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Abstract

The extent to which horizontal gene transfer (HGT) has shaped eukaryote evolution remains an open question. Two recent
studies reported four plant-like genes acquired through two HGT events by the whitefly Bemisia tabaci, a major agricultural
pest (Lapadula WJ, Mascotti ML, Juri Ayub M. 2020. Whitefly genomes contain ribotoxin coding genes acquired from plants.
Sci Rep. 10(1):15503; Xia J, et al. 2021. Whitefly hijacks a plant detoxification gene that neutralizes plant toxins. Cell
184(7):1693-1705 e1617.). Here, we uncovered a total of 49 plant-like genes deriving from at least 24 independent HGT
eventsin the genome of the Middle East Asia Minor 1 (MEAM 1) whitefly. Orthologs of these genes are present in three cryptic
B. tabaci species, they are phylogenetically nested within plant sequences, they are expressed and have evolved under puri-
fying selection. The predicted functions of these genes suggest that most of them are involved in plant-insect interactions.
Thus, substantial plant-to-insect HGT may have facilitated the evolution of B. tabaci toward adaptation to a large host spec-
trum. Our study shows that eukaryote-to-eukaryote HGT may be relatively common in some lineages and it provides new
candidate genes that may be targeted to improve current control strategies against whiteflies.

Key words: Bemisia tabaci, horizontal gene transfer, plants, phytophagous insects.

Significance

Horizontal gene transfer (HGT) is widespread in prokaryotes, but its extent and impact remain unclear in eukaryotes.
Most cases of HGT reported so far in animals involve genes of microbial origin. Here, we show that the whitefly,
Bemisia tabaci, a widespread crop pest, has acquired no less than 49 genes through at least 24 events of HGT from plant
sources. The plant-like B. tabaci genes show evidence of functionality and many of them are likely involved in plant—
pathogen interactions. Our study shows that plant-to-insect HGT may be more frequent than previously thought and
it provides new candidate genes that may be targeted in the context of biocontrol strategies against B. tabaci.

Introduction et al. 2015). In eukaryotes, HGT has long been considered
Horizontal gene transfer (HGT) is the passage of genetic anecdotal because of multiple barriers that impede such
material between organisms by means other than repro- transfers, or controversial, as resulting from phylogenetic
duction. The patterns, mechanisms, and vectors of HGT artifacts or contaminant sequences (Martin 2017,
are well characterized in prokaryotes, in which these trans- Salzberg 2017). Yet, recent studies have reported robust
fers are ubiquitous and a major source of innovation (Soucy HGT events in various eukaryotic organisms. In unicellular

© The Author(s) 2022. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:/creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Genome Biol. Evol. 14(10)  https://doi.org/10.1093/gbe/evac141 Advance Access publication 26 September 2022 1

2202 1990)20 £z U0 189nB Aq /G/129/1¥19BAS/0L /YL /2I01E/0GB/WO00"dno-olwapese//:sdny Wwoly papeojumoq


https://orcid.org/0000-0002-2131-7467
https://orcid.org/0000-0001-7325-0527
mailto:clement.gilbert1@universite-paris-saclay.fr
mailto:florian.maumus@inrae.fr
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/gbe/evac141

Gilbert and Maumus

GBE

eukaryotes, HGT appears widespread, with dozens of for-
eign genes characterized in a large diversity of taxa, many
of which are involved in adaptive functions (Lacroix and
Citovsky 2016; Husnik and McCutcheon 2018; Legeret al.
2018; Sibbald et al. 2020; Van Etten and Bhattacharya
2020). An increasing number of HGT events are also re-
ported in multicellular eukaryotes. For example, in plants,
multiple cases of prokaryote-to-plant and plant-to-plant
HGT have been characterized (Yang et al. 2019; Cai et al.
2021; Hibdigeet al. 2021). In metazoans, several taxa are
notorious for their relatively high content in foreign genes,
such as root-node nematodes (Paganini et al. 2012) and ro-
tifers (Simion et al. 2021), and HGT from both endosymbi-
otic and nonendosymbiotic bacteria can be common,
especially in arthropods (Moran and Jarvik 2010; Dunning
Hotopp 2011; Verster et al. 2019; Cummings et al.
2022). While functional studies remain scarce, it appears
that many bacterial and fungal genes independently ac-
quired by nematodes and arthropod lineages are involved
in adaptation to phytophagy (Haegeman et al. 2011;
Wybouw et al. 2016). For example, a Glycosyl Hydrolase
Family 32 gene acquired horizontally from rhizobial bac-
teria by the plant parasitic nematode Globodera pallida is
expressed in the digestive system during feeding and is in-
volved in metabolizing plant-derived sucrose (Danchin et al.
2016). In the coffee borer beetle (Hypothenemus hampei,
Coleoptera), a mannanase-encoding gene acquired from
Bacillus-like bacteria was shown to hydrolyze the major
polysaccharide of coffee berries, thus likely facilitating
adaptation of the beetle to a new food source (Acuna
et al. 2012). Furthermore, in the phytophagous mite
Tetranychus urticae, a cysteine synthase gene acquired
from bacteria is involved in plant cyanide detoxification
and thus likely enabled colonization of a new niche by
this mite and other arthropods (Wybouw et al. 2014).
Perhaps even more remarkable is the acquisition of four
horizontally transferred genes (two BAHD acyltransferases
called BtPMaT1 and BtPMaT2 and ribosome inactivating
proteins [RIPs]) not from bacteria or fungi but directly
from plants, by the sweet potato whitefly B. tabaci
(Lapadula et al. 2020; Xia et al. 2021). Whiteflies (family
Aleyrodidae) are herbivorous hemipteran insects that are
important agricultural pests because of their feeding habits
and the many viruses they transmit to plants. Functional as-
says revealed that the BtPMaT1 protein detoxifies plant
phenolic glucosides that are normally used by plants to pro-
tect themselves against insect herbivores. Thus, the acquisi-
tion of a plant gene by whiteflies through HT enabled them
to thwart plant defenses and may, in part, explain why
these insects have become generalist phloem-feeders (Xia
et al. 2021). Interestingly, whiteflies feeding on trans-
formed tomato plants expressing BtPMaT1 gene-silencing
fragments showed increased mortality and reduced fe-
cundity (Xia et al. 2021). Therefore, identifying genes of

