secondary metabolite biosynthesis oxidoreductase 1
Strictosidine synthase 4
Polyketide/non-ribosomal peptide synthesis-associated enzymes 12
Polyketide cyclase Snoal-like 6
Polyketide synthase acyl carrier protein 2
Polyketide synthase-like 1
Non-ribosomal peptide synthetase-like phosphopantetheine binding ACP domain-containing | 1
protein

N-(5-amino-5-carboxypentanoyl)-L-cysteinyl-D-valine synthase 1
Isopenicillin-N synthase 1
Lipid biosynthesis/modification 92
17-B-hydroxysteroid dehydrogenase 13-like 1
3-oxo-5-alpha-steroid 4-dehydrogenase 3
3-oxoacyl-[acyl-carrier-protein] reductase FabG 1
Acyl carrier protein 1
Carotenoid oxygenase 1
Cholesterol 7-desaturase 1
Choline kinase alpha-like 13
Cyclopropane-fatty-acyl-phospholipid synthase 8

Kapoor et al. Massive inter-animal HGT. Sl Page 81 of 111




Dehydrogenase/reductase SDR family member 7

Dehydrogenase/reductase SDR family member 9-like

Delta(24)-sterol reductase

Ecdysteroid kinase-like

N =] =N

Fatty acid desaturase

N
g

Fatty acid desaturase/Acyl-lipid (8-3)-desaturase B-like

Fatty acid desaturase/Delta(5) fatty acid desaturase A-like

Fatty acid hydroxylase/Sterol desaturase

Isoprenoid/terpene synthase

NADH:cytochrome b5 reductase

O-acyltransferase WSD1

Peroxisomal trans-2-enoyl-CoA reductase

Phosphatidyl-N-methylethanolamine/Phosphatidylethanolamine N-methyltransferase

Phospholipase A and acyltransferase

Phospholipase A and acyltransferase 1-like

Prostaglandin reductase 1-like

Prostaglandin reductase 3

Putative fatty acyl-CoA reductase

Retinol dehydrogenase

Sphingomyelin synthase-like

Sterol biosynthesis ERG24/DHCR-like

Very long chain fatty acid elongase 6
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Kapoor et al. Massive inter-animal HGT. Sl Page 82 of 111




Table S20. Selected HTGs absent or rare in non-sciarid dipterans. Table contains evidence of the absence of HTG gene families in non-sciarid
dipterans to support inferences of novel biochemical functionality conferred by HTGs. Analysis restricted to HTGs highlighted in text and figures.
“Absence rank” indicates the highest taxonomic rank at or above Diptera (excluding Sciaridae) at which gene absence was inferred from the UniProt
taxonomy browser in InterPro (https://www.ebi.ac.uk/interpro/entry/InterPro/, access date 7/21/2026) for the domain accession in “InterPro entry”,
with exceptions (possibly due to genomic contamination or independent HGT events) noted in parentheses. Evidence for the absence of 3-

cyanoalanine synthase from non-sciarid dipterans is provided in Figure S4D.

Accession Name Pathway InterPro Absence rank
entry
Oxidized purine nucleoside triphosphate . .
XP_037049870.1 hydrolase (80DP) DNA repair IPR0O03563 | Diptera
XP_037040393.1 | Uracil-DNA glycosylase (UDG) DNA repair IPR002043 | Diptera
XP_037036837.1 | Methylpurine DNA glycosylase (MPG) DNA repair IPR0O03180 | Diptera
XP_ 037042473 1 Apurinic or apyr|m|.d|n|c site DNA repair IPRO01719 Insepta (except Lasius niger, Aphis craccivora, Zophobas
endonuclease family 2 (APEX2) morio)
XP_037035483.1 NAD* diphosphatase NAD . IPR049734 | Endopterygota (except Anopheles maculatus)
metabolism
Kynurenine : .
XP_037041147.1 | Kynureninase pathway; NAD* | IPRO10111 | !Secta (except Ladona fulva, Hemiptera, Polypedilum
. . vanderplanki, and a previously noted HGT to Lepidoptera’®)
biosynthesis
; . Kynurenine
XP_037051528.1 | S vdroxyanthranilate 3,4-dioxygenase | o NAD® | IPR010329 | Insecta (except Lucilia cuprina)
(HAAO) . )
biosynthesis
Nicotinate-nucleotide Kynurenine
XP_037047821.1 | pyrophosphorylase/quinolinate pathway; NAD* | IPR002638 | Insecta (except Glossina spp. and Dendroctonus ponderosae)
phosphoribosyl transferase (QPRT) biosynthesis
2-amino-3-carboxymuconate-6- Kynurenine
XP_037047040.1 . y pathway; NAD* IPR032465 | Insecta
semialdehyde decarboxylase (ACMSD) . )
biosynthesis
2-amino-3-carboxymuconate-6- Kynurenine
XP_080118561.1 semialdehyde decarboxylase (ACMSD) p?thway; NAD IPR032465 | Insecta (except Photinus pyralis)
biosynthesis
XP_037029494.1 Tryptophanase/tryptophan-indole lyase Tryptop.han IPRO18176 Meta.zoa} (except Trlchu.r/s trichiura, Lept/d.ea sinapis,
(TNase) catabolism Cyprideis torosa, Darwinula stevensoni, Limulus polyphemus)
XP_080117808.1 . Vitamin C Insecta (except for Gryllus longicercus, Eumeta variegata,
(and 16 others) L-gulono-1,4-lactone oxidase biosynthesis IPRO10031 Cloeon dipterum, and Blattodea)
XP_037049532.1 Ergothioneine synthesis protein 1 Ergothioneine IPRO51128 Arthropoda (except for Anopheles melas, Cinara cedri, and

(histidine-specific methyltransferase)

Kapoor et al. Massive inter-animal HGT. S| Page 83 of 111

biosynthesis

Bemisia tabaci)


https://www.ebi.ac.uk/interpro/entry/InterPro/

Pyridoxal 5'-phosphate synthase subunit

XP_037038870.1 PAxT/SNO

Pyridoxal 5'-phosphate synthase subunit

XP_037038869.1 PdxS/SNZ

XP_037042500.1 | Arsenite methyltransferase
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Pyridoxal 5'-
phosphate
synthesis
Pyridoxal 5'-
phosphate
synthesis
Arsenite
detoxification

IPR002161

IPRO01852

IPR026669

Bilateria, except for Spiralia, plant-parasitic nematodes’?,
Copepoda, three chordates, and Lasius niger.

Bilateria, except for Spiralia, a previously characterized HTG
in plant-parasitic nematodes”®, Copepoda, three chordates,
Lasius niger and Hirondellea gigas

Diptera



Table S21. Selected dipteran genes and HTGs with predicted function in tryptophan catabolism and de novo NAD*
synthesis. Ancestry for putative HTGs was inferred directly from closest relatives when tree topologies unambiguously indicated a
single HGT donor, or else from the top non-sciarid DIAMOND hit. “EC number” reports the Enzyme Commission number for the

predicted reaction using RefSeq assigned annotations alongside InterProScan evidence presented in Table S18.

Accession Annotation Predicted function EC number Ancestry
XP_037029494.1 | Tryptophanase/tryptophan-indole lyase | Tryptophan catabolism (non-kynurenine 4.1.99.1 Bacteria
(TNase) pathway)
XP_037030629.1 | Indoleamine 2,3-dioxygenase (IDO) Kynurenine pathway (catabolic portion) 1.13.11.11/1.13.11.52 | Fungi
XP_037038643.1 | Tryptophan 2,3-dioxygenase (TDO) Kynurenine pathway (catabolic portion) 1.13.11.11/1.13.11.52 | Diptera
XP_037038012.2 | Kynurenine formamidase (KFase) Kynurenine pathway (catabolic portion) 3.5.1.9 Diptera
XP_037051522.1 | Kynurenine formamidase (KFase) Kynurenine pathway (catabolic portion) 3.5.1.9 Diptera
XP_037041193.1 | Kynurenine formamidase (KFase) Kynurenine pathway (catabolic portion) 3.5.1.9 Collembola
XP_080113447.1 | Kynurenine 3-monooxygenase (KMO) | Kynurenine pathway (catabolic portion) 1.14.13.9 Diptera
XP_037041147.1 | Kynureninase (KYNU) Kynurenine pathway (de novo NAD+ 3.7.1.3 Collembola
synthesis)
XP_037051528.1 | 3-hydroxyanthranilate 3,4-dioxygenase | Kynurenine pathway (de novo NAD+ 1.13.11.6 Arachnida
(HAAO) synthesis)
XP_037047821.1 | Nicotinate-nucleotide Kynurenine pathway (de novo NAD+ 24219 Arachnida
pyrophosphorylase/quinolinate synthesis)
phosphoribosyl transferase (QPRT)
XP_037029936.1 | Nicotinamide/nicotinic acid De novo NAD+ synthesis/NAD+ salvage 2.7.718 Diptera
mononucleotide adenylyltransferase pathway
(NMNAT)
XP_037028206.1 | Glutamine-dependent NAD* De novo NAD+ synthesis/NAD+ salvage 6.3.5.1 Diptera
synthetase (NADsyn) pathway
XP_037035483.1 | NAD" diphosphatase (NADPase) NAD+ salvage pathway/NAD+ degradation | 3.6.1.22 Collembola
XP_037047040.1 | 2-amino-3-carboxymuconate-6- Kynurenine pathway shunt; reduces the 4.1.1.45 Collembola
semialdehyde decarboxylase concentrations of the toxic intermediate
(ACMSD) quinolinate
XP_080118561.1 | 2-amino-3-carboxymuconate-6- Kynurenine pathway shunt; reduces the 4.1.1.45 Arachnida

semialdehyde decarboxylase
(ACMSD)
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Table S22. Selected dipteran genes and HTGs with predicted function in biosynthetic pathways.
Ancestry for putative HTGs was inferred directly from closest relatives when tree topologies
unambiguously indicated a single HGT donor, or else from the top non-sciarid DIAMOND hit. Note:
XP_037037356.2, indicated with an asterisk, returned a top non-sciarid DIAMOND hit in Hymenoptera
but did not meet our alien index threshold for HTG inference. Annotations were assigned using RefSeq
descriptions (when available) alongside InterProScan evidence presented in Table S18 (sheet
“manual_annotations”).

