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Abstract

Horizontal gene transfer (HGT) refers to the asexual exchange of genetic information between distantly related organisms. Although it is well
acknowledged that HGT greatly contributes to the adaptive evolution in prokaryotes, its significance in shaping the orientation of eukaryote
evolution remains obscure, especially in insect lineages. The massively expanded genomic data appears to be an excellent choice to uncover the
mystery of HGTs in insects nowadays. Here we gather a body of evidence showing the HGT events from three broad donor origins, viruses,
prokaryotes, and eukaryotes, in which most horizontally transferred genes are unlikely to be functional and will be eroded as a result of the
difference of inheritable background between insect recipients and donor species. Nevertheless, particular interests in the prominent role of
insect HGTs in maintaining and acquiring new functionalities have still been raised to underpin their adaptations. Among these, the previously
investigated properties including reproduction regulation, detoxification of plant metabolites, formation of body color, and antimicrobic
immunity are mainly included in different insect lineages. Albeit such cases are just the tip of the iceberg, we demonstrate that HGT drives insect
evolution, especially in coevolution with host plants, and additional explorations into its functions should be given attention in order to access
the complex evolutionary history of insects in the near future.
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Introduction

Horizontal gene transfer (HGT), also known as lateral gene
transfer, refers to the genetic information exchange between
distantly related organisms and spreads across species boun-
daries, which is divergent from the typical vertical inheritance
from parent to offspring. In nature, HGT does not occur equally
among different domains of life. In prokaryotes, as one of the
common evolutionary events, there was abundant evidence of
HGTs in Eubacteria mainly mediated by plasmids('l. HGT is
central to the architecture and evolution of Eubacteria geno-
mes and the recipient lineages benefit from HGT events by
acquiring novel functions responsible for pathogenicity, bio-
remediation, xenobiotic tolerance, antibiotic resistance, meta-
bolic detoxification, and so on2-4. HGT in Eubacteria is mainly
realized by a three-step mechanism: transformation, conjuga-
tion, and transduction.. In contrast, HGT is less common in
eukaryotes. In unicellular eukaryotes, it is generally believed
that foreign genes enter into the recipient through symbiosis,
infection, phagocytosis or other physical contacts, and then
undergo homologous recombination and integration into the
host chromosome. This hypothesis, put forward by Doolittle in
1998, is usually called gene transfer ratchetl. Compared to the
relatively frequent HGT occurrence in unicellular eukaryotes,
the relevant evidence is relatively rare in multicellular eukar-
yotes, and the shifting perception of HGT in multicellular
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eukaryotes occurred in 20071, The authors showed that a large
amount of DNA considered bacterial contamination in the
previous sequencing was part of the insect nuclear genome,
which confirmed the widespread HGT events from bacteria to
insects. In particular, most of the observed HGT cases in
eukaryotes have been derived from bacteria and fungil®l. Albeit
there are multiple reports, the underlying mechanism is still
unclear, and several emerging evidence suggested that it is
likely mediated by transposable elements (TEs) and other
factorsl8l. The most important characteristic of horizontal
transposon transfer (HTT) different from HGTs is that TEs can
move and amplify in the recipient genome, so they may be
more easily transferred horizontally between different species.
For example, a previous pioneering study about HTT has
evidenced that the TEs underwent a horizontal transfer from
Drosophila willistoni to D. melanogaster®. Although the relative
scarcity of HGTs among eukaryotic animals, it has always
aroused a particular interest and been identified in certain
scenarios, especially in insects. Recently, the HGT events such
as those identified from whiteflies and moths have conferred
the insect lineages with stronger survival and reproductive
fitnessl'011], albeit these cases have been documented in a
relatively recent evolutionary event.

It is quite easy and comprehensible to confirm the
occurrence of HGT events by characterizing the genes that are
not supposed to be there. To date, plenty of examples have

Www.maxapress.com/tp
WWW.maxapress.com


https://doi.org/10.48130/TP-2023-0003
http://orcid.org/0000-0003-1391-5333
mailto:yanglei@hainanu.edu.cn
mailto:chu@zju.edu.cn
https://doi.org/10.48130/TP-2023-0003
https://doi.org/10.48130/TP-2023-0003
http://orcid.org/0000-0003-1391-5333
mailto:yanglei@hainanu.edu.cn
mailto:chu@zju.edu.cn
https://doi.org/10.48130/TP-2023-0003
http://www.maxapress.com/tp
http://www.maxapress.com

Tropical
Plants

shown that many HGTs of insects have been derived from
bacterial'™ (Fig. 1). Among these, the bacterial endosymbionts
account for most HGT donors, and the host insects are capable
of acquiring the genomes of bacterial endosymbionts by
genetic integration, which was supported by the fact that
Wolbachia and other endosymbionts colonized the host
genomes of at least 20% of insect species!'?l. In addition to the
symbiont genomic integration via HGT, several examples have
evidenced a single or few gene(s) transfers from bacteria, fungi,
viruses and plants to insect genomes!'%'3! (Fig.1). The horizon-
tally transferred genes have been demonstrated to be impli-
cated in the adaptation of recipient genomes!®, However, due
to the large variations in the genomic structure such as introns
and GC content between insect lineages and candidate donors
including bacteria, fungi, viruses, and plants, the recipients fail
to take up foreign DNA upon most occasions and the newly
acquired genes will be probably inactivated or eroded!'415], As
a consequence, novel functional properties are unable to be
generated in most HGT events from these distantly related
donor species to insects. Despite these obstacles, recently an
accumulating body of research has revealed that several insect
HGTs are likely to become functional, such as detoxification,
bacteriostasis, and promoting insect development'? (Fig. 2).
In this review, we provide an overview of the current advances
in insect HGTs, aiming to integrate newly available examples
associated with viruses, prokaryotes, and eukaryotes to insect
transfers and discuss their nature of functionality (Table 1,
Figs 1 &2).

Detection of HGTs in insects

It is almost impossible to definitely determine an ancient
HGT event occurring in an individual insect. The current gold
standard for identifying an exogenous candidate as the hori-
zontally transferred gene is molecular phylogenetic analysis. In
addition, phylogenetic incongruence, patch distribution, and
sequence similarity are good evidence, but in several cases, it is

* Donors
* Recipients

sojokreny

Fig. 1

Hexapoda .
Orthoptera

Horizontal gene transfers in insects

possible to provide a piece of more solid evidence by
comparing the dS of the candidate horizontally transferred
genes with the host genes. Meanwhile, codon bias and
software are available to perform these analyses and draw a
solid conclusion.

Phylogenetic evidence

To launch the program of HGT detection, a data set contai-
ning homologous protein or gene sequences of closely and
more distantly related species in question should be first
prepared followed by the phylogenetic construction. The
incongruence within a well-established phylogeny can be used
as the criterion to determine a HGT event!'°l. In detail, if a gene
of interest from the supposed species shows extraordinarily
higher sequence similarities with its paralogs from distantly
related species, thus strongly clustering into branches with at
least 60% bootstrap, the HGT is considered reliablel'”). It is
worth noting that there is a disparate detection pattern under
different scenarios. Hereby, the nucleotide tree is more
appropriate for studying a relatively recent HGT due to the
larger variation in sequences, and the protein tree is better for
detecting an ancient HGT event.

However, several potential drawbacks of this evolutionary
inference have arisen and one of which is a lack of strongly
supported evidence in phylogenetic reconstructions between
the putative horizontally transferred genes of the candidates
and these paralogues of the supposed donor species. For
instance, the sequence with a short length is a case in point and
such phylogenetic analysis based on these genes will generate
an ambiguous tree with poorly supported bootstraps!'el. A
similar situation possibly happens when an extraordinary tree
emerges due to an unusual evolutionary rate or mode of the
putative horizontally transferred genesl8l. This implies that a
certain amount of HGT events are missed via the phylogenetic
analysis. In contrast, some artifactual HGT events underlying
strongly supported phylogenetic branches are likely to be
falsely identified due to their different evolutionary selection
pressures relative to native genes®. Moreover, it is difficult to
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lllustration of HGTs from other organisms to insects described in the main text. Blue and red represents the donors and recipients,

respectively. The tree is designed only for illustration purposes merely explaining the donors and recipient insects that have undergone HGTs
and is unable to accurately reflect a true phylogeny, which is modified from previous studies!" .,
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Fig.2 An overview of HGTs in insects and mainly available examples associated with their functions. Part I: 'Donors' represent several groups
providing the candidate horizontally transferred genes. 'Recipients' represent the nine insect groups that have received the horizontally
transferred genes from donors. Part Il: The molecular process of horizontal gene transfer. Part Ill: The most obvious examples of insect HGT

events that have acquired novel functions.

distinguish a HGT event from an ancestral gene duplication or
differential gene loss in diverse lineages under circumstances
of inadequate taxon sampling!'8-2'1. Nonetheless, phylogenetic
analysis is still considered the most compelling method to
identify HGT events.