plant origin in herbivore insects can provide targets to en-
gineer new pest control strategies.

Results

Identification of Plant-to-Whitefly HGT Candidates in
MEAM1

To assess the extent to which plant-to-insect HGT may have
shaped interactions between whiteflies and their host plants,
we conducted a systematic search for genes of plant origin in
the B. tabaci Middle East Asia Minor 1 (MEAM1) genome
(Chen et al. 2016). We first applied a high-throughput meth-
od to infer a last common ancestor (LCA) for each of the
15,662 predicted proteins in B. tabaci. To this end, we used
MMseqs2 taxonomy (Mirdita et al. 2021) which proposes
three different modes of LCA inference (i.e., single search
LCA, approximate 2bLCA, and best hit) for a query protein
by processing the taxonomy of proteins retrieved by similarity
search. As target database, we used the Uniref90 from which
we removed Aleyrodidae proteins in order to avoid confusion
in LCA prediction (fig. 1). The current release of the Uniref90
database contains 119,222,328 protein sequences each rep-
resentative of a group of UniprotKB proteins clusterized at
90% similarity threshold (Suzek et al. 2015). The UniprotKB
database itself currently contains 230,328,648 proteins
from all types of organisms, including 13,238,084 proteins
from plants (Viridiplantae) and 51,638,861 proteins from
non-plant  eukaryotes  (https:/Awww.ebi.ac.uk/uniprot/
TrEMBLstats [UniProt Consortium 2019]). In our approach,
the placement of a protein LCA in plants indicates potential
HGT from plants to B. tabaci after the emergence of
Aleyrodidae. The deeper the LCA, the more conserved the
protein across the breadth of plant taxonomy, which reduces
the risk to confuse donor and recipient taxa as LCA and the
risk of LCA inference based on contamination in the target
database (e.g., contaminations in genome assemblies leading
to erroneous taxonomic metadata). Note that the plant genes
which are conserved in eukaryotes or even cellular organisms
have a theoretical LCA which is deeper than plant and thus
remain beyond plant-to-whitefly HGT call using this ap-
proach. We predicted an LCA for each of the MEAM1 pro-
teins using MMsegs2 taxonomy with the three LCA
inference protocols. As expected, the vast majority of the
15,662 MEAM1 proteins (e.g., 12,200 in the best hit LCA
mode) were assigned to a metazoan LCA (supplementary
data set 1). Interestingly, combining the LCA predictions
from the different protocols, MMseqs2 predicted plant LCA
with at least one of them for 365 MEAM1 proteins. Most
LCA (297/365), however, were placed at tips of the plant tax-
onomy (genus, species, varietas and subtribe), reflecting that
the target proteins used for LCA inference are poorly con-
served across plants and these LCA were considered of low
confidence. By contrast, we identified 68 B. tabaci MEAM1
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Fic. 1.—Overview of the workflow used to identify plant-derived protein candidates in the MEAM1 proteome. The containers represent target databases

Mmsegs2
search vs
each db

Combine
query and
hits per
Select hits cluster
ey
. Multipl
Uniref0 eukaryote [ top 10 hits l, aliun:::nﬁcr‘y:::)w
Aleyrodidae & Streptophyta e
\_excluded J
T : [LLLLT
o A top 10 hits I11111
. >+ 20 most
Uniref90 Streptophyta diverse hits
\________'_,_/ 1
Trim MSA sequences
e ey and columns
o A
Uniref90 Prokaryota |=>| top 10 hits
Bacteria & Archaea W
[T
= —= i
Unirefo0 Viruses |-} top 10 hits
Bacteria & Archaea Build phylogenetic
tree
n All Btab and °
Aleyrodidae proteome Lt Tvap hits with
Btab (MEAM1+MED+SSA) B sl
+Tuiip > 50% identity ®

and the different steps are indicated in purple. The MEAM1 proteins are represented by thick black lines and the representative ones are highlighted in red.

proteins for which LCA was inferred deeper than genus level
in plants and which were hence considered potentially trans-
ferred from plants to Aleyrodidae. This included the two
BAHD acyltransferase genes (BtPMaT1 and BtPMaT2) re-
ported by Xia et al. (2021) and the two RIPs identified by
Lapadula et al. (2020).