Accession

Annotation

Pathway

Ancestry

XP_037043224.1
XP_037037530.1
XP_037040291.1
XP_037037486.1
XP_037040241.1
XP_037025978.1
XP_037049259.1
XP_037049256.1
XP_037052243.1
XP_037037005.1
XP_080118818.1
XP_080118066.1
XP_080114100.1
XP_037044813.1
XP_037039507.1
XP_037048086.1
XP_037031486.1
XP_080119631.1
XP_037036457.2
XP_037052277 .1
XP_037028837.1
XP_080114029.1
XP_037044301.1
XP_037028785.1
XP_037033188.1
XP_037037501.1
XP_037043734.1
XP_037044175.1
XP_037044176.1
XP_080113076.1
XP_037028311.1

Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Aldo-keto reductase family 1
Regucalcin
Regucalcin
Regucalcin
Regucalcin
Regucalcin
Regucalcin
Regucalcin
Regucalcin
Regucalcin
Regucalcin
Regucalcin
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Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C

Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Arachnida
Collembola
Collembola
Collembola
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera
Diptera



XP_037052276.1
XP_037046716.1
XP_080115552.1
XP_037037356.2
XP_037033252.1
XP_037040989.1
XP_080117808.1
XP_080112003.1
XP_037049943.1
XP_037029701.1
XP_037051389.1
XP_037042731.1
XP_080119402.1
XP_037034048.2
XP_037034050.2
XP_080114438.1
XP_037038882.1
XP_080117800.1
XP_037049935.1
XP_080117809.1
XP_037025866.1
XP_037045984.1
XP_080114557.1

XP_037049532.1
XP_080112150.1
XP_037026235.1
XP_037037559.1
XP_037038869.1

XP_037038870.1
XP_037040229.1
XP_037037668.1

Regucalcin

Regucalcin

Regucalcin

Regucalcin

Regucalcin

Regucalcin

L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
L-gulono-1,4-lactone oxidase
Ergothioneine synthesis protein 1
(histidine-specific methyltransferase)
Ergothioneine synthesis protein 2
(hercynylcysteine sulfoxide lyase)
Ergothioneine synthesis protein 2
(hercynylcysteine sulfoxide lyase)
Ergothioneine synthesis protein 2
(hercynylcysteine sulfoxide lyase)
Pyridoxal 5'-phosphate synthase
subunit PdxS/SNZ

Pyridoxal 5'-phosphate synthase
subunit PAxT/SNO

Isopenicillin-N synthase
N-(5-amino-5-carboxypentanoyl)-L-
cysteinyl-D-valine synthase
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Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C
Vitamin C

Ergothioneine
Ergothioneine
Ergothioneine
Ergothioneine
Pyridoxal 5’-phosphate

Pyridoxal 5’-phosphate
B-lactam antibiotics

B-lactam antibiotics

Diptera
Diptera
Diptera
*Diptera
Diptera
Diptera
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola
Collembola

Fungi
Collembola
Collembola
Collembola
Bacteria

Fungi
Collembola

Collembola



Table S23. Results of Cox proportional hazards regression for D. melanogaster transgenic experiments. Column descriptors

are as follows: “Comparison” indicates the statistical comparison made, with “B” in “A vs. B” indicating the baseline; “Treatment”

indicates the experimental or control exposure; “N_reps” indicates the number of independent replicate vials for each genotype or
condition, in the same order as the “Comparison” column, with 25 flies per vial; “HR” is the hazard ratio, with values < 1 indicating
reduced death risk and values > 1 indicating increased death risk relative to the baseline; “CI” columns indicate the lower and upper
bounds of the 95% confidence interval of the hazard ratio; the “p-value” indicates significance relative to the null hypothesis that HR =

1. Gray shaded rows indicate significant protective effects (HR < 1 and p-value < 0.05). N/A for sex columns indicates that Cox

regression was not split by sex (but sex and genotypes were included as covariates); N/A for “Treatment” indicates that the
comparison was between different treatments.

Comparison Treatment N_reps Sex HR Cl (low) | Cl (upper) | p-value
1%suc + 1%H202 vs. 1%suc N/A 50 vs. 50 | N/A 35.71 | 21.29 59.92 8.59x10?
Actin5¢c>Bc80ODP vs. UAS Bc8ODP/+ 1%suc + 1%H20; 5vs.5 Male 0.78 0.51 1.19 2.48x10"
Actin5¢>Bc8ODP vs. Actin5c> 1%suc + 1%H20, 5vs.5 Male 0.28 0.16 0.49 1.01x10°
Actin5¢c>Bc80ODP vs. UAS Bc8ODP/+ 1%suc + 1%H20, 5vs. 5 Female 0.43 0.29 0.65 6.80x10°
Actin5¢>Bc8ODP vs. Actin5c> 1%suc + 1%H20, 5vs.5 Female 0.52 0.32 0.84 7.51x10°3
Actin5¢c>Bc80ODP vs. UAS Bc8ODP/+ 1%suc 5vs. 5 Male 8.06 3.86 16.83 2.72x108
Actin5¢c>Bc80ODP vs. Actinbc> 1%suc 5vs. 5 Male 0.89 0.43 1.82 7.40x10"
Actin5¢c>Bc80ODP vs. UAS Bc8ODP /+ 1%suc 5vs. 5 Female 0.72 0.48 1.08 1.14x10"
Actin5¢c>Bc80ODP vs. Actin5¢c> 1%suc 5vs. 5 Female 0.48 0.27 0.84 1.06x1072
Actin5c>BcAPEX2 vs. UAS BCcAPEX2/+ | 1%suc + 1%H20; 5vs. 5 Male 0.83 0.49 1.40 4.80x10"
Actin5c>BcAPEX2 vs. Actin5c> 1%suc + 1%H20, 5vs.5 Male 0.32 0.16 0.62 6.65x10™*
Actin5c>BcAPEX2 vs. UAS BCcAPEX2/+ | 1%suc + 1%H20; 5vs. 5 Female 0.66 0.42 1.04 7.53x102
Actin5c>BcAPEX2 vs. Actin5c> 1%suc + 1%H20; 5vs.5 Female 0.63 0.39 1.02 5.87x102
Actin5c>BcAPEX2 vs. UAS BCAPEX2/+ | 1%suc 5vs.5 Male 3.91 2.77 5.51 6.47x10"°
Actin5c>BcAPEX2 vs. Actinbc> 1%suc 5vs.5 Male 0.77 0.41 1.44 4.19x10"
Actin5c>BcAPEX2 vs. UAS BCAPEX2/+ | 1%suc 5vs. 5 Female 0.57 0.41 0.79 8.39x10*
Actin5c>BcAPEX2 vs. Actinbc> 1%suc 5vs. 5 Female 0.61 0.42 0.89 1.07x1072
1mM Arsenite + 4-24 Diet vs. 4-24 Diet N/A 44 vs. 43 | N/A 34.27 | 15.71 74.75 6.56x10"°
Actin5¢c>BcArsM vs. UAS BcArsM/+ 4-24 diet 10vs. 7 Female 3.77 1.59 8.93 2.55x10°®
Actin5c>BcArsM vs. Actinbc> 4-24 diet 10vs. 7 Female 0.62 0.19 2.07 4.41x107"
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Actin5¢c>BcArsM vs. UAS BcArsM /+ 4-24 diet 7vs.7 Male 0.89 0.18 4.34 8.90x10"
Actin5c>BcArsM vs. Actinbc> 4-24 diet 7vs.5 Male 0.83 0.37 1.86 6.44x10"
Actin5¢c>BcArsM vs. UAS BcArsM/+ 1mM arsenite + 4-24 diet | 9vs. 7 Female 0.49 0.37 0.66 2.42x10®
Actin5c>BcArsM vs. Actinbc> 1mM arsenite + 4-24 diet | 9 vs. 8 Female 0.40 0.30 0.54 2.36x10°
Actin5¢c>BcArsM vs. UAS BcArsM /+ 1mM arsenite + 4-24 diet | 8 vs. 7 Male 0.20 0.14 0.28 2.73x10%
Actin5c>BcArsM vs. Actinbc> 1mM arsenite + 4-24 diet | 8 vs. 5 Male 0.29 0.21 0.40 2.65x10
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Table S24. Selected dipteran genes and HTGs with predicted function in repair of damaged DNA bases, related to Figure 5B.
Ancestry for putative HTGs was inferred directly from closest relatives when tree topologies unambiguously indicated a single HGT
donor, or else from the top non-sciarid DIAMOND hit. XP_080113008.1 (TDG) was identified as a putative HTG of hymenopteran
affinity via DIAMOND but found to group phylogenetically with non-sciarid dipteran sequences; XP_037030920.1 (MGMT) was
identified as a putative HTG of bacterial affinity via DIAMOND and nested within bacterial sequences in its gene tree, but was
excluded from the final set of HTGs due to a single non-sciarid dipteran sequence in its sister clade. We detected nine putative ADP-
ribosylation HTGs, some of which may participate in functions outside of DNA repair®. Here, we report the Poly (ADP-ribose)
polymerase (PARP) with evidence of a role in DNA repair via significant transcriptional upregulation upon irradiation of larvae (Table
S14) and predicted nuclear localization. The APEX2 annotation was assigned from InterProScan domains (Table S18), and PARP1
was identified as the top BLASTp hit of its respective Drosophila melanogaster homolog; the remaining dipteran proteins were
identified directly from RefSeq annotation descriptions and their associated NCBI Conserved Domain Database annotations. All
HTGs in this table have predicted nuclear localization.