Genome-related evidence

Aside from phylogenetic analysis, another approach greatly
relying on a wealth of sequenced genomic data can be applied
to detect insect HGTs, and this detection tends to become
more effortless with a higher assembly quality of many insect
genomes throughout the last few years, thus contributing
greatly to the recognition of ongoing HGTs!'%22], A sense of the
possible scope comes from the comparisons of gene structure,
codon bias, and nucleotide base frequency in recipient geno-
mes with those of closely related species!'l. This methodology
has been initially developed to estimate the possible HGT
events in bacterial?324, which has since been used in insect
HGT detection. The optimal choice is probably the joint
assembly of an assumed horizontally transferred gene with
genes on a single genomic scaffold, in conjunction with

Xing et al. Tropical Plants 2023, 2:3

obtaining active intronsl'4l. One of the most well-known cases
was that the bean beetle X chromosome was embedded with
at least a 11 kb fragment of DNA of the donor Wolbachia,
leading to the premature termination of transcription and
frame-shifting mutation of the coding regions of inserted
DNA), However, we should pay special attention to the
symbionts or microbial contamination because of the difficulty
in discriminating these interferences from very recent HGT
events[26-28],

No remarkable difference in the codon usage pattern of
coding DNA sequences has been observed within the genomes
of intraspecific species, in contrast to the relatively large
variations in interspecific species!'629, Thus, a HGT event can
be alternatively detected by determining a different codon bias
within the genomes of a range of candidate recipients. Further-
more, conversions in nucleotide base frequency between
adjacent sequences, such as higher GC content, imply the
insertion of a gene or non-coding region from candidate
species into recipient genomes!'. However, this appraising
method can only identify relatively recent HGT events and fails

Page3of12



Tropical
Plants

Horizontal gene transfers in insects

(PanuRUOd 3q 03)

SDYIUAS

[0/] 10]02 Apoq JO uolew.lo puD aspiNDSap ploudl0ID) spiydy € sndoziyy ‘sasfworAyd :s9193Awo0bAZ
[s/] 95UDJIP J1qOIIWNUY auab bunbadDLUI dUWOSOQIY wnJoupodpA sapoInapii | sa1>ads paulspun :3ueld
SI|DPOS ‘DIIDI3S ‘Djau0siD) selid)deqodjoad
[#5] wisijogelaw ajeipAyoagied sauab gz 2 14312 SN23050UD|d -4 ‘p1yd>pgIO/ *eld)deqoaloid-v
asuodsai
9suUdap pue ‘uodsuen
[zs] ‘wsi|ogelsw pide oulwy PpA*qu ‘rwsi ‘wd ‘Hbip pisnuaA pjjAsdAysoq Djjauosip) terid)deqoajoad-4
Dpjjauosip) seld)deqo0ad
[L5] sisayluhsolq uinejoqry oqu 1310 bunioydpig -4 'snjppipup) rea)deqoayoad-g
[s/] 95UJIP J1qOIDIWNUY auab bunbadLUI dUWOSOqIY
uonesljIxolsp (LOWdHG)
[L1] 9pIs02A|6 d1jousyd asp.iajspay|Auojpw apisodn| 12bqD} DISIWAg sa1>ads pauldpun :3ueld
aspIN3DSap pub aSLYIUAS
[L/] 2U203Ayd $a2AW02Ayd 40Ny ‘D3jsaxyp|g :s2332KW0bLZ
SDYIUAS $3a2Awo02Ayd :s9393AW0bBAZ
[z€] 10|03 Apoq Jo uolew.o pUD 35DINIDS3P PIOUII0IDY) !sadAwojjAydoyiupy :sa3adAwoseyddes
asuodsai
[05—8+ 9suaap pue ‘uodsuen pvdiy ‘Hdy piauydng serid)deqoaload
‘St ') ‘WwisIjogedW pIde oulwy ‘Iouq 'sA1q ‘qiwy ‘vdj "yop| eio1diwaH wnsid uoydisoyifoy -4 ‘piIyopgIOo/) serId)deqOo30Ad-D
supnwis *q ‘ijjaysas
[s1'g] pauyapun ' ‘absspupup pjiydoso.q ‘snipiaspjanbuinb suaidid xajn>H
[L¥'97] ydq) ‘dsm "YNYI S9 | SUD}ISIOU SUD}ISIOW DUISSO|D
VAd! mnu absspubup pjiydosoiq
snipbispganbuinb
[ov] pauljspun 881¥0073vY '181¥0013VY suajdid xajn) ‘sisua.pdspw 'y ‘3dAbav sapay DIY>LGIOM ‘elid)deqoaroad-v
ppijjpd °s 'p)IbIU “1u
(gapd) 'S ‘DAL bzAW03dDIS *ap2Isiad | ‘1spIa2 snzAyy ‘prabwiLd
[z8] S9lWUR 1sulebe asuayaqg g uixo} buipuajsip |py13j03f) ‘g 'pivunadIq *q ‘sadiwlipiq *q ‘absspbupbup pjiydosoiq Z-35dY :9beydoniaideg
[69'89] 9SUDJIP J1qOIDIWIUY auab bunbaidLUl dWOSsOqlY snjpiaspyanbuinb xajn> ‘13dAbab sapay XLyjodAjoy ‘xuyjop) ser13deqouekd
aspINIDSap pub ISLYIUAS 103on43s3p pjonaAbyy
[L/] 10]02 Apoq JO uoew.lo 2U203AYd es1dig ‘najndod snioydojiy?) ‘vIJIuU0QIDI DIAWOIAISY  SIIAWO0IAY “J0dNy ‘DI|saxD|g :s2132KWwobAZ
(€] souab | € SNIDUI}D SNUIDYIOUOY
[9€] sauab /g
[szl pauyapun dsm SISUAUIYD SNY2NIQOSOjIDD pIY>LG[OA) selId1deqodloid-v
[£9] s1A3] snioydouayds
[+9] asppisoupinjo3dniy-g siuuadjup|d snjby
[€1] (LNVWYH) aspubuubyy 1adwby snwauayjodAH
[z9] (L LHD) aspjoipAy |As02AjD aD1ID3JY20> UOPaLYd 1312DQIUIPaJ3 | ‘0LQqIAJ3) ‘elid)deqoalold-d
(8ZHD pue ‘8yHD
[s9] 'SHD) aspjoipAy |As02A1D DI3J1bIIA D21J0IQDI] sa1dads pauyapun :16uny pue eua)deg
apzAi0 snj1ydoyis 'aqo.is sapossid ‘abLID3|Y203 UoPavYd
‘DIDAUI|WIIAP DSIDIOUIIdaT ‘DINPLIA DSAYdoIISDD
(d) aspuoinidpjpbAjod ‘eta41biiA 21101qDIQ ‘aps0Japuod snU03I0ipuUJ ‘DINW.]
[z/] wsijogelaw a1eipAyoqied) buippibap-ui1>a4 ©191d0o3|0)  pjaWOSsAIY) ‘snipjndpw sNY>n1qosojIp) ‘pa1uodpf puordy sa1Dads paulapun :s9393AWwo0dsy
ERVEIETEN] K1ob633ed [euoiduny dweu auan uaididay louo(

*S109sU] Ul S9USH paldysuel) A|jeauozioy oIy L 3jqeL

Xing et al. Tropical Plants 2023, 2:3

Page4of 12



Tropical
Plants

Horizontal gene transfers in insects

snjAdis bapiojAdis
'SIWd3ID SNINWDY '123nyds bwsbydniad ‘DIDIUPDIIXD

[£9'99] wsijogelaw aeipAyoqied)  (asbuipdad) aspjoipAy |Aso2A1D e3pPOIRWSeYd  D3apIOINDPaJ ‘WNIDIDI} DWOSOIDIXT 'SNWLII3ASD UOD)aIY D3a0JUD ‘DIIN3IDI selid3deqodjoid-4
[87] pauyspun auab pisdps sourpyy esa1doyuo snjajpipd snddiyiioy>H pIY>DG[O) *eld)deqodroid-v
[8/1 95UDJIP J1qOIDIWIUY uIusbn sijp1o331| baa3dopods SNJIN02DIQq IDALIDY DIS2]0)) :S3SNJIAOdRIYG

(6€1€8€501D07T)
[0L] Joineyaq diysunod asbuaboipAyap joyod|y pLd}SIT HjpIdRg
[66] UOoI1eD1}IX013P D101\ (LEHD) aspjoapAy |Aso2A1D D|2150JAX DJj21N|d $N32030.23u7 :1jjeyg
sapads
671 spioyiseled Jsuiebe asuayaq (4)d) 403004 buljy pioyispipd pia)dopods ‘siy10ijaH ‘pdiaA0dIjaH  pauldpun isniiAxod ‘snilnojndeq ‘SniIA0dSY
sasfwoupjp] :s9333Kwodsy
DIIDIIAS 'SDUOWOPNASJ ‘elid)deqoaloid-i
‘winu23o0qojAyiapy sera3deqoayoad-o
!pLId}SIT 'sn|j120qQo1dDT]
[09] sauab oz auawod[aw SNJUodIaH  'sn23020423u3 ‘snjjidpg ‘snjj1PpqoRAdNY sijjIdey
sasfwoupjp] :s9333Kw0dsy
'DIUISIDA 'DIIDIIBS
‘SbUOWOpPNasd ‘viuimig seridydeqoajold-4
'DIS1IANIIY ‘WiNLI21dIPqOIAYIa) telid1deqoaloid-v
UO13edIJIX013P pue !sN22050)da.1S

[09°65] wisijogelaw a1eipAyoaguied sauab gz snddixajd snoubg ‘DLI}SIT 'SN22020433U7 ‘snjjIdbg :NjjIdeg

[£5] pauyapun asbuabAxoig spuowopAwpjy> :aeadkydoiojyd

sasfwoupjp] :s9333Kw0dsy

'DIIDIISS 'DJ]2UOWIDS 'SDUOWIOPNISH ‘DI2UBPIAOIY

‘snpqby.ojoyd ‘vjjaispipmp3 :erd)deqoayoad-i

‘DIYIDG[OM

‘wnia1o0qojAylapy seraydeqoajord-v

$N220203da.43S ‘D1IAISIT

[09-85] UO11eD1§IX013P DI|OgRIDIN sauab 7 'SN320303907 ‘SN23030433U7 ‘snjjIdbg :jjIdeg

sniinolpayLkjodosjpnu

D2IUIOJIDI bydpiboIny SnIIAOINdRY

‘p1ID.IS telid)deqoalod-4

[ss] asuayap |ebunyuy (6LHD) aspunIyD How xAquiog ‘snjjpog peg
ppJadibniy pizydopods ‘bjja1oundiayul
DIpPO|d ‘snyinx *d ‘uobydpwi “d4 ‘snonp|b oljidod

uo11eDIIX0IDP PlOjeY|e pUR ‘auawiodjaw snIUOJIjaH ‘pIUd02 juouny ‘snddixajd snoubg  DIUISIdA ‘Djjauyby ‘Dadapa) selid)deqoajoad-4

[L9'9g] wisijogelaw a1eipAyoquied asppisoupinjoidniy-g ela1dopida ‘Llow xAquiog ‘bupufup snjaA21g ‘pjja3isupi} siopAwy ‘snjjpog ey

[08] pauyspun uoiljoH SI[DIS2A DIS2]10) SNJIA0DDIQ SI|DISIA DIS3]0)) :SdSNIIAOdRIG
pip)bIp

[6£'8¢'8] sisauabofiqug  auab buruipuod-1padai utifyuy DIQONI[a\ ‘StuuadLIA N ‘Siu1021buoj N “13jnpib DIUOSDN DIYODGJOA) seLIdIdeqodloid-0
sadn. sidajoin ‘abboydoo.ps sisdojpwoydii] ‘wnsonaid
pwiwpiboydLi] 'sndipup|paz snboydapuiydp] ‘snipua 's
‘luosawpd bIbupipds ‘siuuAdALIIA "N ‘DpI2UQ "N ‘3 INvIIb "N
‘siu1021buo| biuospp ‘1o3dpajun |y ‘snjja03dp. |y ‘403dp.