Assessment of Plant-to-whitefly HGT Candidates in
MEAM1

To further characterize the taxonomic origin of candidate B.
tabaci plant-derived genes, we grouped them in 41 clusters
of orthologous proteins and used one representative se-
guence per cluster to perform similarity searches against all
Aleyrodidae proteomes as well as against the UniRef90 pro-
tein database of streptophytes, that of eukaryotes without
streptophytes and Aleyrodidae, and those of prokaryotes
and viruses (see Materials and Methods). The 10 best hits
from each search supplemented with the 20 most diverse
hits against streptophytes were used to build a multiple align-
ment which was submitted to phylogenetic analysis (fig. 1).
The aim of this hit collection protocol was to address the rela-
tionships of each representative protein with regard to their
best hits. Manual examination of the resulting trees and sup-
porting alignments indicated that the signal observed in 17 of
41 data sets was not in support of plant-to-Aleyrodidae gene
transfer. The reason for this was either because no or too few
plant hits are present in the final alignment (which can occur
because poorly aligned proteins are discarded at this stage), or

the MEAM1 representative protein is absent in the final align-
ment because it is significantly truncated compared with se-
lected orthologs, or the phylogenetic placement with
respect to plant orthologs is in contradiction with
plant-to-whitefly HGT (see supplementary fig. 1 and data
set 2). For three clusters, no tree containing the representative
protein was obtained as a result of applying a filter against
poorly aligned proteins. Remarkably, the topology of 24 trees
was consistent with the scenario of plant-to-Aleyrodidae gene
transfer. In 22 of the 24 trees, the B. tabaci proteins were
nested within clades of proteins of streptophyte origin (fig.
2A; supplementary fig. 2 and data set 3), as in (Lapadula
et al. 2020; Xia et al. 2021). In the remaining two trees
(Bta13103 and Bta14885), the B. tabaci proteins are sister
to all proteins of streptophyte origin (fig. 28 and
supplementary fig. 2). The topology of these two trees could
be explained either by extensive sequence adaptation after
transfer or by donor plant lineage being extinct or under-
represented in genome databases. The alternative hypothesis
of gene losses in multiple hemipterans, insects, animals and
other eukaryotes may also be invoked to explain these two
topologies but we deem it less likely than inferring gain of
these genes in B. tabaci through HT (see the next section).

Hypotheses Alternative to Horizontal Transfer

A number of earlier studies reporting cases of HGT in animals
have later been dismissed and shown to be plagued by bacter-
ial contamination (Bemm et al. 2016) or technical artifact in
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Fic. 2.—Phylogenetic relationships of potential plant-derived Bemisia tabaci genes. Phylogenetic trees showing the Bta06453 cluster, annotated as del-
ta(12) FAD family (A) and the Bta14885 cluster, annotated as beta-(1,2)-xylosyltransferase family (B). Each tree is inferred from the multiple sequence
alignment of the cluster representative sequence with its homologs found across Aleyrodidae proteins and Uniref90 proteins from eukaryotes, prokaryotes,
and viruses. The labels for Uniref90 proteins are either species names or the names of the first taxonomic level comprising all the proteins of a specific Unirefo0
cluster. The SSA-ECA proteins are labeled as “Ssa.” In (4), the labels of the B. tabaci proteins present in the FAD genomic hotspots found in the MEAM1 and
SSA-ECA genomes are in bold and the Trialeurodes vaporariorum protein is labeled as “Tv.” The bootstrap values above 70% are indicated as magenta disks.
The color legend indicating the taxonomy of proteins is indicated inset. For the ease of representation, the trees are presented in a circular mode rooted at
midpoint. Unrooted trees are available in the supplementary figures 1 and 2.
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the similarity search or phylogenetic analyses (Salzberg 2017).
In other cases, it is difficult to exclude alternative hypotheses
such as multiple gene losses (Dunning Hotopp 2018). Here,
in support of a plant origin, genes homologous to B. tabaci
plant-like genes are absent from the proteomes of
non-Aleyrodidae insects and from that of all other metazoans.
Furthermore, 23 clusters are shared between MEAM1 and at
least one other B. tabaci cryptic species (Mediterranean 1
[MED1] and Sub-Saharan Africa - East and Central Africa
[SSA-ECAY]) which were independently sequenced at a differ-
ent time (2019 for SSA-ECA [Chen et al. 2019]) and evenin a
different laboratory for MED1 (Xie et al. 2017). Should
contamination underly the presence of plant-like genes in
B. tabaci, it would have had to occur at least three times
independently during the sequencing process of the three
genomes, and it would have had to involve three times the
same plant genes, and these genes only, which is highly
unlikely. While the MEAM1 assembly was produced using
B. tabaci individuals collected on collard (Brassica oleracea,
Brassicaceae) (Chen et al. 2015, 2016), individuals used to
produce the SSA-ECA assembly were sampled from cassava
(Manihot esculenta, Euphorbiaceae) (Chen et al. 2019) and
those used to generate the MED1 assembly were collected
on Parafilm membrane sachets containing a 25% sucrose
solution (Xie et al. 2017). None of the plant-like genes we un-
covered in B. tabaci were identical or nearly identical to collard
or cassava genes or to genes belonging to other related
Brassicaceae or Euphorbiaceae species. Thus, B. tabaci plant-
like genes are bona fide B. tabaci genes, and not contaminat-
ing plant genes. We further investigated the genomic environ-
ment of MEAM1 candidate plant-derived genes by assigning a
taxonomic origin to each of their nearest flanking protein-
coding genes. After excluding Aleyrodidae proteins from the
Uniref90 database, we were able to retrieve a hit for 61 of
the 76 flanking genes investigated and found that all but
two of them had a metazoan best hit (47 of 61 having a
Pancrustacea best hit) (supplementary table 1). Among the
15 flanking genes that did not have a metazoan best hit,
13 of them had no hit (they are specific to Aleyrodidae),
one of them had a best hit to a plant and the last one had
a best hit to a bacterium. Another way to describe these
results is to say that among the 49 MEAM1 plant-like genes
investigated in this analysis, 45 of them had at least one near-
est flanking gene showing a best hit to a metazoan gene. For
the four remaining plant-like genes, we checked the best hit
of the next downstream and upstream flanking genes and
found that for all four genes at least one of the additional
flanking genes had a metazoan best hit (supplementary
table 1). These results confirm that the genes of putative
plant origin stand in the context of animal contigs in the
B. tabaci MEAM1 assembly.