Accession Annotation Predicted function Ancestry
XP_037049870.1 Oxidized purine nucleoside triphosphate hydrolase (80DP) Oxidized base pair degradation Insecta
XP_037051802.1 DNA oxidative demethylase AlkB homolog 1 (ALKBH1) Direct base pair damage reversal | Diptera
XP_037050925.1 DNA oxidative demethylase AlkB homolog 1 (ALKBH1) Direct base pair damage reversal | Diptera
XP_080119171.1 DNA oxidative demethylase AlkB homolog 2 (ALKBH2) Direct base pair damage reversal | Arachnida
XP_080118158.1 RNA/DNA oxidative demethylase AlkB homolog 6 (ALKBHG6) Direct base pair damage reversal | Diptera
XP_037030920.1 Methylated-DNA--protein-cysteine methyltransferase (MGMT) Direct base pair damage reversal | Bacteria*
XP_037040393.1 Uracil-DNA glycosylase (UDG) Monofunctional glycosylase Arachnida
XP_037036837.1 Methylpurine DNA glycosylase (MPG) Monofunctional glycosylase Collembola
XP_080113008.1 Thymine-DNA glycosylase (TDG) Monofunctional glycosylase Diptera
XP_037042473.1 Apurinic or apyrimidinic site endonuclease family 2 member (APEX2) | AP site endonuclease Arachnida
XP_037027975.1 Apurinic or apyrimidinic site endonuclease family 1 member (APEX1) | AP site endonuclease Collembola
XP_037038972.1 Apurinic or apyrimidinic site endonuclease family | member (APEX1) AP site endonuclease Diptera
XP_037038372.1 8-oxoguanine DNA glycosylase (OGG1) Bifunctional glycosylase Diptera
XP_037035410.1 8-oxoguanine DNA glycosylase (OGG1) Bifunctional glycosylase Diptera
XP_037043837.1 Nth-like DNA glycosylase (NTH) Bifunctional glycosylase Diptera
XP_037028270.1 DNA polymerase epsilon catalytic subunit 1 (POLE) DNA polymerization Diptera
XP_037025554.1 DNA polymerase delta catalytic subunit (POLD) DNA polymerization Diptera
XP_037047531.1 Replication factor C subunit 1 (RFC1) DNA polymerization Diptera
XP_037033130.1 Flap endonuclease 1 (FEN1) Flap excision Diptera
XP_037042621.1 Proliferating cell nuclear antigen (PCNA) Flap excision Diptera
XP_037038333.1 DNA repair protein XRCC1 DNA ligation Diptera
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XP_037029027 .1 DNA ligase 1 (LIG1) DNA ligation Diptera
XP_037039700.1 Poly [ADP-ribose] polymerase 1 (PARP1) DNA ligation, DNA polymerization | Diptera
XP_037051671.1 Poly [ADP-ribose] polymerase (PARP) tankyrase DNA ligation, DNA polymerization | Collembola
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Table S25. RefSeq gene and protein accessions for glyoxylate shunt and B-lactam
biosynthesis genes across B. coprophila, F. candida, and P. metropolitanus.

Enzyme name

Species

Protein accession

Gene accession

N-(5-amino-5-
carboxypentanoyl)-L-cysteinyl-
D-valine synthase
N-(5-amino-5-
carboxypentanoyl)-L-cysteinyl-
D-valine synthase
N-(5-amino-5-
carboxypentanoyl)-L-cysteinyl-
D-valine synthase
Isopenicillin-N synthase
Isopenicillin-N synthase
Isopenicillin-N synthase
Malate synthase

Malate synthase

Isocitrate lyase

Isocitrate lyase
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. coprophila
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. coprophila

. candida

MM UMD

XP_037037668.1

XP_035703636.1

XP_055346233.1

XP_037040229.1
XP_021945242.1
XP_055346169.1
XP_037048618.1
XP_021962959.1
XP_037048622.1
XP_021962860.1

LOC119075341

LOC110843573

LOC129593796

LOC119077147
LOC110843583
LOC129593743
LOC119083097
LOC110858471
LOC119083098
LOC110858398



Table S26. Putative HTGs predicted to function in carbohydrate catabolism, associated
with Figure S9. “Enzyme name” indicates the functional prediction assigned via manual
annotation; “Substrate” is the carbohydrate the enzyme is predicted to catabolize; “N_HTGs”
indicates the number of tree-confirmed putative HTGs assigned to each enzyme name;
“‘N_Ex/M” indicates the number of HTGs with DeepLoc2-predicted extracellular or cell

membrane localization.

Enzyme name N_HTGs | N_Ex/M | Substrate
Endoglucanase (GH9) 7 Cellulose
Endoglucanase (GH45) Cellulose
Endochitinase-like (GH?) Chitin
Chitin deacetylase (CE4) Chitin
Chitinase (GH18) Chitin
Chitinase (GH19) Chitin
N-acetyl-B-hexosaminidase (GH20) Chitin
Lytic chitin monooxygenase (AA15) Chitin

B-mannosidase (GH2)
Endo-1,4-B-mannosidase (GH5_10)
B-mannosidase (GH130)

Pectin/pectate lyase-like (PL?)
Polygalacturonase (GH28)

Pectin methylesterase (CES8)

Pectin/pectate lyase (PL1_7)

N-acetylmuramic acid 6-phosphate etherase MurQ
Murein tetrapeptide carboxypeptidase
Bacterial cell wall hydrolase

Lysozyme (GH24)

Domesticated amidase effector
B-D-xylosidase (GH3)
a-L-arabinofuranosidase (GH51)
Endo-1,4-B-xylanase (GH11)

Xylan exo-a-(1-2)-glucuronosidase (GH67)
Exo-a-(1-5)-L-arabinofuranosidase (GH43_26)
Exoglucanase/xylanase (GH10)
Endo-1,4-B-xylanase (GH43_34)
Glucan-endo-1,3-a-glucosidase (GH71)
Endo-B-1,3-glucanase (GH16)
Exo-B-1,3-glucanase (GH5_9)
Glucan-1,3-B-glucosidase (GH5)
B-1,3-glucanase (GH17)
Glucan-1,3-B-glucosidase (GH55)
L-fucose-proton symporter

Sodium-dependent glucose transporter (SGLT)
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Mannan/hemicellulose
Mannan/hemicellulose
Mannan/hemicellulose
Pectin

Pectin

Pectin

Pectin

Peptidoglycan
Peptidoglycan
Peptidoglycan
Peptidoglycan
Peptidoglycan
Xylan/hemicellulose
Xylan/hemicellulose
Xylan/hemicellulose
Xylan/hemicellulose
Xylan/hemicellulose
Xylan/hemicellulose
Xylan/hemicellulose
a-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan
B-1,3-glucan

Fucose

Glucose



Table S27. Expression of putative glyoxylate shunt HTGs. Mean-pooled transcripts per million (TPM) expression values are
shown for adult and larval samples, pooled across both sexes. r values indicate Pearson correlation coefficients for TPMs across
developmental stages with phosphoenolpyruvate carboxykinase 1 (RefSeq gene accession Pepck1) and carnitine

palmitoyltransferase 1 (CPT1, RefSeq gene accession whd). **** indicates significant correlations with p-value < 10*; ** indicates
significant p-values > 0.01 and < 0.05.