[£/1 9s5udyap [eBbuNyIUY (6LHD) aspbunIy> eia1douswAy xXpanjipiasnyy ““dds piqoijapy ‘Winubplio bwosopido) Djjazoy :sa3@dAwolpikyd

ERVEIETEN] K1oba3ed jeuoipun4 dWeu auan wa1dday JouoQ

(panunuod) °L3jqeL

Page5of 12

Xing et al. Tropical Plants 2023, 2:3



Tropical
Plants

to estimate an ancient HGT event due to the ameliorated
nucleotide base composition and undistinguishable signal of
exogenous segments in the recipient during a long-term
convergent evolution23031],

Functional evidence

Transcription is necessary to function, and the straightfor-
ward evidence for determining the functionality of a
horizontally transferred gene in insects is the transcription of
MRNAs. To characterize the sequence and abundance of
candidate transcripts, in situ hybridization has been extensively
used. An excellent example was that a Wolbachia gene bound
to a unique location on the host insect chromosome using
fluorescence in situ hybridization (FISH) and Southern
blotting!726:271, However, the Wolbachia transcripts integrated
into recipient genomes contained many pieces of pseudo-
genes, leading to the ambiguity of their function!®. As a parallel
measure, RNA-sequencing has also been used for detecting the
transcription of possibly horizontally transferred genes, and the
tissue-specific expression along with quantitative verification
was likely to clarify their functionalityl'46], Nevertheless, the
gold standard for determining functional HGT is the pheno-
typic evidence correlated with expressions of proteins. Taking
the pea aphid for instance, the horizontally transferred genes
encoding enzymes for carotenoid biosynthesis were abun-
dantly expressed in red individuals, thus playing a crucial role in
the formation of body colort32l. Overall, these examples provide
irrefutable evidence of the functional HGT events in insects.

HGTs from prokaryotes to insects

Most exogenously prokaryotic DNA inserts into insect
genomes can be divided into two scenarios: endosymbiotic
and non-endosymbiotic origin. The endosymbionts to insect
HGT is probably more common for the reason that endosym-
bionts are more constant and in close proximity to the cells of
host insectsl. A great deal of HGT events have been well-
established, and suchlike transfers are of vital importance to
the evolution of insects.

Wolbachia to insect HGTs

In the case of the vast majority, endosymbionts to insect HGT
seems to be originated from Wolbachia as yet, a member of
Rickettsiales belonging to a-proteobacteria. Wolbachia has
colonized various insect species (at least 20%), such as
Coleoptera, Diptera, Hymenoptera, and HemipteraB3334, The
maternal inheritance of Wolbachia via cytoplasm created an
excellent opportunity to integrate candidate genes into the
genomes of host insects, thus acting as an ideal donor for
HGTB5], An engaging discussion about the maintenance of HGT
events from Wolbachia to certain insect species has always
been addressed. We now turn to the cases of HGT events from
endosymbiotic Wolbachia origin to recipient insects.

The first example of Wolbachia to insect HGT was described
in detail in the adzuki bean beetle Callosobruchus chinensis,
where a genome fragment including a gene encoding
Wolbachia surface protein (wsp) was transferred into the X
chromosome of the recipient insect!25], This is the early experi-
mental evidence illustrating the HGT event between Wolbachia
and the host insect. Subsequently, investigations through PCR
detection and Southern blot confirmed that 57 genes derived
from Wolbachia were integrated into the C. chinensis nuclear
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genome, albeit the transcriptional levels of ~50% genes were
relatively low followed by being evidenced using FISH
analysisB%l. A parallel work based on exhaustive PCR surveys
and FISH analysis determined that 31 of 214 Wolbachia genes
were transferred and located on an autosome of two popula-
tions of Cerambycidae Monochamus alternatust®’). Besides, in
Chorthippus parallelus, it was also found that at least 448 and
144 kb of DNA fragments from two discrete Wolbachia
supergroups, B and F, were integrated into the nuclear genome
of host grasshoppers, and FISH indicated endosymbiotic
genome inserts in host chromosomes[?8l. Remarkably, it was
the first case of scanty HGT events discovered in orthopteran
insects.

A survey conducted by Hotopp et al. comprehensively
examined 20 insect genomes for potential endosymbiont
Wolbachia to insect HGTs and provided credible evidence of
such transfers in dipteran and hymenopteran insects, including
D. ananassae, Nasonia giraulti, N. longicornis, and N. vitripennis
by combining PCR, high-throughput sequencing and fluore-
scence microscopy analyses. However, the inserted fragments
ranged from nearly the entire Wolbachia genome (> 1 Mb) to
short fragments (< 500 bp) and some of the horizontally
transferred genes were transcribed within cells of antibiotic-
cured insects, confirming the occurrence of insect heritable
HGT eventsl’. Subsequently, genomic and evolutionary
analyses performed by Werren et al. demonstrated that three
Nasonia lineages, N. giraulti, N. longicornis, and N. vitripennis,
acquired one or more laterally transferred genes encoding
ankyrin repeat-bearing proteins from Wolbachia origins by
duplication and divergence, their transcriptions during various
stages of both sexes were verified by EST or tiling microarray
analysesB38l. A more recent example of the HGT event from
endosymbiotic Wolbachia to insects also comes from the wasp
superfamily Chalcidoidea, it has been revealed that a large
family of ankyrin domain-encoding genes originated from
Wolbachia underwent a complicated evolutionary history with
multiple instances of HGTs, and these transferred genes were
ubiquitously expressed throughout the embryos acting in
patterning, morphogenetic movements, and relative timing of
N. vitripennis and Melittobia digitata embryonic eventsi39,

In dipteran insects, take two Aedes species, A. aegypti and A.
mascarensis, for instance, the HGT events, involving two adja-
cent genes and their homologs, were respectively identified
from Wolbachia symbiotic bacteria origins, and the expression
of these genes was analyzed by qPCR and microarrayl“ol,
Similarly, Doudoumis et al. performed a series of PCR detection
using 16S rRNA, wsp, and fbpA gene markers to identify
potential HGT events, in which genes of Wobachia origins were
inserted into the nuclear genome of tsetse fly Glossina
morsitans morsitans®®', A further study from Brelsfoard et al.
validated the two large insertions of Wolbachia DNA in the
genome of G. morsitans morsitans, and southern blot combined
with FISH analysis revealed that these insertions located on the
autosome and sex chromosomes, however, most horizontally
transferred genes present in the insertions were unable to be
transcribed(26l. Furthermore, on the basis of re-sequenced
genomes of three D. ananassae lines, the copy numbers of
Wolbachia DNA transferred to the host nuclear genomes were
determined followed by the detection on host chromosomal
localization using FISH analysis, and the result revealed that
different parts of these HGTs varied a lot in different lines,
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suggesting their varying degrees of evolutionary selection
pressures?’l. A follow-up study conducted by Choi et al.
systematically characterized the integrated fragments of
Wolbachia colonizing D. ananassae using genome sequencing
involving 15 strains, and at least two copies were observed in
most of the integrated regions, implying widespread double or
duplicated integration of Wolbachia DNA in dipteran recipient
genomes!'sl,

Other endosymbionts to insect HGTs

As a commonly symbiotic partner within host insects,
Wolbachia endows hosts with favorable effectsB4. In parallel,
the mutually endosymbiotic relationships underlying the
aforementioned HGT events have also been highlighted
between various bacterial lineages other than Wolbachia and
host insects[4243], Here we provide extra examples to introduce
the endosymbionts to insect HGTs other than Wolbachia, thus
deeply advancing our understanding of the adaptive evolution
between endosymbionts and host species.

It was first discovered that aphids harbor an obligate
mutualist, Buchnera aphidicola (y-proteobacteria), and encoded
genes from this heritably bacterial origin344, assuredly
supporting the horizontal transfer of ancestral symbiont genes
to insects. Several lines of evidence including Southern blot
and gPCR analysis confirmed the presence of these genes in
the aphid genome along with their high expression levels in
the bacteriocyte. Similarly, it was further demonstrated that
aphids acquired these laterally transferred genes, IdcA and ripA,
from a rickettsial bacterium Buchnera, closely related to
Wolbachia, responsible for the provision of nutrients>l. Pre-
viously functional investigations based on these genes indi-
cated that /dcA encodes a carboxypeptidase essential for the
recycling of cell wall polymer mureint, while ripA encoding a
lipoprotein worked in tandem to degrade peptidoglycant’l,
The ongoing investigations via whole genome sequencing,
phylogenetic and experimental analyses suggested that the
pea aphid Acyrthosiphon pisum acquired 12 genes or gene
fragments including three IdcAs, five rlpAs and four other
metabolic genes from the genome of its symbionts Buchnera,
suggesting a set of duplicated events of the transferred genes
in the context of aphid-Buchnera symbiosis, and among these,
at least eight genes appeared to be responsible for the
synthesis of numerous essential amino acids which were highly
expressed in bacteriocytes*®49, The intimate symbioses
between bacterial lineages and host insects have repeatedly
evolved, and Nakabachi et al. reported the first case of
organellogenesis from the endosymbiotic origin in symbiont-
insect systems. It was found that a horizontally acquired gene
of aphid A. pisum encoding a protein RIpA4 was derived from a
bacterium other than Buchnera and the specific expression in
the maternal bacteriocyte was analyzed and verified by
immunoblot and immunomicroscopy, which was transported
into an obligate endosymbiont Buchnera®,