Regarding a possible bias in terms of taxonomic re-
presentation of the target protein database, we would
like to emphasize that the UniprotKB database, from which

the Uniref90 database derives, is now particularly dense
and diverse in terms of animal proteins. By browsing the
“Proteomes” page of the “UniProt” website (https:/
www.uniprot.org/proteomes/), we found that it currently
contains 1,093 animal proteomes comprising more than
10,000 proteins that are distributed among seven large
clades (Chordata, Cnidaria, Ecdysozoa, Echinodermata,
Placozoa, Porifera, Spiralia). Among Ecdysozoa, the
database contains 151 insect proteomes that comprise
at least 10,000 proteins and are distributed in eight
orders (Coleoptera, Dictyoptera, Diptera, Hemiptera,
Hymenoptera, Lepidoptera, Psocodea, and Thysanoptera).
It is thus unlikely that the narrow taxonomic distribution
of B. tabaci plant-like genes we observe in animal pro-
teomes (i.e., specific to Aleyrodidae) is due to a bias in
the representativeness of animals or insect taxa in the tar-
get database. Furthermore, the gene loss alternative hy-
pothesis would posit that B. tabaci plant-like genes were
inherited vertically from a common ancestor with plants
(i.e., the last eukaryote common ancestor [Burki et al.
2020]) and were lost in all eukaryotes but plants and
B. tabaci. A more formal way of assessing how likely hy-
potheses involving multiple losses are compared with those
involving HT have been implemented in studies of interdo-
main HGT (see e.g., Cote-L'Heureux et al. 2022). Here, the
density of plants, animals, and other eukaryote taxa in-
cluded in the UniProt database we have used is so high
that we feel hypotheses involving multiple losses may be
considered very unlikely. Specifically, given the diversity of
good quality eukaryote proteomes available in the
UniProt database (i.e., proteomes with more than 10,000
proteins) and the phylogeny of Hemiptera (Johnson et al.
2018), Metazoa (Laumer et al. 2019) and Eukaryota
(Burki et al. 2020), at least 22 independent events of losses
would be required to explain the presence of the B. tabaci
plant-like genes only in B. tabaci and plants. These losses
would have involved all copies of the exact same gene fam-
ilies and would have occurred recurrently during eukaryote
evolution, including after the emergence of hemipteran in-
sects, in which at least five losses would have to be inferred
based on proteomes available in UniProt (in the Aleyrodidae
Trialeurodes vaporariorum, in Aphidoidea, in Psylloidea, in
Fulgoroidea and in Cimicomorpha). Altogether, these lines
of evidence suggest that as proposed for BAHD acyltrans-
ferases and RIPs (Lapadula et al. 2020; Xia et al. 2021),
the 24 B. tabaci representative plant-like genes (supplemen-
tary data set 4) were acquired by an ancestor of B. tabaci
through plant-to-insect HGT. Regarding the possibility of
phylogenetic artifact, most B. tabaci plant-like genes are
phylogenetically nested within plant genes, but we acknow-
ledge that the topology of our phylogenies may not be
always strongly supported. However, given the absence of
B. tabaci plant-like genes in non-Aleyrodidae animals and
their close phylogenetic proximity to plant genes, their
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acquisition through HGT seems more parsimonious to
envision from a plant than a non-plant source.