Enzyme name | RefSeq gene accession = Mean adult TPM | Mean larval TPM | r with Pepck1 | r with CPT1
Isocitrate lyase | LOC119083098 1,486.35 16.81 0.91%*** 0.81****
Malate synthase | LOC119083097 299.29 26.60 0.56* 0.48*
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Table S28. Genomes used for species tree inference. In Data type column, “Protein”
indicates that inputs to BUSCO were protein FASTA files taken from NCBI annotations;
“Nucleotide” indicates that inputs were unannotated genomes; “BRAKER?” indicates that
BRAKERS3 protein predictions were inputs.

Species Family Genome accession | Data type
Aedes aegypti Culicidae GCF_002204515.2 | Protein
Hermetia illucens Stratiomyidae GCF_905115235.1 Protein

Drosophila melanogaster | Drosophilidae GCF_000001215.4 | Protein
Sitodiplosis mosellana Cecidomyiidae | GCF_009176505.1 Protein
Contarinia nasturtii Cecidomyiidae | GCF_009176525.2 | Protein
Mycetophila fungorum Mycetophilidae | GCA_981263315.1 | Nucleotide
Diadocidia ferruginosa Diadocidiidae GCA_027564275.1 | Nucleotide

Bradysia odoriphaga Sciaridae GCA_016920775.1 Protein
Bradysia coprophila Sciaridae GCF_014529535.2 | Protein
Bradysia impatiens Sciaridae GCA_965233325.1 BRAKER
Lycoriella ingenua Sciaridae GCA_965233655.1 | BRAKER
Pseudolycoriella hygida | Sciaridae GCA_029228625.1 Protein
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Table S29. Dipteran fossils used for soft minimum and maximum constraints in MCMCtree. MYA = millions of years ago.

Node description Minimum Minimum justification Maximum | Maximum justification
constraint constraint
Lycoriella-Bradysia ancestor 35.0 MYA Lycoriella fossils have been detected in
Baltic amber from 35-50 MYAZ205,
Sciaridae-Diadocidiidae ancestor 125.8 MYA | Sciaridae fossils recovered from England
from 125.8-132.6 MYAZ¢,
Sciaridae-Mycetophilidae ancestor 139.0 MYA | Sciophila defossa, a possible stem-group

impression Mycetophilidae fossil detected
from 139.0 — 141.0 MYAZ2%,

Sciaridae-Cecidomyiidae ancestor 143.1 MYA | Catotricha mesozoica, a cecidomyiid fossil
recovered from Russia, dated to 149.2-143.1
MYAZ208,

Neodiptera crown group ancestor 247.0 MYA | Protoanisolarva juarezi, of the extant

neodipteran family Anisopodidae, recovered
from 247 MYA?%7,

Dipteran crown group ancestor 247.0 MYA | Protoanisolarva juarezi, of the extant 270 MYA | Taken from consensus inter-
neodipteran family Anisopodidae, recovered order phylogenies'®'-165,
from 247 MYA2%7,

Brachycera crown group ancestor 195.0 MYA | Oligophryne, a crown group brachyceran

fossil, recovered from 195 MYA'65
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Table S30. Parameters used for MCMCtree inference.

Parameter Value

clock 3
aaRateFile insect.dat'”®
alpha 0.5

ncatG 9

cleandata 0

BDparas 110

rgene_gamma | 2 7.8299
sigma2_gamma | 110

burnin 100000
sampfreq 100
nsample 300000

Kapoor et al. Massive inter-animal HGT. Sl Page 97 of 111



S| References

1. Supek, F. & Vlahovi¢ek, K. Comparison of codon usage measures and their applicability in
prediction of microbial gene expressivity. BMC Bioinform. 6, 182 (2005).

2. Koonin, E. V. Orthologs, paralogs, and evolutionary genomics. Annu. Rev. Genet. 39, 309-38
(2005).

3. Silva, N. R. A. et al. Biosurfactant-and-bioemulsifier produced by a promising
Cunninghamella echinulata isolated from Caatinga soil in the northeast of Brazil. Int. J. Mol. Sci.
15, 15377-15395 (2014).

4. Salje, J. Cells within cells: Rickettsiales and the obligate intracellular bacterial lifestyle. Nat.
Rev. Microbiol. 19, 375-390 (2021).

5. Daneshian, L. et al. Structural and functional characterization of beta-cyanoalanine synthase
from Tetranychus urticae. Insect Biochem. Mol. Biol. 142, 103722 (2022).

6. Majtan, T. et al. Domain organization, catalysis and regulation of eukaryotic cystathionine
beta-synthases. PLoS ONE 9, e105290 (2014).

7. Suring, W., Marién, J., Broekman, R., Straalen, N. M. van & Roelofs, D. Biochemical
pathways supporting beta-lactam biosynthesis in the springtail Folsomia candida. Biol. Open 5,
1784-1789 (2016).

8. Thumuluri, V., Armenteros, J. J. A., Johansen, A. R., Nielsen, H. & Winther, O. DeepLoc 2.0:
multi-label subcellular localization prediction using protein language models. Nucleic Acids Res.
50, W228-W234 (2022).

9. Zhang, Y., Colabroy, K. L., Begley, T. P. & Ealick, S. E. Structural studies on 3-
hydroxyanthranilate-3,4-dioxygenase: the catalytic mechanism of a complex oxidation involved
in NAD biosynthesis. Biochemistry 44, 7632—43 (2005).

10. Lima, S., Kumar, S., Gawandi, V., Momany, C. & Phillips, R. S. Crystal structure of the
Homo sapiens kynureninase-3-hydroxyhippuric acid inhibitor complex: insights into the
molecular basis of kynureninase substrate specificity. J. Med. Chem. 52, 389—-96 (2009).

11. Liu, H. et al. Structural and kinetic characterization of quinolinate phosphoribosyltransferase
(hQPRTase) from homo sapiens. J. Mol. Biol. 373, 755-63 (2007).

12. Youn, H. S. et al. Structural Insights into the Quaternary Catalytic Mechanism of Hexameric
Human Quinolinate Phosphoribosyltransferase, a Key Enzyme in de novo NAD Biosynthesis.
Sci. Rep. 6, 19681 (2016).

13. Luccio, E. di & Wilson, D. K. Comprehensive X-ray structural studies of the quinolinate
phosphoribosyl transferase (BNA6) from Saccharomyces cerevisiae. Biochemistry 47, 4039-50
(2008).

Kapoor et al. Massive inter-animal HGT. Sl Page 98 of 111



14. Svensson, L. M. et al. Crystal structure of human MTH1 and the 8-oxo-dGMP product
complex. FEBS Lett. 585, 2617-21 (2011).

15. Blum, M. et al. The InterPro protein families and domains database: 20 years on. Nucleic
Acids Res. 49, D344-D354 (2021).

16. Hosfield, D. J., Guan, Y., Haas, B. J., Cunningham, R. P. & Tainer, J. A. Structure of the
DNA repair enzyme endonuclease IV and its DNA complex: double-nucleotide flipping at abasic
sites and three-metal-ion catalysis. Cell 98, 397—408 (1999).

17. Lau, A. Y., Wyatt, M. D., Glassner, B. J., Samson, L. D. & Ellenberger, T. Molecular basis
for discriminating between normal and damaged bases by the human alkyladenine glycosylase,
AAG. Proc. Natl. Acad. Sci. 97, 13573-8 (2000).

18. Ajees, A. A., Marapakala, K., Packianathan, C., Sankaran, B. & Rosen, B. P. Structure of an
As(lll) S-Adenosylmethionine Methyltransferase: Insights into the Mechanism of Arsenic
Biotransformation. Biochemistry 51, 5476-5485 (2012).

19. Marapakala, K., Qin, J. & Rosen, B. P. Identification of Catalytic Residues in the As(lll) S-
Adenosylmethionine Methyltransferase. Biochemistry 51, 944—951 (2012).

20. Castro, E. D. M., Calder, P. C. & Roche, H. M. 3-1,3/1,6-Glucans,-Glucans and Immunity:
State of the Art and Future Directions. Mol. Nutr. Food Res. 65, e1901071 (2021).

21. Roberts, P. W. B. A., Rebecca Heald, Alexander Johnson, David Morgan, Martin Raff, Keith.
Molecular Biology of the Cell Seventh Edition. (W. W. Norton & Company, 2022).

22. Scheller, H. V. & Ulvskov, P. Hemicelluloses. Annu. Rev. Plant Biol. 61, 263-289 (2010).

23. Takahashi, M. et al. a-1,3,-Glucanase from the gram-negative bacterium,Flavobacterium,sp.
EK-14 hydrolyzes fungal cell wall,a-1,3,-glucan. Sci. Rep. 13, 21420 (2023).

24. Caspi, R. et al. The MetaCyc database of metabolic pathways and enzymes and the BioCyc
collection of Pathway/Genome Databases. Nucleic Acids Res. 42, D459-71 (2014).

25. Bello, M. H., Barrera-Perez, V., Morin, D. & Epstein, L. The Neurospora crassa mutant
NcDeltaEgt-1 identifies an ergothioneine biosynthetic gene and demonstrates that ergothioneine
enhances conidial survival and protects against peroxide toxicity during conidial germination.
Fungal Genet. Biol. 49, 160-72 (2012).