Apart from aphids, the Asian citrus psyllid Diaphorina citri
harbors two distinct obligate symbionts, a nutritional symbiont
Carsonella (y-proteobacteria) and a defensive symbiont
Profftella armatura (B-proteobacteria)l>'l. The genomes of
symbiotic Profftella lost a ribC gene required for riboflavin
biosynthesis that was horizontally acquired by host D. citri,
reflecting an ancient HGT event and their mutual genome
communication for functional complementarity>'l, To disclose
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the parallel histories of such HGTs in other sap-feeding psyllids
also harboring a symbiont Carsonella, the gene contents along
with their expression patterns of Carsonella were analyzed in
host Pachypsylla venusta and a remarkably similar set of
laterally transferred genes integrated into the host genome
were detected2. Phylogenetic analysis placed these genes
with the orthologs of Carsonella origins into a monophyletic
group, strongly supporting that Carsonella acted as a donor of
HGT. Also, several acquired genes appeared to be derived from
groups with very common endosymbionts, including Rickettsia
and Wolbachia, suggesting that these candidates were from
multiple donor lineagest2. In a previous study, most of these
genes were dramatically transcribed in psyllid bacteriomes
housing Carsonella ruddii, possibly making up for the gene
losses in the endosymbiont genome, and further functional
inferring based on metabolic pathway annotation and gPCR
analysis indicated that these transferred genes were required
for the biosynthesis of arginine and phenylalanine pathways[>3l.
In contrast, a study implicated in bacterial genome sequencing
and phylogenetic analyses detected that at least 22 genes of
the mealybug Planococcus citri had histories of horizontal
transfers from diversely facultative symbiont origins, mainly
including Wolbachia, Sodalis, and Serratia®. Analogous to
psyllid recipients, the ongoing transcriptome analysis recorded
greater expression values of these horizontally transferred
genes in mealybug bacteriomes as well, and a strikingly similar
range of functions contributing to the biosynthesis of essential
amino acids, vitamins, and biotin were shaped by independent
HGT events from endosymbiont origins to two hemipteran
insectsl>4, Taken together, these cases are living represen-
tations of the HGT events crucial for driving the co-evolution
between bacterial mutualists and their host insects.

Other prokaryotes to insect HGTs

In addition to the widely known HGTs from endosymbionts
to insects, there is a growing body of literature that recognizes
the importance of HGTs sourced from non-symbiotic bacteria
conferring great benefits on insect recipients. As exemplified in
a representative insect of Lepidoptera, Bombyx mori, sequence
alignments combined with phylogenetic analyses placed the
genes encoding chitinase and f-fructofuranosidase with the
bacterial paralogs, respectively, derived from Serratia and
Bacillus, into one cluster!5556l, The location of chitinase on
silkworm chromosome 7 was confirmed by Southern blotting
followed by the stage- and tissue-specific expression profile
examinations using Northern blotting, implying its potential
antifungal activity®®>l. Simultaneously, the accumulation of g-
fructofuranosidase transcripts in silkworm midgut was shown,
and the protein immunofluorescence localization within the
midgut goblet cell cavities along with the determination of
enzymatic activity substantially demonstrated its unique
attribute of detoxifying alkaloids highly toxic to insects that are
unlikely to feed on mulberry leaves!>, The next genome-wide
screening combining phylogenetic analysis defined most
horizontally transferred genes in B. mori as entomopathogenic
bacterial origins, such as Bacillus, Enterococcus, Lactobacillus,
Salmonella, and Serratia, and further biochemical pathway
prediction based on EST checking and microarray expression
signals categorized these genes into several functional groups
indispensable for physiological processes, especially in meta-
bolic detoxification7:58], Follow-up comprehensive supple-
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mentary analyses involving four insect genomes, including B.
mori, Danaus plexippus, Heliconius melpomene, and Plutella
xylostella provided solid evidence of the occurred HGT events
within lepidopterans, which supposedly participated in
xenobiotic metabolism9.60],

The duplication or loss events of horizontally acquired genes
seem to have independently occurred in different insect
species, thus widespread in lepidopteran but sporadically
occurring in coleopteran and hymenopteran, possibly to better
adapt to the recipient genomes®'l, On this basis, Dai et al.
performed a comprehensive evolutionary analysis of f-
fructofuranosidase genes acquired from bacterial origins in two
lepidopteran insects, B. mori and Papilio xuthus, and found that
these genes embedded in different insect recipients were all
highly expressed in larval silk gland and midgut. There was a
marked divergence in the enzymatic properties of p-
fructofuranosidase in breaking down sucrose mortierellate, and
the loss of function mutant generated by CRISPR/Cas9
displayed a delayed insect development and an impaired
ability to detoxify alkaloids, indicating its functional diversi-
fication including metabolic and digestive adaptation(®'.,
Recently, a breakthrough dedicated to the comprehensive
screening of HGT events in 218 insects had been made in which
the authors found that these insects laterally acquired more
than a thousand genes with a diversity of functions from
prokaryote donors via 741 disparate HGT events!'?, It was
especially noteworthy that the average highest acquired gene
numbers were recorded in lepidopteran recipients, and further
in-depth functional excavation based on the prevalent HGT-
acquired alcohol dehydrogenase gene (LOC105383139) in
diamondback moths, P. xylostella, indicated that the acquired
gene from a bacterial donor Listeria resides in the autosomes
and contributed to male courtship behaviorl'9, Altogether,
these horizontally acquired genes embedded in the genomes
of moths and butterflies provide a novel insight into their
potential contributions to ecological adaptability in recipient
insects.

In coleopterans, a previously non-reported bacterial gene
(HhMANT) encoding a typical glycosyl hydrolase, mannanase,
hydrolyzing coffee berry galactomannan was first identified in
the genome of coffee berry borer beetle Hypothenemus hampei,
which was species-specific and unable to be detected in
genetically close species, and its universal presence in
individuals of a broad geographic collection spanning 16
countries indicated an ancient HGT event('3l. As one of the
prevalent donors of adaptive genetic materials, bacterial genes
have continually been found in many other coleopteran
lineages. In mustard leaf beetle, genes from bacterial origins,
glycosyl hydrolases (xylanases) were also found in the genome
of Phaedon cochleariae, further evolutionary evidence and
enzymatic activity analysis suggested that P. cochleariae
originally acquired these genes from y-proteobacteria Cellvibrio
and Teredinibacter required for degrading xylan through the
best-known mechanism, HGT®2.. Also, take emerald ash borer
Agrilus planipennis and sugarcane weevil Sphenophorus levis for
examples, genes encoding S-fructofuranosidase were charac-
terized in two insect genomes and qPCR analyses revealed their
peak expressions in digestive apparatus and midgut, and
phylogenetic analyses indicated that the g-fructofuranosidase
of A. planipennis and S. levis were closely similar to the paralogs
of Firmicutes groups, such as Citrobacter, Enterobacter and
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Klebsiella, suggesting the bona fide cases of HGTs in
beetles6364, Further analysis combining enzyme assays and
chromatography indicated the p-fructofuranosidase of A.
planipennis could hydrolyze raffinose and sucrosel®3!. Likewise,
next-generation sequencing and assembled transcriptomes of
western corn rootworm, Diabrotica virgifera, indicated the
exclusive presence of three GH family genes (GH45, GH48 and
GH28) in Chrysomeloidea and Curculionoidea superfamilies,
demonstrating their lateral acquisitions from candidate donors
and probably representing an adaptation to a specific
ecological niche for phytophagous beetles!65!,

More particularly, six diverse stick insects belonging to
Phasmatodea horizontally acquired the glycosyl hydrolase
encoding genes, pectinases, from bacteria, which were highly
expressed in the anterior midgut based on transcriptomic data
analysis(®l, A more recent study conducted by Shelomi et al.
also clarified the evolutionary origins of the horizontally
acquired pectinases in stick insects and found that the donors
of these transferred genes can be traced to Proteobacterial7l. It
is quite reasonable to assume that these genes have
contributed to degrading plant cell walls into monomer
components and increasing digestive efficiency. In mosquitoes,
Lapadula and colleagues recently reported definite evidence of
the horizontal transfers of ribosome inactivating genes in A.
aegypti and Culex quinquefasciatus and experimentally con-
firmed their transcriptions in different developmental stages.
To unveil their phylogenies, an integrated study combing
taxonomic distribution evaluation and phylogenetic inferences
was conducted, supporting that mosquitoes acquired these
genes from a cyanobacterial donor species via a HGT
eventl®869, However, there are still many unanswered ques-
tions about the potential physiological functions of these
horizontally transferred genes. Given all evidence mentioned
so far, one may suppose that the prokaryote to insect HGT is a
potentially critical source of genetic materials for shaping novel
functional characteristics in lineage-specific recipients.

HGTs from eukaryotes to insects

The continuing tracking of diverse gene origins and a large
number of complicated phylogenies have led to a solid
conclusion that many genes have indeed undergone horizontal
transfers from eukaryotic origins to insects, albeit it has been
highly underappreciated during the past decades. However,
several pieces of evidence have re-attracted much attention
recentlyl'911.221. Of burgeoning significance is the accumulation
of cases describing HGT events from fungi and plants to insect
lineages, which contributes to figuring out their functional
properties.

Fungi to insect HGTs

To date, several genes derived from fungi have been
transferred to insect recipients, and the earliest case of such
transfers has been elaborately described strikingly in aphids. It
is widely known that the carotenoids biosynthesis pathway is
absent in arthropods including insects, but indispensable for
various physiological functions such as pigmentation. Moran &
Jarvik found that multiple genes encoding carotenoid
desaturases and synthases were integrated into the genome of
pea aphids, which were required for the carotenoid biosyn-
thesis in A. pisum. Further evolutionary analysis indicated that
these genes discovered in aphid genome underwent horizontal
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transfers from fungal origins along with gene duplications, and
the generation of desaturase deficient mutants resulted in the
loss of torulene in aphids, thus displaying a phase transition
from red body to green!32., Subsequently, a more elaborately
comparative analysis based on sequences of 34 highly diver-
ging aphid lineages together with fungal sequences retrieved
from databases supported a shared origin of the horizontally
transferred desaturases from fungal species of Mucoromycotina
and their copy numbers varied widely from one copy to seven
copies in different aphid species, obviously diverse from the
consistently single copy in fungal genomes!”%., These acquired
genes of fungal origins combined with their expression pro-
filing were in good accordance with the carotenoid biosynthe-
sis in different aphid lineages.