Inference of HGT and Gene Duplication Events
in Aleyrodidae

We next examined the extent to which these plant gene
transfers have contributed to the genome of other
Aleyrodidae available in Genbank. We clustered the 24 rep-
resentative MEAM1 proteins with the whole proteomes
from the B. tabaci cryptic species MEAM1, SSA-ECA and
MED, and from T. vaporariorum, the only other
Aleyrodidae available in Genbank at the time we performed
this study. In total, the 24 corresponding Aleyrodidae clus-
ters encompass 138 proteins, of which 131 have best hits
against plant homologs including 45 from SSA-ECA, 35
from MED, and 49 from MEAM1 B. tabaci cryptic species
as well as two from T. vaporariorum (table 1;
supplementary table 2). Protein clustering combined to
phylogenetic analysis shows that at least 24 independent
HGT events are necessary to explain the presence of these
genes in B. tabaci genomes. This number of plant-to-insect
HGT is remarkable given that most HGT events reported so
far in animals (excluding HT of transposable elements) in-
volve genes of bacterial or fungal origins (Wybouw et al.
2016. 2018), with only few cases of gene transfers from
non-fungal eukaryotes to animals (Gladyshev et al. 2008;
Graham and Davies 2021). It is noteworthy that 15 out of
20 clusters are shared between the MEAM1 and the
SSA-ECA cryptic species, indicating that most HGTs likely
occurred before the split of these species, that is, between
5 and 40 million years ago (Santos-Garcia et al. 2015;
Mugerwa et al. 2018). Chen et al. 2019 Genome of the
African cassava whitefly Bemisia tabaci and distribution
and genetic diversity of cassava-colonizing whiteflies in
Africa, Insect Biochemistry and Molecular Biology.

Several transfers were apparently followed by gene du-
plications. The largest cluster, with predicted delta(12) fatty
acid desaturase (FAD) function, comprises 38 Aleyrodidae
members including 15 MEAM1 proteins. Eight of the FAD
genes are organized in a genomic region spanning about
120 kb (scaffold 995: 912,024-1,039,680) which is also
observed in syntenic position at least in the SSA-ECA gen-
ome (scaffold 436: 909,978-1,039,696), indicating that
this hotspot evolved before the split of these species. In
combination with phylogenetic analysis, the amplification
of the FAD genes can be explained by a mixture of local
and distal duplication events post HGT (fig. 1A).

We notice, however, that in the FAD tree, the
plant-related B. tabaci proteins are distributed on two dis-
tinct branches. In addition, the FAD tree is one of two clus-
ters comprising a T. vaporariorum protein, which appears
more closely related to plant than to B. tabaci proteins
(fig. 2A). We reasoned that this tree topology could be

biased by the hit sampling procedure which uses only the
MEAM1 cluster representatives as queries. To address the
monophyly of the Aleyrodidae proteins, we therefore incor-
porated to the initial protein alignment a collection of add-
itional Uniref proteins collected as for the MEAMI
representative proteins above. These proteins were re-
trieved from similarity searches using the T. vaporariorum
protein (Tv08972) and a representative of the second B. ta-
baci branch (Bta04264) as queries against the Uniref data-
bases used in this study (see above and Materials and
Methods). This incorporation of additional hits from the tar-
get database is meant to refine the position of Tv08972
and Bta04264 in the tree. The resulting tree confirms the
monophyly of the B. tabaci proteins and suggests that
the T. vaporariorum protein is more closely related to plant
proteins than to B. tabaci ones (fig. 34). However, when
constraining the tree topology to place the T. vaporariorum
protein as sister of the whitefly group, we could not reject
the monophyly of the Aleyrodidae proteins using approxi-
mately unbiased (AU) test (Shimodaira 2002) with 95%
confidence (P-value monophyly=0.088; P-value uncon-
strained =0.912).

From the initial phylogenetic tree of the second cluster
including a T. vaporariorum protein (Tv15928 in cluster
Bta13961), the monophyly between the latter and the
B. tabaci orthologs is also not supported. We performed
the same data collection as for the FAD tree to enrich the
Bta13961 protein alignment with hits of the T. vaporariorum
protein against the target databases. We observe that,
again, phylogenetic clustering does not support monophyly
at the level of Aleyrodidae, although the T. vaporariorum
protein does not group with close plant orthologs (fig. 3B).
Here, the AU test did reject the monophyly of the
Aleyrodidae proteins with 95% confidence (P-value mono-
phyly=0.0224; P-value unconstrained = 0.965).

In parallel, we compared the protein-coding genes flank-
ing the T. vaporariorum and the B. tabaci MEAM1 homo-
logs and we were unable to detect any synteny between
the two species (data not shown). Altogether, it is difficult to
conclude with confidence whether independent HGT events
of homologous plant genes occurred in T. vaporariorum and
in the common ancestor of the three B. tabaci cryptic species
or whether these transfers instead occurred in the common
ancestor of Aleyrodidae.