26. Linster, C. L. & Schaftingen, E. V. Glucuronate, the precursor of vitamin C, is directly formed
from UDP-glucuronate in liver. FEBS J. 273, 1516-27 (2006).

27. Trinca, V. et al. Biocatalytic potential of Pseudolycoriella CAZymes (Sciaroidea, Diptera) in
degrading plant and fungal cell wall polysaccharides. iScience 26, 106449 (2023).

28. Martin, J. F., Ullan, R. V. & Garcia-Estrada, C. Regulation and compartmentalization of beta-
lactam biosynthesis. Microb. Biotechnol. 3, 285-99 (2010).

Kapoor et al. Massive inter-animal HGT. Sl Page 99 of 111



29. Haegeman, A., Jones, J. T. & Danchin, E. G. J. Horizontal Gene Transfer in Nematodes: A
Catalyst for Plant Parasitism? Mol. Plant-Microbe Interact. 24, 879-887 (2011).

30. Crisp, A., Boschetti, C., Perry, M., Tunnacliffe, A. & Micklem, G. Expression of multiple
horizontally acquired genes is a hallmark of both vertebrate and invertebrate genomes. Genome
Biol. 16, 50 (2015).

31. Kirsch, R. et al. Symbiosis and horizontal gene transfer promote herbivory in the
megadiverse leaf beetles. Curr. Biol. 35, 640-654.e7 (2025).

32. Policarpo, M., Salzburger, W., Maumus, F. & Gilbert, C. Multiple Horizontal Transfers of
Immune Genes Between Distantly Related Teleost Fishes. Mol. Biol. Evol. 42, msaf107 (2025).

33. Lynch, V. J. Inventing an arsenal: adaptive evolution and neofunctionalization of snake
venom phospholipase A2 genes. BMC Evol. Biol. 7, 2 (2007).

34. Deng, C., Cheng, C. H. C,, Ye, H., He, X. & Chen, L. Evolution of an antifreeze protein by
neofunctionalization under escape from adaptive conflict. Proc. Natl. Acad. Sci. 107, 21593~
21598 (2010).

35. Cheng, X. et al. Frequent Acquisition of Glycoside Hydrolase Family 32 (GH32) Genes from
Bacteria via Horizontal Gene Transfer Drives Adaptation of Invertebrates to Diverse Sources of
Food and Living Habitats. Int. J. Mol. Sci. 25, 8296 (2024).

36. Le, N. G. et al. A Functional Carbohydrate Degrading Enzyme Potentially Acquired by
Horizontal Gene Transfer in the Genome of the Soil Invertebrate Folsomia candida. Genes 13,
1402 (2022).

37. Tran, V. et al. Feature Architecture-Aware Ortholog Search With fDOG Reveals the
Distribution of Plant Cell Wall-Degrading Enzymes Across Life. Mol. Biol. Evol. 42, msaf120
(2025).

38. Harris, M. A., Gardner, W. A. & Oetting, R. D. A review of the scientific literature on fungus
gnats (Diptera: Sciaridae) in the genus Bradysia2. J. Entomol. Sci. 31, 252-276 (1996).

39. Monesi, N. et al. Identification and characterization of a laterally transferred alternative
oxidase (AOX) in a terrestrial insect, the dipteran Pseudolycoriella hygida. Biochimie 233, 60—74
(2025).

40. Martin, M. M. The evolution of cellulose digestion in insects. Philos. Trans. R. Soc. Lond.
Ser. B: Biol. Sci. 333, 281-288 (1991).

41. Wybouw, N., Pauchet, Y., Heckel, D. G. & Leeuwen, T. V. Horizontal Gene Transfer
Contributes to the Evolution of Arthropod Herbivory. Genome Biol Evol 8, 1785-1801 (2016).

42. Li, Z.-W., Shen, Y.-H., Xiang, Z.-H. & Zhang, Z. Pathogen-origin horizontally transferred
genes contribute to the evolution of Lepidopteran insects. BMC Evol. Biol. 11, 356 (2011).

Kapoor et al. Massive inter-animal HGT. S| Page 100 of 111



43. Indiveri, C. et al. The mitochondrial carnitine/acylcarnitine carrier: function, structure and
physiopathology. Mol. Asp. Med. 32, 223-33 (2011).

44. Sano, R., Shinozaki, Y. & Ohta, T. Sodium-glucose cotransporters: Functional properties
and pharmaceutical potential. J. Diabetes Investig. 11, 770-782 (2020).

45. Palli, S. R. CncC/Maf-mediated xenobiotic response pathway in insects. Arch. Insect
Biochem. Physiol. 104, 21674 (2020).

46. Sehimeyer, S. et al. Flavin-Dependent Monooxygenases as a Detoxification Mechanism in
Insects: New Insights from the Arctiids (Lepidoptera). PLoS ONE 5, e10435 (2010).

47. Pastacaldi, C., Gaudioso, D. & Tegli, S. Multidrug and Toxic Compound Extrusion
Transporters: Ubiquitous Multifaceted Proteins in Microbes, Plants, and Their Interactions.
Microorganisms 12, 2433 (2024).

48. Zhang, C., Du, S., Liu, R. & Dai, W. Overexpression of Multiple Cytochrome P450 Genes
Conferring Clothianidin Resistance in Bradysia odoriphaga. J. Agric. Food Chem. 70, 7636—
7643 (2022).

49. Chen, C., Shan, T., Liu, Y., Shi, X. & Gao, X. Identification of a novel cytochrome P450
CYP3356A1 linked with insecticide detoxification in Bradysia odoriphaga. Pest Manag. Sci. 75,
1006-1013 (2019).

50. Schlachter, C. R. et al. Structural and functional characterization of an intradiol ring-
cleavage dioxygenase from the polyphagous spider mite herbivore Tetranychus urticae Koch.
Insect Biochem. Mol. Biol. 107, 19-30 (2019).

51. Feyereisen, R., Urban, J. M. & Nelson, D. R. Aliens in the CYPome of the black fungus gnat,
Bradysia coprophila. Insect Biochem. Mol. Biol. 159, 103965 (2023).

52. Faddeeva-Vakhrusheva, A. et al. Gene Family Evolution Reflects Adaptation to Soil
Environmental Stressors in the Genome of the Collembolan Orchesella cincta. Genome Biol.
Evol. 8, 2106-2117 (2016).

53. Faddeeva-Vakhrusheva, A. et al. Coping with living in the soil: the genome of the
parthenogenetic springtail Folsomia candida. BMC Genom. 18, 493 (2017).

54. Storey, J. M. & Storey, K. B. Chaperone proteins: universal roles in surviving environmental
stress. Cell Stress Chaperones 28, 455-466 (2023).

55. Bulut-Karslioglu, A. et al. Suv39h-dependent H3K9me3 marks intact retrotransposons and
silences LINE elements in mouse embryonic stem cells. Mol. Cell 55, 277-90 (2014).

56. Zlotorynski, E. Cell quiescence sends argonaute-2 to transposons. Nat. Rev. Mol. Cell Biol.
25, 84 (2024).

57. McDonald, A. E. & Gospodaryov, D. V. Alternative NAD(P)H dehydrogenase and alternative
oxidase: Proposed physiological roles in animals. Mitochondrion 45, 7-17 (2019).

Kapoor et al. Massive inter-animal HGT. S| Page 101 of 111



58. Arnér, E. S. J. Chapter 10 - Thioredoxin and glutathione reductases. in 197-218 (Academic
Press, 2022). doi:10.1016/b978-0-323-90219-9.00009-1.

59. Weaver, R. J. & McDonald, A. E. Mitochondrial alternative oxidase across the tree of life:
Presence, absence, and putative cases of lateral gene transfer. Biochim. Biophys. Acta (BBA) -
Bioenerg. 1864, 149003 (2023).

60. Deppisch, P., Helfrich-Forster, C. & Senthilan, P. R. The Gain and Loss of
Cryptochrome/Photolyase Family Members during Evolution. Genes 13, 1613 (2022).

61. Deppisch, P., Kirsch, V., Helfrich-Forster, C. & Senthilan, P. R. Contribution of
cryptochromes and photolyases for insect life under sunlight. J. Comp. Physiol. A 209, 373—-389
(2023).

62. Urban, J. M. et al. Bradysia (Sciara) coprophila larvae up-regulate DNA repair pathways and
down-regulate developmental regulators in response to ionizing radiation. GENETICS 226,
iyad208 (2023).

63. Wang, G., Laranjeiro, R., LeValley, S., Raamsdonk, J. M. V. & Driscoll, M. The glyoxylate
shunt protein ICL-1 protects from mitochondrial superoxide stress through activation of the
mitochondrial unfolded protein response. Free Radic. Biol. Med. 208, 771-779 (2023).

64. Merigliano, C., Mascolo, E., Torre, M. L., Saggio, |. & Verni, F. Protective role of vitamin B6
(PLP) against DNA damage in Drosophila models of type 2 diabetes. Sci. Rep. 8, 11432 (2018).

65. Xie, N. et al. NAD(+) metabolism: pathophysiologic mechanisms and therapeutic potential.
Signal Transduct. Target. Ther. 5, 227 (2020).