In dipteran insects, the carotenoid-related genes residing in
the genomes of gall midges were also detected, which were
homologous to fungal genes, and further phylogenetic analysis
showed that these homologs from fungi lineages were laterally
transferred to insect recipientsl’l. As a pivotal innovation, the
cross-species HGTs associated with carotenoid-related genes
may account for the strong environmental adaptability of
phytophagous insects and facilitate their extensive diversity
across plant lineages. Sporadic occurrences of HGT events from
fungi origins were also discovered in a wide range of
lepidopteran species including B. mori, D. plexippus, and H.
melpomene, and a transferred gene encoding dioxygenase was
simultaneously identified in three recipient species, implying
ancient HGT events(®l, One more particularly fascinating case
comes from herbivorous beetles, on the basis of an increasing
number of genomes of leaf beetles and weevils in which the
genes encoding pectin-degrading polygalacturonases were
embedded, Kirsch et al. subtly analyzed the evolutionary
origins of polygalacturonases using the transcriptome data of
10 beetles by comparing with their counterparts including
bacteria, fungi, and plants, demonstrating that these genes
shared a common ancestor, the ascomycetous fungi. Further
heterologous expressions of polygalacturonases and enzymatic
activity assays indicated these orthologues were a set of
lineage-specific enzymes in degrading pectinst’2l. It is notable
that a previously recognized source of parasitoid genome
innovation has also turned out to be the HGT event. In detail,
the genomes of 15 Chalcidoidea wasp species respectively
encoded a chitinase venom gene (GH19), and phylogenetic
analysis placed these genes with paralogs derived from Rozella
allomycis into one clade, indicating an occurrence of the HGT
event’3l, A remarkable accumulation of mRNAs was further
recorded in the venom glands of half of the species harboring
this gene, and in-depth RNAi analysis in the model wasp N.
vitripennis disclosed that it incorporated novel function
involved in antifungal defense into venom repertoire, most
probably mapping to other insect lineages. To sum up, these
inevitable HGT events traced from fungal footprints greatly
promote the evolution of insect recipients to maximize their
fitness.

Plants to insect HGTs

As an unconsciously emerging field of studies, rare cases of
plants to insect HGTs have been previously reported, there are
however many gaps which need to be filled in this research.
Unlike the relatively easy detection of prokaryotes to insect
transfers, such events are indistinguishable due to the more
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similar genetic backgrounds between plants and herbivorous
insects. Although there are no large-scale plant contributions
documented in genomes of insect lineages, several potentially
interesting cases emerged in silkworms and whiteflies>7.741, In
particular, Zhu et al. defined a candidate dioxygenase gene in B.
mori as a horizontal transfer from a plant donor combining
comprehensive genome sequence alignment and phylogenetic
analysis. From the co-expression data mapped onto a biological
pathway, it was speculated that this acquired gene was
implicated with the biosynthesis of antibiotic products,
potentially endowing its resistance to pathogens7l,

Several recent HGT events that have otherwise been found in
insects lie in the whitefly, and the gene transfers from plant
origins formed the central focus of a study in which Lapadula
and colleagues found that ribosome inactivating genes
integrated into the genomes of Bemisia tabaci and Trialeurodes
vaporariorum were independently ancient HGTs from plant
donors, and RNA-sequencing evidence demonstrated their
transcription and splicing, suggesting the functionality in
environmental adaptationl’sl. In particular, plant lineages
produce phenolic glucosides, a conventional class of secondary
metabolites, to poison phytophagous insects and herbivores
have evolved multiple countermeasures to modify and detoxify
these plant-derived toxicants7677, A recent ground-breaking
investigation in which a novel function was acquired by B.
tabaci has been elaborately interpreted!''l. The author found
clear evidence that B. tabaci hijacked a plant lineage-specific
gene (BtPMaT1) encoding glucoside malonyltrasferase, cer-
tainly traced to a plant origin via a HGT event to successfully
neutralize plant toxins based on phylogenetic construction
combined with metabolic profiling and gene knockdown
analysis(''l, An additional gene copy, BtPMaT2, was also
identified by Xia et al.l'"l but the authors failed to reveal its
function. These plants to insect HGT events open up new
horizons about how generalist herbivores commandeer the
defensive weapon of plant lineages, contributing to unraveling
the molecular basis of plant-herbivore interactions!74,

Viruses to insect HGTs

To date, scarce gene transfers have been demonstrated
within viruses-insect relationships, albeit it has been around 20
years since the first case of the virus to insect HGT was
identified®>]. Here, we gather strong indications lying in HGTs
from virus donors to insect recipients rather than being other
instances of prokaryotes and eukaryotes to insect HGT events,
which raises the question of how these acquired genes shape
the orientation of insect evolution.

A pioneering exploration into such area comes from the case
of the silkworm in which a novel chitinase gene sharing an
extensive similarity with the sequence of an ancestral baculo-
virus, Autographa californica nucleopolyhedrovirus, was identi-
fied as the horizontally transferred gene, and its expressions in
epidermis and midgut were specifically profiled during B. mori
ecdysis and pupation3l, Worth a mention, is that in nature,
HGTs from symbiotic viruses of parasitoids to host insects also
occur in lepidopterans possibly because their larvae and pupae
are frequently attacked by wasps. Di Lelio et al. reported that a
gasmin gene ancestrally residing in the genome of the
endosymbiotic virus of braconids was transferred to the donor
species Spodoptera littoralis, and a higher expression level of
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gasmin was recorded in larval circulating hemocytes, where a
battery of transcripts rapidly generated after immune priming
of pathogens. Further phenotype characterization based on
dsRNA injection disclosed its role in facilitating hemocyte
phagocytosis to withstand the invading bacterial’8. A recent
paralleled study also implied the potential prevalence of HGT
events between viruses and lepidopteran lineages9. In this
study, Gasmi et al. characterized a protein family, parasitoid
killing factor (PKF), extensively present in ascovirus, baculo-
virus, entomopoxvirus, and lepidopteran hosts including Heli-
coverpa, Heliothis and Spodoptera species, and the occurrence
of HGT events was substantially confirmed by evolutionary
construction among these species. The authors further
provided several pieces of evidence that the PKFs derived from
S. exigua and nucleopolyhedrovirus were specifically toxic to
parasitoids in Microgastrinae subfamily through a mechanism
of inducing cellular apoptosis and eliciting DNA fragmentation
in susceptible parasitoids’9l. Similarly, Heringer & Kuhn
described a multilevel HGT event in which the gene Helitron of
endosymbiotic bracovirus origin invaded the genome of host
Cotesia vestalis followed by a later horizontal transfer from
wasp to the lepidopteran host(®, Based on molecular evolu-
tionary analysis of various geographical populations, the
authors pointed out that both the bracovirus to wasp and wasp
to lepidopteran HGTs occurred in East Asia populations.
Remember that the DNA fragments of polydanvirus residing in
the calyx of parasitoids are transmitted into lepidopteran hosts
during parasitization®'l, we argue that this parasitic behavior
contributes to such HGTs because of the accessible genetic
resources for candidate recipients. In brief, these results
demonstrate that the key physiological characteristics of
lepidopterans do not necessarily derive from a straightforward
evolutionary event and alternative benefits can be acquired
from mutualistic viruses of their natural enemies via a
roundabout HGT event, highlighting the evolutionary arm race
in virus-parasitoid-lepidopteran tritrophic interactions.

Another highlight about the physiological traits conferred by
such analogously accidental viruses to insect HGTs comes from
aphids and fruit flies. The authors manifested that a gene,
cytolethal distending toxin B, was integrated into nuclear
genomes of aphids and drosophilid species via an initial HGT
event in which the bacteriophage infecting Candidatus Hamil-
tonella defensa certainly served as one of the alternative
donors followed by later interspecific horizontal transfers from
an ancestral Myzus spp. to Drosophila subgroups and an
interordinal D. ananassae to D. biarmipes transfer, which
showed a higher expression in Drosophila larvae and retained
enzymatic activity to degrade DNA®2, It is deduced that these
domesticated genes have undergone an ancient horizontal
transfer from bacteriophage ancestors to diverse insect species
and are likely to confer insect lineages’ resistance for defending
against natural enemies.

Challenges and prospects

In this review, both incipient and recent HGT events have
been heatedly discussed in insect lineages, uncovering the
truth beneath the mask that the genes have been transferred
from the plausibly related donors spanning viruses, bacteria,
fungi and plants to recipient insects. Among these, a plethora
of horizontally transferred genes have been derived from
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prokaryotic lineages, especially the endosymbiont origins. It is
unquestionable that the HGT randomly occurs at a relatively
low frequency in taxonomic insect lineages and the majority
appear to be nonfunctional which will be eroded during the
long-term convergent evolution between insect recipients and
donor species. However, there are several clear examples that
the horizontally transferred genes in insects are indeed
transcribed in stage- and tissue-specific manners and particular
interest has always been raised in their roles in maintaining and
acquiring novel functions such as development and repro-
duction regulation, environmental adaptation, and immune
defense.

Albeit progress in the insect HGT field has been remarkable
over the past few years, and these findings have gone some
ways toward enhancing our understanding of the evolutionary
history of insect lineages, many questions and deficiencies in
the current research have been identified as being in need of
further investigation. Of these, the most notable one is that
there is a lack of rigorous and systematic methods to identify
the horizontally transferred genes, and the donor groups have
not been fully considered. Eventually, it is necessary to put
forward a simple and feasible solution. Additionally, for more
closely sourced metazoan donor species, such as the natural
enemies, preys, and competitive species, more accurate
methods need to be established. Considering this point, the
genomes of many insect species along with their closely related
relatives are in urgent need of being advanced and the recently
flourishing third-generation single molecule sequencing will
provide us with a novel insight into establishing a greater
degree of accuracy on such HGT events. Secondly, the current
study of HGTs in insects is largely concentrated in the groups of
Coleoptera, Diptera, Hemiptera, Hymenoptera, and Lepidop-
tera, which is relatively limited to phytophagous and parasitic
insects. The interaction between plant donors and recipient
insects is an important driving force for the speciation and
species diversity of insects. HGTs between plants and insects
should be given further attention. On the other hand, to fully
uncover the mystery of HGTs in insects, it is necessary to
explore more recipient groups, such as the predatory, sapro-
phagous, and fungivorous insects. Far more important is that
the functional evidence of insect HGTs is scarce and the
functional verification of horizontally transferred genes is
extremely difficult. Looking back at the history of our know-
ledge, future studies should be addressed to express these
newly acquired genes and obtain their additionally functional
scopes, making the complex evolutionary history of intra-
specific and interspecific species more accessible.