Number of Introns and Codon Usage Bias of Horizontally
Transferred Genes

We addressed whether the structure of plant-derived genes
could inform us regarding the nature of the transferred ma-
terial. Indeed, genes are transferred with their introns when
DNA is captured from the donor genome while they are not
in the case of the capture of mRNA-derived retrogenes
(Brosius 1991). Based on the gff3 annotation files of the
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Table 1
Characteristics of Representative Sequences of Each Cluster of Plant-derived Bemisia tabaci Genes
MEAM1 Gene % ID Nb of Nb of K,/K; < 0.5 (Nb of Nb of Nb of TSA Predicted Function®
Representative of with Best Seq. in sequences included in TSA Seq. (>75%
Cluster at 35% ID Plant Hit Cluster the codon alignment) Data cov; >95 ID4)
sets
Bta01560 57.8 9 35/35 (9) 1 1 BAHD acyltransferase
Bta01681 70.2 9 36/36 (9) 7 8 Methyltransferase DDB
Bta02746 49.5 4 6/6 (4) 1 2 Unknown function
Bta04871 63.2 3 3/3(3) 5 8 Nicotianamine synthase
Bta05675 63.3 5 6/6 (4) - Ornithine decarboxylase
Bta06115 72.3 4 6/6 (4) 6 9 Glucan endo-1,3-beta-glucosidase
Bta06453 58.7 38 423/435 (30) 6 61 Delta(12) FAD
Bta07117 65.9 2 0/1 (2) 9 10 Unknown function
Bta07485 66.5 5 6/6 (4) 4 5 Purple acid phosphatase
Bta07668 70.4 3 3/3 (3) - - AAA-ATPase ASD
Bta07786 39.7 6 15/15 (6) 4 6 Phenolic glucoside malonyltransferase
Bta08104 57.6 3 2/3 (3) 9 9 Subtilisin-like protease/Pectinesterase
Bta08293 60 3 3/3 (3) - Chalcone_synthase
Bta08851 76.1 4 3/3 (3) 4 5 Alpha-(1,4)-fucosyltransferase
Bta11221 60.5 4 5/6 (4) - Pectinesterase
Bta11576 70.3 1 NA 8 15 Delta(7)-sterol-C5(6)-desaturase
Bta11842 80.4 2 171 (2) 8 8 Unknown function
Bta13103 28.7 5 9/10 (5) 7 13 Ricin-like
Bta13961 64.5 4 5/6 (4) 5 6 Thaumatin
Bta14372 43.2 6 14/15 (6) - - HXXXD-type acyltransferase
Bta14387 84.3 3 3/3 (3) 8 13 Pathogen-related protein
Bta14404 76.4 2 171 (2) - - Glutelin
Bta14885 61.8 5 5/6 (4) 6 7 Beta-(1,2)-xylosyltransferase
Bta15659 74.5 3 3/3 (3) 3 6 Beta-1,4-N-acetylglucosaminyltransferase

®References supporting a potential role in host-pathogen interaction are provided in supplementary table 2.

three B. tabaci genomes, we found that plant-like genes in
these genomes have an average of 1.8 introns, with 28
genes having 0 predicted intron and 2 genes having a max-
imum of 6 predicted introns (supplementary table 2).
Therefore, we could not observe strong evidence for
RNA-based transfer and the presence of introns in most
plant-derived genes could be interpreted as reflecting a
DNA-based transfer or an RNA-mediated mechanism fol-
lowed by introns acquisitions in Aleyrodidae genomes.
We also used the COUSIN index to assess whether
B. tabaci plant-like genes showed any particular bias in co-
don usage that may further inform us on the way they have
evolved after transfer (Bourret et al. 2019) (https:/cousin.
ird.fr/). Given the age of the transfers and the relatively
poorly resolved phylogenetic relationships of B. tabaci
plant-like genes among plant genes, it was not possible
to identify donor plant species. Thus, we could not compare
the codon preference usage (CUPref) between donor and
receiving (B. tabaci) species as in (Callens et al. 2021) for ex-
ample. We plotted the distribution of COUSIN indexes of
plant-like B. tabaci genes and compared it to that of all
B. tabaci genes. We found that a substantial fraction of
the B. tabaci CDS have a codon usage preference (CUPref)

that differs from the null hypothesis, that is, the distribution
of COUSIN indexes is skewed toward scores of 1 or above
(supplementary fig. 2). However, most B. tabaci plant-like
genes fall among genes that have no CUPref, that is, the dis-
tribution of their COUSIN index is centered on zero
(supplementary fig. 2). One could propose that absence of
CUPref may have facilitated incorporation of these genes
in the cellular environment of B. tabaci. However, it is unclear
whether these genes have no CUPref in the donor species or
whether they evolved toward absence of CUPref through
compositional amelioration after being transferred in the
B. tabaci genome (Koski et al. 2001).