66. Held, D. W., Potter, D. A, Gates, R. S. & Anderson, R. G. Modified atmosphere treatments
as a potential disinfestation technique for arthropod pests in greenhouses. J. Econ. Entomol. 94,
430-438 (2001).

67. Chen, X. et al. Canonical terpene synthases in arthropods: Intraphylum gene transfer. Proc.
Natl. Acad. Sci. 121, €2413007121 (2024).

68. Torres, J. P, Lin, Z., Winter, J. M., Krug, P. J. & Schmidt, E. W. Animal biosynthesis of
complex polyketides in a photosynthetic partnership. Nat. Commun. 11, 2882 (2020).

69. Thirtamara-Rajamani, K. et al. Is the Enzyme ACMSD a Novel Therapeutic Target in
Parkinson’s Disease? J. Park.’s Dis. 7, 577-587 (2017).

70. Pan, H. Y. et al. Ergothioneine exhibits longevity-extension effect in Drosophila
melanogaster via regulation of cholinergic neurotransmission, tyrosine metabolism, and fatty
acid oxidation. Food Funct. 13, 227-241 (2022).

71. Tanaka, T., Tateno, Y. & Gojobori, T. Evolution of vitamin B6 (pyridoxine) metabolism by
gain and loss of genes. Mol. Biol. Evol. 22, 243-50 (2005).

Kapoor et al. Massive inter-animal HGT. S| Page 102 of 111



72. Itoh, N., Matsumura, S., lwaki, T., Takenaka, S. & Kanouchi, H. Low cellular pyridoxal 5'-
phosphate levels decrease neurotransmitter and glutathione concentrations and increase
susceptibility to hydrogen peroxide toxicity in SH-SY5Y cells. Clin. Nutr. Open Sci. 55, 123-135
(2024).

73. Craig, J. P. et al. Analysis of a horizontally transferred pathway involved in vitamin B6
biosynthesis from the soybean cyst nematode, Heterodera glycines. Mol. Biol. Evol. 25, 2085—
98 (2008).

74. Gegotek, A. & Skrzydlewska, E. Antioxidative and Anti-Inflammatory Activity of Ascorbic
Acid. Antioxidants 11, 1993 (2022).

75. Henriques, S. F. et al. Multiple independent L-gulonolactone oxidase (GULO) gene losses
and vitamin C synthesis reacquisition events in non-Deuterostomian animal species. BMC Evol.
Biol. 19, 126 (2019).

76. Duque, P., Vieira, C. P. & Vieira, J. Advances in Novel Animal Vitamin C Biosynthesis
Pathways and the Role of Prokaryote-Based Inferences to Understand Their Origin. Genes 13,
1917 (2022).

77. Eastmond, P. J. & Graham, |. A. Re-examining the role of the glyoxylate cycle in oilseeds.
Trends Plant Sci. 6, 72—8 (2001).

78. Yang, P., Liu, W., Chen, Y. & Gong, A. D. Engineering the glyoxylate cycle for chemical
bioproduction. Front. Bioeng. Biotechnol. 10, 1066651 (2022).

79. Erkut, C., Gade, V. R., Laxman, S. & Kurzchalia, T. V. The glyoxylate shunt is essential for
desiccation tolerance in C. elegans and budding yeast. eLife 5, e13614 (2016).

80. Kondrashov, F. A., Koonin, E. V., Morgunov, |. G., Finogenova, T. V. & Kondrashova, M. N.
Evolution of glyoxylate cycle enzymes in Metazoa: evidence of multiple horizontal transfer
events and pseudogene formation. Biol. Direct 1, 31 (2006).

81. Hibshman, J. D. et al. daf-16/FoxO promotes gluconeogenesis and trehalose synthesis
during starvation to support survival. eLife 6, e30057 (2017).

82. Zinke, I., Schutz, C. S., Katzenberger, J. D., Bauer, M. & Pankratz, M. J. Nutrient control of
gene expression in Drosophila: microarray analysis of starvation and sugar-dependent
response. EMBO J. 21, 6162—73 (2002).

83. Vendelboe, T. V. et al. The crystal structure of human dopamine,B-hydroxylase at 2.9,A
resolution. Sci. Adv. 2, 1500980 (2016).

84. Cohen, O., Gophna, U. & Pupko, T. The complexity hypothesis revisited: connectivity rather
than function constitutes a barrier to horizontal gene transfer. Mol. Biol. Evol. 28, 1481-1489
(2011).

85. Husnik, F. & McCutcheon, J. P. Functional horizontal gene transfer from bacteria to
eukaryotes. Nat. Rev. Microbiol. 16, 67-79 (2018).

Kapoor et al. Massive inter-animal HGT. S| Page 103 of 111



86. Li, Y. et al. HGT is widespread in insects and contributes to male courtship in lepidopterans.
Cell 185, 2975-2987.e10 (2022).

87. Xu, D. & Lu, W. Defensins: A Double-Edged Sword in Host Immunity. Front. Immunol. 11,
764 (2020).

88. Ghosh, S. & Marsh, E. N. G. Viperin: An ancient radical SAM enzyme finds its place in
modern cellular metabolism and innate immunity. J. Biol. Chem. 295, 11513-11528 (2020).

89. Ren, Q. et al. Co-option of bacteriophage lysozyme genes by bivalve genomes. Open Biol.
7, 160285 (2017).

90. Chou, S. et al. Transferred interbacterial antagonism genes augment eukaryotic innate
immune function. Nature 518, 98-101 (2015).

91. Hayes, B. M. et al. Ticks Resist Skin Commensals with Immune Factor of Bacterial Origin.
Cell 183, 1562-1571.e12 (2020).

92. Kyriacou, R. G. et al. Evidence for Transcription and Horizontal Gene Transfer in Dipteran
Germline-Restricted Chromosomes. bioRxiv 2025.12.11.693641 (2025)
doi:10.64898/2025.12.11.693641.

93. Urban, J. M. et al. High contiguity de novo genome assembly and DNA modification
analyses for the fungus fly, Sciara coprophila, using single-molecule sequencing. BMC Genom.
22, 643 (2021).

94. Bublitz, D. C. et al. Peptidoglycan Production by an Insect-Bacterial Mosaic. Cell 179, 703-
712.e7 (2019).

95. Magyar, L. B. et al. Pore-Forming Toxin-Like Proteins in the Anti-Parasitoid Immune
Response of Drosophila. J. Innate Immun. 17, 10-28 (2025).

96. Berg, G., Eberl, L. & Hartmann, A. The rhizosphere as a reservoir for opportunistic human
pathogenic bacteria. Environ. Microbiol. 7, 1673-85 (2005).

97. Bush, K. & Bradford, P. A. B-Lactams and (3-Lactamase Inhibitors: An Overview. Cold
Spring Harb. Perspect. Med. 6, a025247 (2016).

98. Verster, K. I. et al. Evolution of insect innate immunity through domestication of bacterial
toxins. Proc. Natl. Acad. Sci. 120, €2218334120 (2023).

99. Metcalf, J. A., Funkhouser-Jones, L. J., Brileya, K., Reysenbach, A.-L. & Bordenstein, S. R.
Antibacterial gene transfer across the tree of life. eLife 3, e04266 (2014).

100. Nikoh, N. et al. Bacterial genes in the aphid genome: absence of functional gene transfer
from Buchnera to its host. PLoS Genet. 6, €1000827 (2010).

101. Quinlan, A. R. BEDTools: The Swiss-Army Tool for Genome Feature Analysis. Curr.
Protoc. Bioinform. 47, 11 12 1-34 (2014).

Kapoor et al. Massive inter-animal HGT. S| Page 104 of 111



102. Cock, P. J. A. et al. Biopython: freely available Python tools for computational molecular
biology and bioinformatics. Bioinformatics 25, 1422—1423 (2009).

103. Camacho, C. et al. BLAST+: architecture and applications. BMC Bioinformatics 10, 421
(2009).

104. Gabriel, L. et al. BRAKERS3: Fully automated genome annotation using RNA-seq and
protein evidence with GeneMark-ETP, AUGUSTUS, and TSEBRA. Genome Res. 34, 769-777
(2024).

105. McGowan, J. BUSCO Phylogenomics. (2024).

106. Simao, F. A., Waterhouse, R. M., loannidis, P., Kriventseva, E. V. & Zdobnov, E. M.
BUSCO: assessing genome assembly and annotation completeness with single-copy orthologs.
Bioinformatics 31, 3210-2 (2015).

107. Manni, M., Berkeley, M. R., Seppey, M., Siméo, F. A. & Zdobnov, E. M. BUSCO update:
Novel and streamlined workflows along with broader and deeper phylogenetic coverage for
scoring of eukaryotic, prokaryotic, and viral genomes. Mol. Biol. Evol. 38, 4647-4654 (2021).

108. Li, W. & Godzik, A. Cd-hit: a fast program for clustering and comparing large sets of protein
or nucleotide sequences. Bioinformatics 22, 1658-9 (2006).

109. Mirdita, M. et al. ColabFold: making protein folding accessible to all. Nat. Methods 19, 679—
682 (2022).

110. Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596,
583-589 (2021).

111. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

112. Buchfink, B., Reuter, K. & Drost, H.-G. Sensitive protein alignments at tree-of-life scale
using DIAMOND. Nat. Methods 18, 366—368 (2021).

113. Huerta-Cepas, J., Serra, F. & Bork, P. ETE 3: Reconstruction, Analysis, and Visualization
of Phylogenomic Data. Mol. Biol. Evol. 33, 1635-1638 (2016).

114. Rambaut, A. FigTree.

115. Borenstein, E., Shlomi, T., Ruppin, E. & Sharan, R. Gene loss rate: a probabilistic measure
for the conservation of eukaryotic genes. Nucleic Acids Res. 35, e7 (2007).

116. Pertea, G. & Pertea, M. GFF Ultilities: GffRead and GffCompare. F1000Research 9, ISCB
Comm J-304 (2020).

117. Minh, B. Q. et al. IQ-TREE 2: New models and efficient methods for phylogenetic inference
in the genomic era. Mol. Biol. Evol. 37, 1530-1534 (2020).

Kapoor et al. Massive inter-animal HGT. S| Page 105 of 111



118. Letunic, I. & Bork, P. Interactive Tree of Life (iTOL) v6: recent updates to the phylogenetic
tree display and annotation tool. Nucleic Acids Res. 52, W78-W82 (2024).

119. Kanehisa, M., Sato, Y., Kawashima, M., Furumichi, M. & Tanabe, M. KEGG as a reference
resource for gene and protein annotation. Nucleic Acids Res. 44, D457-62 (2016).

120. Aramaki, T. et al. KofamKOALA: KEGG Ortholog assignment based on profile HMM and
adaptive score threshold. Bioinformatics 36, 2251-2252 (2020).

121. Davidson-Pilon, C. Lifelines, Survival Analysis in Python. (2024).

122. Shumate, A. & Salzberg, S. L. Liftoff: accurate mapping of gene annotations.
Bioinformatics 37, 1639-1643 (2021).

123. Hunter, J. D. Matplotlib: A 2D Graphics Environment. Comput. Sci. Eng. 9, 90-95 (2007).

124. Li, H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34, 3094—
3100 (2018).

125. Edgar, R. C. MUSCLE: a multiple sequence alignment method with reduced time and
space complexity. BMC Bioinform. 5, 1-19 (2004).

126. Edgar, R. C. Muscle5: High-accuracy alignment ensembles enable unbiased assessments
of sequence homology and phylogeny. Nat. Commun. 13, 6968 (2022).

127. Rangwala, S. H. et al. Accessing NCBI data using the NCBI Sequence Viewer and
Genome Data Viewer (GDV). Genome Res. 31, 159-169 (2021).

128. Ye, J. et al. Primer-BLAST: A tool to design target-specific primers for polymerase chain
reaction. BMC Bioinform. 13, 134 (2012).

129. Hagberg, A. A., Schult, D. A. & Swart, P. J. Exploring Network Structure, Dynamics, and
Function using NetworkX. in vol. SCIPY 2008 11-16 (SciPy, 2008).

130. Harris, C. R. et al. Array programming with NumPy. Nature 585, 357-362 (2020).

131. Suyama, M., Torrents, D. & Bork, P. PAL2NAL: robust conversion of protein sequence
alignments into the corresponding codon alignments. Nucleic Acids Res. 34, W609-12 (2006).

132. Yang, Z. PAML: a program package for phylogenetic analysis by maximum likelihood.
Bioinformatics 13, 555-556 (1997).

133. Yang, Z. PAML 4: Phylogenetic Analysis by Maximum Likelihood. Mol. Biol. Evol. 24,
1586-1591 (2007).

134. Alvarez-Carretero, S., Kapli, P. & Yang, Z. Beginner’s guide on the use of PAML to detect
positive selection. Mol. Biol. Evol. 40, msad041 (2023).

Kapoor et al. Massive inter-animal HGT. S| Page 106 of 111



135. Seemann, T. Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 2068—9
(2014).

136. Team, moshi4 D. pyCirclize. (2024).

137. Schrodinger, L. The PyMOL Molecular Graphics System. (2015).

138. Foundation, P. S. Python 3.

139. Team, R. C. R: A Language and Environment for Statistical Computing. (2025).

140. Danecek, P. et al. Twelve years of SAMtools and BCFtools. GigaScience 10, giab008
(2021).

141. Duchesnay, E. P., Fabian; Varoquaux, Gaél; Gramfort, Alexandre; Michel, Vincent; Thirion,
Bertrand; Grisel, Olivier; Blondel, Mathieu; Prettenhofer, Peter; Weiss, Ron; Dubourg, Vincent;
Vanderplas, Jake; Passos, Alexandre; Cournapeau, David; Brucher, Matthieu; Perrot, Matthieu;
Scikit-learn: Machine Learning in Python. J. Mach. Learn. Res.
https://doi.org/10.5555/1953048.2078195 (2011) doi:10.5555/1953048.2078195.

142. Virtanen, P. et al. SciPy 1.0: fundamental algorithms for scientific computing in Python.
Nat. methods 17, 261-272 (2020).

143. Waskom, M. seaborn: statistical data visualization. J. Open Source Softw. 6, 3021 (2021).
144. Team, S. T. D. SRA Toolkit. (2024).

145. Seabold, S. & Perktold, J. statsmodels: Econometric and statistical modeling with python.
in (2010).

146. Rambaut, A., Drummond, A. J., Xie, D., Baele, G. & Suchard, M. A. Posterior
summarization in Bayesian phylogenetics using tracer 1.7. Syst. Biol. 67, 901-904 (2018).

147. Allard, J. B. & Kumar, S. Treemble: a graphical tool to generate Newick strings from
phylogenetic tree images. Bioinformatics 42, btag197 (2026).

148. Krueger, F. Trim Galore. (2023).

149. Capella-Gutiérrez, S., Silla-Martinez, J. M. & Gabaldon, T. trimAl: a tool for automated
alignment trimming in large-scale phylogenetic analyses. Bioinformatics 25, 1972—-1973 (2009).

150. Wang, D., Cheng, R. & Toro, E. Benchmarking Codon Optimization Strategies for
Recombinant Antibody Expression. (2026).

151. UniProt, C. UniProt: the Universal Protein Knowledgebase in 2025. Nucleic Acids Res. 53,
D609-D617 (2025).

152. Lex, A., Gehlenborg, N., Strobelt, H., Vuillemot, R. & Pfister, H. UpSet: Visualization of
Intersecting Sets. IEEE Trans. Vis. Comput. Graph. 20, 1983-92 (2014).

Kapoor et al. Massive inter-animal HGT. S| Page 107 of 111


https://doi.org/10.5555/1953048.2078195

153. Pfeiffer, B. D. et al. Refinement of Tools for Targeted Gene Expression in Drosophila.
Genetics 186, 735-755 (2010).

154. Hodson, C. N. et al. Germline restricted chromosomes in dark winged fungus gnats show
dynamic chromosome organisation despite strong purifying selection on genes. bioRxiv
2025.10.24.684428 (2026) doi:10.1101/2025.10.24.684428.

155. Galaxy, C. T. Galaxy for accessible, reproducible, and collaborative data analyses: 2026
update. Nucleic Acids Res. 54, W105-W116 (2026).

156. Zdobnov, E. M. et al. OrthoDB in 2020: evolutionary and functional annotations of
orthologs. Nucleic Acids Res. 49, D389-D393 (2021).

157. Sayers, E. W. et al. Database resources of the National Center for Biotechnology
Information in 2023. Nucleic Acids Res. 51, D29-D38 (2023).

158. Dunn, C. W., Giribet, G., Edgecombe, G. D. & Hejnol, A. Animal Phylogeny and Its
Evolutionary Implications. Annu Rev Ecol Evol Syst 45, 1-25 (2014).

159. Giribet, G. & Edgecombe, G. D. The Phylogeny and Evolutionary History of Arthropods.
Curr. Biol. 29, R592-R602 (2019).

160. Undheim, E. A. B. & Jenner, R. A. Phylogenetic analyses suggest centipede venom
arsenals were repeatedly stocked by horizontal gene transfer. Nat. Commun. 12, 818 (2021).

161. Misof, B. et al. Phylogenomics resolves the timing and pattern of insect evolution. Science
346, 763—-767 (2014).

162. Howard, R. J., Puttick, M. N., Edgecombe, G. D. & Lozano-Fernandez, J. Arachnid
monophyly: Morphological, palaeontological and molecular support for a single terrestrialization
within Chelicerata. Arthropod Struct. Dev. 59, 100997 (2020).

163. Bernot, J. P. et al. Major revisions in pancrustacean phylogeny and evidence of sensitivity
to taxon sampling. Mol. Biol. Evol. 40, msad175 (2023).

164. Fernandez, R., Edgecombe, G. D. & Giribet, G. Exploring Phylogenetic Relationships
within Myriapoda and the Effects of Matrix Composition and Occupancy on Phylogenomic
Reconstruction. Syst. Biol. 65, 871-889 (2016).