Acknowledgments

The authors acknowledge the Hainan Province Science and
Technology  Special Fund (ZDYF2023XDNYO075 &
ZDYF2021XDNY302), the Key Project of National Natural
Science Foundation of China (31830074), the Hainan Yazhou
Bay Seed Laboratory Fund (B21HJ0401) and the funding of
Hainan University (RZ2100003220).

Conflict of interest

The authors declare that they have no conflict of interest.

Xing et al. Tropical Plants 2023, 2:3



Horizontal gene transfers in insects

Dates

Received 30 November 2022; Accepted 2 March 2023;
Published online 17 March 2023

REFERENCES

1. Brown JR. 2003. Ancient horizontal gene transfer. Nature Reviews
Genetics 4:121-32

2. Ochman H, Lawrence JG, Groisman EA. 2000. Lateral gene transfer
and the nature of bacterial innovation. Nature 405:299-304

3. Polz MF, Aim EJ, Hanage WP. 2013. Horizontal gene transfer and
the evolution of bacterial and archaeal population structure.
Trends in Genetics 29:170-75

4. Dunning Hotopp JC. 2011. Horizontal gene transfer between
bacteria and animals. Trends in Genetics 27:157—63

5. Thomas CM, Nielsen KM. 2005. Mechanisms of, and barriers to,
horizontal gene transfer between bacteria. Nature Reviews
Microbiology 3:711-21

6. Doolittle WF. 1998. You are what you eat: a gene transfer ratchet
could account for bacterial genes in eukaryotic nuclear genomes.
Trends in Genetics 14:307-11

7. Dunning Hotopp JC, Clark ME, Oliveira DCSG, Foster JM, Fischer P,
et al. 2007. Widespread lateral gene transfer from intracellular
bacteria to multicellular eukaryotes. Science 317:1753-56

8. Keeling PJ, Palmer JD. 2008. Horizontal gene transfer in eukaryotic
evolution. Nature Reviews Genetics 9:605—18

9. Bushman F. 2002. Lateral DNA transfer. UK: Cold Spring Harbor
Laboratory Press

10. Li Y, Liu Z, Liu C, Shi Z, Pang L, et al. 2022. HGT is widespread in
insects and contributes to male courtship in lepidopterans. Cell
185:2975-2987.E10

11. Xia J, Guo Z, Yang Z, Han H, Wang S, et al. 2021. Whitefly hijacks a
plant detoxification gene that neutralizes plant toxins. Cell
184:1693-1705.E17

12. Boto L. 2014. Horizontal gene transfer in the acquisition of novel
traits by metazoans. Proceedings of the Royal Society B: Biological
Sciences 281:20132450

13. Acufa R, Padilla BE, Flérez-Ramos CP, Rubio JD, Herrera JC, et al.
2012. Adaptive horizontal transfer of a bacterial gene to an
invasive insect pest of coffee. PNAS 109:4197-202

14. Husnik F, McCutcheon JP. 2018. Functional horizontal gene
transfer from bacteria to eukaryotes. Nature Reviews Microbiology
16:67-79

15. Choi JY, Bubnell JE, Aquadro CF. 2015. Population genomics of
infectious and integrated Wolbachia pipientis genomes in
Drosophila ananassae. Genome Biology and Evolution 7:2362—-82

16. Wybouw N, Pauchet Y, Heckel DG, Van Leeuwen T. 2016. Hori-
zontal gene transfer contributes to the evolution of arthropod
herbivory. Genome Biology and Evolution 8:1785—-801

17. Efron B, Halloran E, Holmes S. 1996. Bootstrap confidence levels for
phylogenetic trees. PNAS 93:13429

18. Roger AJ. 1999. Reconstructing early events in eukaryotic
evolution. The American Naturalist 154:5146—5163

19. Andersson JO, Hirt RP, Foster PG, Roger AJ. 2006. Evolution of four
gene families with patchy phylogenetic distributions: influx of
genes into protist genomes. BMC Evolutionary Biology 6:27

20. Salzberg SL, White O, Peterson J, Eisen JA. 2001. Microbial genes in
the human genome: lateral transfer or gene loss? Science
292:1903-6

21. Ku C, Nelson-Sathi S, Roettger M, Garg S, Hazkani-Covo E, et al.
2015. Endosymbiotic gene transfer from prokaryotic pangenomes:
Inherited chimerism in eukaryotes. PNAS 112:10139-46

22. Peccoud J, Loiseau V, Cordaux R, Gilbert C. 2017. Massive
horizontal transfer of transposable elements in insects. PNAS
114:4721-26

Xing et al. Tropical Plants 2023, 2:3

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Tropical
Plants

Lawrence JG, Ochman H. 1998. Molecular archaeology of the
Escherichia coli genome. PNAS 95:9413-17

Garcia-Vallvé S, Romeu A, Palau J. 2000. Horizontal gene transfer in
bacterial and archaeal complete genomes. Genome Research
10:1719-25

Kondo N, Nikoh N, ljichi N, Shimada M, Fukatsu T. 2002. Genome
fragment of Wolbachia endosymbiont transferred to X chromo-
some of host insect. PNAS 99:14280-5

Brelsfoard C, Tsiamis G, Falchetto M, Gomulski LM, Telleria E, et al.
2014. Presence of extensive Wolbachia symbiont insertions disco-
vered in the genome of its host Glossina morsitans morsitans. PLoS
Neglected Tropical Diseases 8:€2728

Klasson L, Kumar N, Bromley R, Sieber K, Flowers M, et al. 2014.
Extensive duplication of the Wolbachia DNA in chromosome four
of Drosophila ananassae. BMIC Genomics 15:1097

Funkhouser-Jones LJ, Sehnert SR, Martinez-Rodriguez P, Toribio-
Fernandez R, Pita M, et al. 2015. Wolbachia co-infection in a hybrid
zone: discovery of horizontal gene transfers from two Wolbachia
supergroups into an animal genome. PeerJ 3:e1479

Lawrence JG, Ochman H. 1997. Amelioration of bacterial genomes:
rates of change and exchange. Journal of molecular evolution
44:383-97

Lawrence JG, Ochman H. 2002. Reconciling the many faces of
lateral gene transfer. Trends in Microbiology 10:1-4

Ragan MA. 2001. On surrogate methods for detecting lateral gene
transfer. FEMS Microbiology Letters 201:187-91

Moran NA, Jarvik T. 2010. Lateral transfer of genes from fungi
underlies carotenoid production in aphids. Science 328:624—-7
Stouthamer R, Breeuwer JA, Hurst GD. 1999. Wolbachia pipientis:
microbial manipulator of arthropod reproduction. Annual Review
of Microbiology 53:71-102

Werren JH, Baldo L, Clark ME. 2008. Wolbachia: master manipu-
lators of invertebrate biology. Nature Reviews Microbiology
6:741-51

Werren JH. 1997. Biology of wolbachia. Annual Review of Ento-
mology 42:587—-609

Nikoh N, Tanaka K, Shibata F, Kondo N, Hizume M, et al. 2008.
Wolbachia genome integrated in an insect chromosome: evolution
and fate of laterally transferred endosymbiont genes. Genome
Research 18:272—-80

Aikawa T, Anbutsu H, Nikoh N, Kikuchi T, Shibata F, et al. 2009.
Longicorn beetle that vectors pinewood nematode carries many
Wolbachia genes on an autosome. Proceedings Biological Sciences
276:3791-98

Werren JH, Richards S, Desjardins CA, Niehuis O, Gadau J, et al.
2010. Functional and evolutionary insights from the genomes of
three parasitoid Nasonia species. Science 327:343-48

Pers D, Lynch JA. 2018. Ankyrin domain encoding genes from an
ancient horizontal transfer are functionally integrated into Nasonia
developmental gene regulatory networks. Genome Biology 19:148
Klasson L, Kambris Z, Cook PE, Walker T, Sinkins SP. 20009.
Horizontal gene transfer between Wolbachia and the mosquito
Aedes aegypti. BMC Genomics 10:33

Doudoumis V, Tsiamis G, Wamwiri F, Brelsfoard C, Alam U, et al.
2012. Detection and characterization of Wolbachia infections in
laboratory and natural populations of different species of tsetse
flies (genus Glossina). BVIC Microbiology 12:S3

Douglas AE. 1989. Mycetocyte symbiosis in insects. Biological
Reviews 64:409-34

Moran NA, McCutcheon JP, Nakabachi A. 2008. Genomics and
evolution of heritable bacterial symbionts. Annual Review of
Genetics 42:165-90

Nakabachi A, Shigenobu S, Sakazume N, Shiraki T, Hayashizaki Y, et
al. 2005. Transcriptome analysis of the aphid bacteriocyte, the
symbiotic host cell that harbors an endocellular mutualistic
bacterium, Buchnera. Proceedings of the National Academy of
Sciences 102:5477-82