Putative Function of Horizontally Transferred Genes

To search for evidence of functionality of plant-like genesin
B. tabaci, we measured the evolutionary pressures acting
on them by calculating pairwise ratios of nonsynonymous
over synonymous substitutions (K,/K;) between sequences
within each of the 24 clusters. Importantly, these pairwise
K4/Ks ratio are here calculated within each cluster both be-
tween paralogs and between orthologs (between B. tabaci
species). We found that 593 out of the 612 ratios we
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Fic. 3.—Phylogenetic relationships of potential plant-derived genes in Aleyrodidae. Phylogenetic trees showing the Bta06453 cluster, annotated as del-
ta(12) FAD family (A) and the Bta13961 cluster, annotated as Thaumatin (B). In (4), the tree is inferred from the multiple sequence alignment of the cluster
representative sequence (MEAM1 Bta06453), MEAM1_Bta04264 and Tv_08972 with their homologs found across Aleyrodidae proteins and Uniref90 pro-
teins from eukaryotes, prokaryotes, and viruses. In (B), the tree is inferred from the multiple sequence alignment of the cluster representative sequence
(MEAM1 Bta13961) and Tv_15928 with their homologs found across Aleyrodidae proteins and Uniref90 proteins from eukaryotes, prokaryotes and viruses.
The labels for Uniref90 proteins are either species names or the names of the first taxonomic level comprising all the proteins of a specific Uniref90 cluster. The
SSA-ECA proteins are labeled as “Ssa.” The T. vaporariorum proteins are labeled as “Tv"” and indicated by a red arrow. The bootstrap values above 70% are
indicated as magenta disks. The color legend indicating the taxonomy of proteins is indicated inset. For the ease of representation, the trees are presented in a
circular mode rooted at midpoint. Unrooted trees are available in the supplementary figures 1 and 2.
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obtained were lower than 0.5, indicating that most if not all
plant-like genes have evolved under purifying selection in
the B. tabaci species complex. Furthermore, we found tran-
scripts supporting expression of at least one gene for 18 out
of the 24 clusters, often in multiple independent transcrip-
tome assemblies (table 1). Together with conservation
across cryptic species and evidence of gene duplication,
these data suggest that most if not all B. tabaci plant-like
genes are functional.

Interestingly, most of these genes (21 of 24 clusters)
have a predicted function based on similarity with their
nearest plant relative. As for the recently described malo-
nyltransferase (Taguchi et al. 2010; Xia et al. 2021), there
is direct or indirect evidence that many of them are involved
in plant—-pathogen interactions (table 1). For example, the
delta(12) FAD are known to produce polyunsaturated lino-
leic acid in plants, which are involved in response to patho-
gens (Dar et al. 2017). Likewise, members of subtilisin-like
protease and pathogen-related protein families can both
be induced following pathogen infection (van Loonet al.
2006; Figueiredo et al. 2014). Ornithine decarboxylase is
also worth noting as this enzyme synthesizes putrescine
in plants, a polyamine involved in pathogen response
(Rhee et al. 2007) and suspected to be usurped by
Hessian fly larvae to facilitate nutrient acquisition while
feeding on wheat (Subramanyam et al. 2015). In the
same vein, a gene resembling the nicotianamine synthase,
involved in the transport of various metal ions in plants
(Laffont and Arnoux 2020), may facilitate acquisition of
micronutrient by whiteflies. Finally, pectinesterase is a plant
cell wall degrading enzyme (PCWDE) that is also found in
plant and fungal pathogens causing maceration and soft-
rotting of plant tissues. In fact, horizontal acquisition of
PCWDE has already been documented in insects, but the
source of the gene was bacterial (Shelomi et al. 2016).

Discussion

Our study reveals that in addition to bacterial genes, which
repeatedly entered arthropod genomes and fueled the evo-
lution of herbivory (Luan et al. 2015; Wybouw et al. 2016),
numerous plant genes have been acquired through HGT by
B. tabaci, likely contributing to the highly polyphagous na-
ture of this species. Our findings (supplementary data set 1)
agree with earlier studies (Chen etal. 2016; Bao et al. 2021;
Ren et al. 2021) and a recent large-scale analysis (Li et al.
2022) showing that numerous genes of plant but also bac-
terial, fungal and viral origin have been acquired through
HT by B. tabaci. The significant representation of horizon-
tally transferred genes with predicted functions potentially
involved in parasitism suggests that these genes were se-
lected from an important set of transferred genes. Using
the same approach on Drosophila melanogaster, we found
no gene of potential plant origin, showing that

plant-to-insect HGT is not ubiquitous (see also Li et al.
2022) and suggesting that it could be facilitated by specific
vectors in association with B. tabaci. It is noteworthy that
viruses have been proposed to act as vectors of HT in eukar-
yotes (Gilbert and Cordaux 2017; Catoni et al. 2018) and
that B. tabaci is known to act as a vector of dozens of plant
viruses, some of which are able to replicate in insect cells
(He et al. 2020). Our results call for a large-scale evaluation
of plant-to-insect HGT and for a detailed functional charac-
terization of B. tabaci plant-like genes, as is currently being
done for B. tabaci genes of bacterial origin (Wang and Luan
2022), which may further contribute to control this pest.