165. Wiegmann, B. M. et al. Episodic radiations in the fly tree of life. Proc. Natl. Acad. Sci. 108,
5690-5695 (2011).

166. Kumar, S. et al. TimeTree 5: An expanded resource for species divergence times. Mol.
Biol. Evol. 39, msac174 (2022).

167. Rajan, H. B., Hamid; Dyer, Robert; Severin, Andrew; Comprehensive Analysis of Non
Redundant Protein Database. Research Square htips://doi.org/10.21203/rs.3.rs-54568/v 1
(2020).

Kapoor et al. Massive inter-animal HGT. S| Page 108 of 111


https://doi.org/10.21203/rs.3.rs-54568/v1

168. McGowan, J. BUSCO_phylogenomics. (2024).

169. Shin, S. et al. Molecular phylogeny of black fungus gnats (Diptera: Sciaroidea: Sciaridae)
and the evolution of larval habitats. Mol. Phylogenetics Evol. 66, 833—46 (2013).

170. Sevcik, J. et al. Molecular phylogeny of the megadiverse insect infraorder Bibionomorpha
sensu lato (Diptera). PeerJ 4, €2563 (2016).

171. Reis, M. dos & Yang, Z. Approximate likelihood calculation on a phylogeny for Bayesian
estimation of divergence times. Mol. Biol. Evol. 28, 2161-72 (2011).

172. Alvarez-Carretero, S. Timetree Inference Analysis with PAML: Step-by-Step Tutorials.
(2024).

173. Minh, B. Q., Dang, C. C., Vinh, L. S. & Lanfear, R. QMaker: Fast and Accurate Method to
Estimate Empirical Models of Protein Evolution. Syst. Biol. 70, 1046—1060 (2021).

174. Domazet-LoSo, T., Brajkovi¢, J. & Tautz, D. A phylostratigraphy approach to uncover the
genomic history of major adaptations in metazoan lineages. Trends Genet. 23, 533-539 (2007).

175. Federhen, S. The NCBI Taxonomy database. Nucleic Acids Res. 40, D136-D143 (2012).

176. Nowell, R. W. et al. Evolutionary dynamics of transposable elements in bdelloid rotifers.
eLife 10, e63194 (2021).

177. Kutikova, L. A. Bdelloid Rotifers (Rotifera, Bdelloidea) as a Component of Soil and Land
Biocenoses. Biol. Bull. Russ. Acad. Sci. 30, 271-274 (2003).

178. Ricci, C. Anhydrobiotic capabilities of bdelloid rotifers. Hydrobiologia 387-388, 321-326
(1998).

179. Devetter, M. & Frouz, J. Primary Succession of Soil Rotifers in Clays of Brown Coal Post-
Mining Dumps. Int. Rev. Hydrobiol. 96, 164—-174 (2011).

180. Fanciulli, P. P., Carapelli, A., Belloni, M., Dallai, R. & Frati, F. Allozyme variation in the
springtails Allacma fusca and A. gallica (Collembola, Sminthuridae). Pedobiologia 52, 309—-324
(2009).

181. Cucini, C. et al. De novo genome assembly of the endemic Italian springtail Orchesella
dallaii (Collembola: Orchesellidae). G3: Genes, Genomes, Genet. 15, jkaf240 (2025).

182. Ridsdill-Smith, T. J. & Pavri, C. C. Feeding life style of redlegged earth mite, Halotydeus
destructor (Acari: Penthaleidae), in pastures and the role of broad-leafed weeds. Exp. Appl.
Acarol. 24, 397-414 (2000).

183. Adedokun, A. A. et al. Exploring the first draft genome of the oribatid mite, Oppia nitens: A
standardized model invertebrate in soil ecotoxicology. Genome Biol. Evol. 18, evag016 (2026).

Kapoor et al. Massive inter-animal HGT. S| Page 109 of 111



184.Lv, Y., Guo, X.-G. & Jin, D.-C. Research Progress on Leptotrombidium deliense. Korean J.
Parasitol. 56, 313-324 (2018).

185. Crawford, C. S., Goldenberg, S. & Warburg, M. R. Seasonal water balance in
Archispirostreptus syriacus (Diplopoda: Spirostreptidae) from mesic and xeric Mediterranean
environments. J. Arid Environ. 10, 127-136 (1986).

186. Brandt, A. et al. Haplotype divergence supports long-term asexuality in the oribatid mite
Oppiella nova. Proc. Natl. Acad. Sci. 118, 2101485118 (2021).

187. Arroyo, J. & Bolger, T. Oribatid (Acari: Oribatida) and Gamasid (Acari: Gamasida) Mite
Communities in an Irish Sitka Spruce Picea sitchensis (Bong.) Carr. Stand with Three First
Records for Ireland. Ir. Nat. J. 28, 452-458 (2007).

188. Xu, P. et al. Analysis of the Taxonomy and Pathogenic Factors of Pectobacterium
aroidearum L6 Using Whole-Genome Sequencing and Comparative Genomics. Front. Microbiol.
12, 679102 (2021).

189. Zhao, Q. et al. ldentification, genetic diversity, and pathogenicity of Ralstonia
pseudosolanacearum causing cigar tobacco bacterial wilt in China. FEMS Microbiol. Ecol. 99,
fiad018 (2023).

190. Zarlenga, D. S. et al. A tale of three kingdoms: members of the Phylum Nematoda
independently acquired the detoxifying enzyme cyanase through horizontal gene transfer from
plants and bacteria. Parasitology 146, 445-452 (2019).

191. Wybouw, N. et al. A horizontally transferred cyanase gene in the spider mite Tetranychus
urticae is involved in cyanate metabolism and is differentially expressed upon host plant
change. Insect Biochem. Mol. Biol. 42, 881-9 (2012).

192. Ohlen, M. van, Herfurth, A.-M., Kerbstadt, H. & Wittstock, U. Cyanide detoxification in an
insect herbivore: Molecular identification of f-cyanoalanine synthases from Pieris rapae. Insect
Biochem. Mol. Biol. 70, 99-110 (2016).

193. Wybouw, N. et al. A gene horizontally transferred from bacteria protects arthropods from
host plant cyanide poisoning. eLife 3, e02365 (2014).

194. Chen, S. C. et al. Recurrent horizontal transfer of arsenite methyltransferase genes
facilitated adaptation of life to arsenic. Sci. Rep. 7, 7741 (2017).

195. Zhu, B. et al. Horizontal gene transfer in silkworm, Bombyx mori. Bmc Genomics 12, 248
(2011).

196. Meng, Y., Katsuma, S., Mita, K. & Shimada, T. Abnormal red body coloration of the
silkworm, Bombyx mori, is caused by a mutation in a novel kynureninase. Genes Cells 14, 129—
40 (2009).

197. Nowell, R. W. et al. Bdelloid rotifers deploy horizontally acquired biosynthetic genes
against a fungal pathogen. Nat. Commun. 15, 5787 (2024).

Kapoor et al. Massive inter-animal HGT. S| Page 110 of 111



198. Naranjo-Ortiz, M. A. et al. Widespread Inter- and Intra-Domain Horizontal Gene Transfer of
d-Amino Acid Metabolism Enzymes in Eukaryotes. Front. Microbiol. 7, 2001 (2016).

199. Hodson, C. N., Jaron, K. S., Gerbi, S. & Ross, L. Gene-rich germline-restricted
chromosomes in black-winged fungus gnats evolved through hybridization. PLoS Biol. 20,
3001559 (2022).

200. Kapoor, R. R. et al. Evolutionary innovation through fusion of sequences from across the
tree of life. Proc. Natl. Acad. Sci. 123, e2602557123 (2026).

201. Yuasa, H. J. Metazoan tryptophan indole-lyase: Are they still active? Comp. Biochem.
Physiol. Part B: Biochem. Mol. Biol. 263, 110801 (2023).

202. Hoile, A. E., Holland, P. W. H. & Mulhair, P. O. Gene novelty and gene family expansion in
the early evolution of Lepidoptera. BMC Genom. 26, 161 (2025).

203. Verster, K. |, Tarnopol, R. L., Akalu, S. M. & Whiteman, N. K. Horizontal Transfer of
Microbial Toxin Genes to Gall Midge Genomes. Genome Biol. Evol. 13, evab202 (2021).

204. Vieira, P. et al. Targeted transcriptomics reveals signatures of large-scale independent
origins and concerted regulation of effector genes in Radopholus similis. PLoS Pathog. 17,
e1010036 (2021).

205. Mohrig, W. & Réschmann, F. Sciarid flies from Dominican Amber (Diptera, Sciaridae).
Beitrdge zur Entomol. Contrib. Entomol. 55, 319-361 (2005).

206. McClennen, M. et al. The Paleobiology Database. https://palecbiodb.org/ (2026).

207. Penalver, E., Matamales-Andreu, R., Nel, A. & Fuente, R. P. la. Early adaptations of true
flies (Diptera) to moist and aquatic continental environments. Pap. Palaeontol. 8, e1472 (2022).

Kapoor et al. Massive inter-animal HGT. S| Page 111 of 111


https://paleobiodb.org/