Page 110f 12


https://doi.org/10.1038/nrg1000
https://doi.org/10.1038/nrg1000
https://doi.org/10.1038/35012500
https://doi.org/10.1016/j.tig.2012.12.006
https://doi.org/10.1016/j.tig.2011.01.005
https://doi.org/10.1038/nrmicro1234
https://doi.org/10.1038/nrmicro1234
https://doi.org/10.1016/S0168-9525(98)01494-2
https://doi.org/10.1126/science.1142490
https://doi.org/10.1038/nrg2386
https://doi.org/10.1016/j.cell.2022.06.014
https://doi.org/10.1016/j.cell.2021.02.014
https://doi.org/10.1098/rspb.2013.2450
https://doi.org/10.1098/rspb.2013.2450
https://doi.org/10.1073/pnas.1121190109
https://doi.org/10.1038/nrmicro.2017.137
https://doi.org/10.1093/gbe/evv158
https://doi.org/10.1093/gbe/evw119
https://doi.org/10.1073/pnas.93.23.13429
https://doi.org/10.1086/303290
https://doi.org/10.1186/1471-2148-6-27
https://doi.org/10.1126/science.1061036
https://doi.org/10.1073/pnas.1421385112
https://doi.org/10.1073/pnas.1621178114
https://doi.org/10.1073/pnas.95.16.9413
https://doi.org/10.1101/gr.130000
https://doi.org/10.1073/pnas.222228199
https://doi.org/10.1371/journal.pntd.0002728
https://doi.org/10.1371/journal.pntd.0002728
https://doi.org/10.1186/1471-2164-15-1097
https://doi.org/10.7717/peerj.1479
https://doi.org/10.1007/PL00006158
https://doi.org/10.1016/s0966-842x(01)02282-x
https://doi.org/10.1111/j.1574-6968.2001.tb10755.x
https://doi.org/10.1126/science.1187113
https://doi.org/10.1146/annurev.micro.53.1.71
https://doi.org/10.1146/annurev.micro.53.1.71
https://doi.org/10.1038/nrmicro1969
https://doi.org/10.1146/annurev.ento.42.1.587
https://doi.org/10.1146/annurev.ento.42.1.587
https://doi.org/10.1146/annurev.ento.42.1.587
https://doi.org/10.1101/gr.7144908
https://doi.org/10.1101/gr.7144908
https://doi.org/10.1098/rspb.2009.1022
https://doi.org/10.1126/science.1178028
https://doi.org/10.1186/s13059-018-1526-x
https://doi.org/10.1186/1471-2164-10-33
https://doi.org/10.1186/1471-2180-12-S1-S3
https://doi.org/10.1111/j.1469-185X.1989.tb00682.x
https://doi.org/10.1111/j.1469-185X.1989.tb00682.x
https://doi.org/10.1146/annurev.genet.41.110306.130119
https://doi.org/10.1146/annurev.genet.41.110306.130119
https://doi.org/10.1073/pnas.0409034102
https://doi.org/10.1073/pnas.0409034102
https://doi.org/10.1038/nrg1000
https://doi.org/10.1038/nrg1000
https://doi.org/10.1038/35012500
https://doi.org/10.1016/j.tig.2012.12.006
https://doi.org/10.1016/j.tig.2011.01.005
https://doi.org/10.1038/nrmicro1234
https://doi.org/10.1038/nrmicro1234
https://doi.org/10.1016/S0168-9525(98)01494-2
https://doi.org/10.1126/science.1142490
https://doi.org/10.1038/nrg2386
https://doi.org/10.1016/j.cell.2022.06.014
https://doi.org/10.1016/j.cell.2021.02.014
https://doi.org/10.1098/rspb.2013.2450
https://doi.org/10.1098/rspb.2013.2450
https://doi.org/10.1073/pnas.1121190109
https://doi.org/10.1038/nrmicro.2017.137
https://doi.org/10.1093/gbe/evv158
https://doi.org/10.1093/gbe/evw119
https://doi.org/10.1073/pnas.93.23.13429
https://doi.org/10.1086/303290
https://doi.org/10.1186/1471-2148-6-27
https://doi.org/10.1126/science.1061036
https://doi.org/10.1073/pnas.1421385112
https://doi.org/10.1073/pnas.1621178114
https://doi.org/10.1073/pnas.95.16.9413
https://doi.org/10.1101/gr.130000
https://doi.org/10.1073/pnas.222228199
https://doi.org/10.1371/journal.pntd.0002728
https://doi.org/10.1371/journal.pntd.0002728
https://doi.org/10.1186/1471-2164-15-1097
https://doi.org/10.7717/peerj.1479
https://doi.org/10.1007/PL00006158
https://doi.org/10.1016/s0966-842x(01)02282-x
https://doi.org/10.1111/j.1574-6968.2001.tb10755.x
https://doi.org/10.1126/science.1187113
https://doi.org/10.1146/annurev.micro.53.1.71
https://doi.org/10.1146/annurev.micro.53.1.71
https://doi.org/10.1038/nrmicro1969
https://doi.org/10.1146/annurev.ento.42.1.587
https://doi.org/10.1146/annurev.ento.42.1.587
https://doi.org/10.1146/annurev.ento.42.1.587
https://doi.org/10.1101/gr.7144908
https://doi.org/10.1101/gr.7144908
https://doi.org/10.1098/rspb.2009.1022
https://doi.org/10.1126/science.1178028
https://doi.org/10.1186/s13059-018-1526-x
https://doi.org/10.1186/1471-2164-10-33
https://doi.org/10.1186/1471-2180-12-S1-S3
https://doi.org/10.1111/j.1469-185X.1989.tb00682.x
https://doi.org/10.1111/j.1469-185X.1989.tb00682.x
https://doi.org/10.1146/annurev.genet.41.110306.130119
https://doi.org/10.1146/annurev.genet.41.110306.130119
https://doi.org/10.1073/pnas.0409034102
https://doi.org/10.1073/pnas.0409034102

Tropical
Plants

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Nikoh N, Nakabachi A. 2009. Aphids acquired symbiotic genes via
lateral gene transfer. BVIC Biology 7:12

Templin MF, Ursinus A, Holtje JV. 1999. A defect in cell wall
recycling triggers autolysis during the stationary growth phase of
Escherichia coli. The EMBO journal 18:4108-17

Jorgenson MA, Chen Y, Yahashiri A, Popham DL, Weiss DS. 2014.
The bacterial septal ring protein RIpA is a lytic transglycosylase
that contributes to rod shape and daughter cell separation in
Pseudomonas aeruginosa. Molecular Microbiology 93:113-28
Consortium IAG. 2010. Genome sequence of the pea aphid
Acyrthosiphon pisum. PLoS Biology 8:e1000313

Nikoh N, McCutcheon JP, Kudo T, Miyagishima SY, Moran NA, et al.
2010. Bacterial genes in the aphid genome: absence of functional
gene transfer from Buchnera to its host. PLoS Genetics 6:e1000827
Nakabachi A, Ishida K, Hongoh Y, Ohkuma M, Miyagishima SY.
2014. Aphid gene of bacterial origin encodes a protein
transported to an obligate endosymbiont. Current Biology
24:R640-R641

Nakabachi A, Ueoka R, Oshima K, Teta R, Mangoni A, et al. 2013.
Defensive bacteriome symbiont with a drastically reduced
genome. Current Biology 23:1478—84

Sloan DB, Nakabachi A, Richards S, Qu J, Murali SC, et al. 2014.
Parallel histories of horizontal gene transfer facilitated extreme
reduction of endosymbiont genomes in sap-feeding insects.
Molecular Biology and Evolution 31:857-71

Nakabachi A, Yamashita A, Toh H, Ishikawa H, Dunbar HE, et al.
2006. The 160-kilobase genome of the bacterial endosymbiont
Carsonella. Science 314:267

Husnik F, Nikoh N, Koga R, Ross L, Duncan RP, et al. 2013.
Horizontal Gene Transfer from Diverse Bacteria to an Insect
Genome Enables a Tripartite Nested Mealybug Symbiosis. Cell
153:1567-78

Daimon T, Hamada K, Mita K, Okano K, Suzuki MG, et al. 2003. A
Bombyx mori gene, BmChi-h, encodes a protein homologous to
bacterial and baculovirus chitinases. Insect biochemistry and
molecular biology 33:749-59

Daimon T, Taguchi T, Meng Y, Katsuma S, Mita K, et al. 2008. Beta-
fructofuranosidase genes of the silkworm, Bombyx mori: insights
into enzymatic adaptation of B. mori to toxic alkaloids in mulberry
latex. The Journal of Biological Chemistry 283:15271-79

Zhu B, Lou MM, Xie GL, Zhang GQ, Zhou XP, et al. 2011. Horizontal
gene transfer in silkworm, Bombyx mori. BMC Genomics 12:248

Li ZW, Shen YH, Xiang ZH, Zhang Z. 2011. Pathogen-origin
horizontally transferred genes contribute to the evolution of
Lepidopteran insects. BMC Evolutionary Biology 11:356

Wheeler D, Redding AJ, Werren JH. 2013. Characterization of an
ancient lepidopteran lateral gene transfer. PLoS ONE 8:59262

Sun BF, Xiao JH, He SM, Liu L, Murphy RW, et al. 2013. Multiple
ancient horizontal gene transfers and duplications in lepidopteran
species. Insect Molecular Biology 22:72—-87

Dai X, Kiuchi T, Zhou Y, Jia S, Xu Y, et al. 2021. Horizontal gene
transfer and gene duplication of p-fructofuranosidase confer
lepidopteran insects metabolic benefits. Molecular Biology and
Evolution 38:2897-914

Pauchet Y, Heckel DG. 2013. The genome of the mustard leaf
beetle encodes two active xylanases originally acquired from
bacteria through horizontal gene transfer. Proceedings of the Royal
Society B: Biological Sciences 280:20131021

Pedezzi R, Fonseca FPP, Santos Junior CD, Kishi LT, Terra WR,
Henrique-Silva F. 2014. A novel p-fructofuranosidase in
Coleoptera: Characterization of a f-fructofuranosidase from the
sugarcane weevil, Sphenophorus levis. Insect Biochemistry and
Molecular Biology 55:31-38

Zhao C, Doucet D, Mittapalli O. 2014. Characterization of horizon-
tally transferred p-fructofuranosidase (ScrB) genes in Agrilus
planipennis. Insect Molecular Biology 23:821-32

Page 120f 12

65.
66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.
77.
78.
79.
80.

81.

82.