Materials and Methods

Protein and Genome Databases

The genomes, proteomes and CDS from T. vaporariorum
and the B. tabaci cryptic species MEAM1, SSA-ECA and
MED were retrieved from the whitefly database (http:/
www.whiteflygenomics.org/ftp/). The Uniref90 (U90) data-
base was downloaded on February 1, 2021 (https:/iwww.
uniprot.org/downloads).

Prediction of Plant-derived Genes in Aleyrodidae

We used MMseqgs2 taxonomy (Mirdita et al. 2021) with
three different modes of LCA inference (-lca-mode 1, 2
and 4) to infer taxonomic origin of B. tabaci MEAM1 pre-
dicted proteins against Uniref90 (U90) database from which
Aleyrodidae proteins were excluded. The sequences inferred
as of Viridiplantae origin were selected when ancestry in
plants could be established deeper than genus level, that
is, at least at the family level. The 65 MEAM1 proteins meet-
ing this criterion were clustered using MMsegs when iden-
tity between query and target was above 35% and when
target coverage by query was at least 30% (-c 0.3
--cov-mode 1 --min-seq-id 0.35) resulting in 41 clusters
from which representative sequences were selected. The
predicted proteins from T. vaporariorum, and B. tabaci
MEAM1, SSA-ECA and MED cryptic species were clustered
with the same parameters and the sequences from clusters
containing MEAM1 representative plant proteins were se-
lected. Each of these Aleyroridae proteins was compared
with U90 to confirm or not their plant origin on the basis
of best hit taxonomy (i.e., Viridiplantae or other).

Construction of Phylogenetic Trees

Representative MEAM1 sequences were used to search for
homologs with the MMseqs2 search module against the
following five databases. Four are taxonomic subsets of
the U90 database corresponding to proteins from 1)
Streptophyta; 2) eukaryotes without Streptophyta and
without Aleyrodidae; 3) prokaryotes; and 4) viruses. The
fifth database comprises Aleyrodidae proteomes from
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B. tabaci cryptic species MEAM1, MED and SSA-ECA and
from T. vaporariorum. For each query, the fasta sequences
of the top 10 hits obtained against each database supple-
mented with the 20 (40 in the case of Bta13961) most diverse
hits obtained against Streptophyta were retrieved and
aligned using MAFFT v7.475 (local alignment) (Katoh et al.
2002). Poorly aligned sequences were removed using trimal
v1.4 (-resoverlap 0.7 -seqoverlap 70) (Capella-Gutierrez
et al. 2009), unless this removes the MEAM1 proteins, in
which case, all sequences were kept. The selected sequences
were aligned again with MAFFT (local alignment) and the less
informative columns of the alignments were removed using
trimal (-gappyout). The resulting alignments were used for
model selection and phylogenetic reconstruction using max-
imum likelihood (ML) in IQTREE v1.6.12 (Minh et al. 2020)
with 100 bootstrap replicates. To evaluate whether topolo-
gies placing the T. vaporariorum proteins as a sister of the
B. tabaci proteins would produce poorly supported trees
compared with the ML trees that were obtained, we run an
AU test (Shimodaira 2002) with IQTREE on the constrained
and unconstrained trees using the protein models obtained
for the respective ML trees (LG+R6 for Bta06453 and
WAG + R6 for Bta13961).

Evidence of Functionality

To assess under which selective regime plant-like genes
have evolved after transfer in B. tabaci, we aligned B. tabaci
sequences within each cluster at the codon level using
MACSE v2 (Ranwez et al. 2018), trimmed the codon align-
ment using trimal v1.4 (-backtrans -ignorestopcodon -gt
0.8) (Capella-Gutierrez et al. 2009) and calculated the ra-
tios of nonsynonymous substitutions over synonymous sub-
stitution K,/Ks between all pairs of sequences using the
seqinr R package (Charif and Lobry 2007). The number of
ratios below 0.5 (indicating purifying selection) was
counted and is reported in table 1 and supplementary
table 2. We also searched for evidence that B. tabaci plant-
like genes are transcribed by using all sequences from the
MEAM1 cryptic species as queries to perform blastn (-task
megablast) searches on 12 B. tabaci MEAM transcriptomes
retrieved from Genbank under the following accession
numbers: GAPPO1.1, GAPQO1.1, GARPO1.1, GARQO1.1,
GAUCO01.1, GBIIO1.1, GBIO01.1, GCZWO01.1, GEZKO1.1,
GFXMO01.1, GIBX01.1, GICCO1.1. All transcripts aligning
over at least 75% of the length of the B. tabaci coding se-
guence with at least 95% nucleotide identity were counted
and reported in supplementary table 2. Accession number
and alignment features of these transcripts are provided
in supplementary table 3.
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