Horizontal gene transfers in insects

Eyun SI, Wang H, Pauchet Y, Ffrench-Constant RH, Benson AK; et al.
2014. Molecular evolution of glycoside hydrolase genes in the
western corn rootworm (Diabrotica virgifera virgifera). PLoS ONE
9:€94052

Shelomi M, Jasper WC, Atallah J, Kimsey LS, Johnson BR. 2014.
Differential expression of endogenous plant cell wall degrading
enzyme genes in the stick insect (Phasmatodea) midgut. BMC
Genomics 15:1-18

Shelomi M, Danchin EGJ, Heckel D, Wipfler B, Bradler S, et al. 2016.
Horizontal gene transfer of pectinases from bacteria preceded the
diversification of stick and leaf insects. Scientific Reports 6:26388
Lapadula WJ, Marcet PL, Mascotti ML, Sanchez-Puerta MV, Juri
Ayub M. 2017. Metazoan ribosome inactivating protein encoding
genes acquired by horizontal gene transfer. Scientific Reports
7:1863

Lapadula WJ, Marcet PL, Taracena ML, Lenhart A, Juri Ayub M.
2020. Characterization of horizontally acquired ribotoxin encoding
genes and their transcripts in Aedes aegypti. Gene 754:144857
Novékova E, Moran NA. 2012. Diversification of genes for
carotenoid biosynthesis in aphids following an ancient transfer
from a fungus. Molecular Biology and Evolution 29:313-23

Cobbs C, Heath J, Stireman JO, 3rd, Abbot P. 2013. Carotenoids in
unexpected places: gall midges, lateral gene transfer, and
carotenoid biosynthesis in animals. Molecular Phylogenetics and
Evolution 68:221-28

Kirsch R, Gramzow L, Theil3en G, Siegfried BD, Ffrench-Constant
RH, et al. 2014. Horizontal gene transfer and functional
diversification of plant cell wall degrading polygalacturonases: Key
events in the evolution of herbivory in beetles. Insect Biochemistry
and Molecular Biology 52:33-50

Martinson EO, Martinson VG, Edwards R, Mrinalini, Werren JH.
2016. Laterally Transferred Gene Recruited as a Venom in
Parasitoid Wasps. Molecular Biology and Evolution 33:1042-52
Whiteman NK, Tarnopol RL. 2021. Whiteflies weaponize a plant
defense via horizontal gene transfer. Cell 184:1657-58

Lapadula WJ, Mascotti ML, Juri Ayub M. 2020. Whitefly genomes
contain ribotoxin coding genes acquired from plants. Scientific
Reports 10:15503

Erb M, Reymond P. 2019. Molecular interactions between plants
and insect herbivores. Annual Review of Plant Biology 70:527—-57
Prasad A, Chirom O, Prasad M. 2021. Insect herbivores benefit from
horizontal gene transfer. Trends in Plant Science 26:1096—-97

Di Lelio I, llliano A, Astarita F, Gianfranceschi L, Horner D, et al.
2019. Evolution of an insect immune barrier through horizontal
gene transfer mediated by a parasitic wasp. PLoS Genetics
15:21007998

Gasmi L, Sieminska E, Okuno S, Ohta R, Coutu C, et al. 2021.
Horizontally transmitted parasitoid killing factor shapes insect
defense to parasitoids. Science 373:535—41

Heringer P, Kuhn GCS. 2022. Multiple horizontal transfers of a
Helitron transposon associated with a parasitoid wasp. Mobile DNA
13:20

Ye X, Shi M, Huang J, Chen X. 2018. Parasitoid polydnaviruses and
immune interaction with secondary hosts. Developmental and
Comparative Inmunology 83:124—29

Verster KI, Wisecaver JH, Karageorgi M, Duncan RP, Gloss AD, et al.
2019. Horizontal transfer of bacterial cytolethal distending toxin B
genes to insects. Molecular Biology and Evolution 36:2105—10

Copyright: © 2023 by the author(s). Published by
Maximum Academic Press on behalf of Hainan

University. This article is an open access article distributed under

Creative Commons Attribution License

(CC BY 4.0), visit

https://creativecommons.org/licenses/by/4.0/.

Xing et al. Tropical Plants 2023, 2:3


https://doi.org/10.1186/1741-7007-7-12
https://doi.org/10.1093/emboj/18.15.4108
https://doi.org/10.1111/mmi.12643
https://doi.org/10.1371/journal.pbio.1000313
https://doi.org/10.1371/journal.pgen.1000827
https://doi.org/10.1016/j.cub.2014.06.038
https://doi.org/10.1016/j.cub.2013.06.027
https://doi.org/10.1093/molbev/msu004
https://doi.org/10.1126/science.1134196
https://doi.org/10.1016/j.cell.2013.05.040
https://doi.org/10.1016/S0965-1748(03)00084-5
https://doi.org/10.1016/S0965-1748(03)00084-5
https://doi.org/10.1074/jbc.M709350200
https://doi.org/10.1186/1471-2164-12-248
https://doi.org/10.1186/1471-2148-11-356
https://doi.org/10.1371/journal.pone.0059262
https://doi.org/10.1111/imb.12004
https://doi.org/10.1093/molbev/msab080
https://doi.org/10.1093/molbev/msab080
https://doi.org/10.1098/rspb.2013.1021
https://doi.org/10.1098/rspb.2013.1021
https://doi.org/10.1016/j.ibmb.2014.10.005
https://doi.org/10.1016/j.ibmb.2014.10.005
https://doi.org/10.1111/imb.12127
https://doi.org/10.1371/journal.pone.0094052
https://doi.org/10.1186/1471-2164-15-917
https://doi.org/10.1186/1471-2164-15-917
https://doi.org/10.1038/srep26388
https://doi.org/10.1038/s41598-017-01859-1
https://doi.org/10.1016/j.gene.2020.144857
https://doi.org/10.1093/molbev/msr206
https://doi.org/10.1016/j.ympev.2013.03.012
https://doi.org/10.1016/j.ympev.2013.03.012
https://doi.org/10.1016/j.ibmb.2014.06.008
https://doi.org/10.1016/j.ibmb.2014.06.008
https://doi.org/10.1093/molbev/msv348
https://doi.org/10.1016/j.cell.2021.03.017
https://doi.org/10.1038/s41598-020-72267-1
https://doi.org/10.1038/s41598-020-72267-1
https://doi.org/10.1146/annurev-arplant-050718-095910
https://doi.org/10.1016/j.tplants.2021.07.012
https://doi.org/10.1371/journal.pgen.1007998
https://doi.org/10.1126/science.abb6396
https://doi.org/10.1186/s13100-022-00278-y
https://doi.org/10.1016/j.dci.2018.01.007
https://doi.org/10.1016/j.dci.2018.01.007
https://doi.org/10.1093/molbev/msz146
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/1741-7007-7-12
https://doi.org/10.1093/emboj/18.15.4108
https://doi.org/10.1111/mmi.12643
https://doi.org/10.1371/journal.pbio.1000313
https://doi.org/10.1371/journal.pgen.1000827
https://doi.org/10.1016/j.cub.2014.06.038
https://doi.org/10.1016/j.cub.2013.06.027
https://doi.org/10.1093/molbev/msu004
https://doi.org/10.1126/science.1134196
https://doi.org/10.1016/j.cell.2013.05.040
https://doi.org/10.1016/S0965-1748(03)00084-5
https://doi.org/10.1016/S0965-1748(03)00084-5
https://doi.org/10.1074/jbc.M709350200
https://doi.org/10.1186/1471-2164-12-248
https://doi.org/10.1186/1471-2148-11-356
https://doi.org/10.1371/journal.pone.0059262
https://doi.org/10.1111/imb.12004
https://doi.org/10.1093/molbev/msab080
https://doi.org/10.1093/molbev/msab080
https://doi.org/10.1098/rspb.2013.1021
https://doi.org/10.1098/rspb.2013.1021
https://doi.org/10.1016/j.ibmb.2014.10.005
https://doi.org/10.1016/j.ibmb.2014.10.005
https://doi.org/10.1111/imb.12127
https://doi.org/10.1371/journal.pone.0094052
https://doi.org/10.1186/1471-2164-15-917
https://doi.org/10.1186/1471-2164-15-917
https://doi.org/10.1038/srep26388
https://doi.org/10.1038/s41598-017-01859-1
https://doi.org/10.1016/j.gene.2020.144857
https://doi.org/10.1093/molbev/msr206
https://doi.org/10.1016/j.ympev.2013.03.012
https://doi.org/10.1016/j.ympev.2013.03.012
https://doi.org/10.1016/j.ibmb.2014.06.008
https://doi.org/10.1016/j.ibmb.2014.06.008
https://doi.org/10.1093/molbev/msv348
https://doi.org/10.1016/j.cell.2021.03.017
https://doi.org/10.1038/s41598-020-72267-1
https://doi.org/10.1038/s41598-020-72267-1
https://doi.org/10.1146/annurev-arplant-050718-095910
https://doi.org/10.1016/j.tplants.2021.07.012
https://doi.org/10.1371/journal.pgen.1007998
https://doi.org/10.1126/science.abb6396
https://doi.org/10.1186/s13100-022-00278-y
https://doi.org/10.1016/j.dci.2018.01.007
https://doi.org/10.1016/j.dci.2018.01.007
https://doi.org/10.1093/molbev/msz146
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/1741-7007-7-12
https://doi.org/10.1093/emboj/18.15.4108
https://doi.org/10.1111/mmi.12643
https://doi.org/10.1371/journal.pbio.1000313
https://doi.org/10.1371/journal.pgen.1000827
https://doi.org/10.1016/j.cub.2014.06.038
https://doi.org/10.1016/j.cub.2013.06.027
https://doi.org/10.1093/molbev/msu004
https://doi.org/10.1126/science.1134196
https://doi.org/10.1016/j.cell.2013.05.040
https://doi.org/10.1016/S0965-1748(03)00084-5
https://doi.org/10.1016/S0965-1748(03)00084-5
https://doi.org/10.1074/jbc.M709350200
https://doi.org/10.1186/1471-2164-12-248
https://doi.org/10.1186/1471-2148-11-356
https://doi.org/10.1371/journal.pone.0059262
https://doi.org/10.1111/imb.12004
https://doi.org/10.1093/molbev/msab080
https://doi.org/10.1093/molbev/msab080
https://doi.org/10.1098/rspb.2013.1021
https://doi.org/10.1098/rspb.2013.1021
https://doi.org/10.1016/j.ibmb.2014.10.005
https://doi.org/10.1016/j.ibmb.2014.10.005
https://doi.org/10.1111/imb.12127
https://doi.org/10.1186/1741-7007-7-12
https://doi.org/10.1093/emboj/18.15.4108
https://doi.org/10.1111/mmi.12643
https://doi.org/10.1371/journal.pbio.1000313
https://doi.org/10.1371/journal.pgen.1000827
https://doi.org/10.1016/j.cub.2014.06.038
https://doi.org/10.1016/j.cub.2013.06.027
https://doi.org/10.1093/molbev/msu004
https://doi.org/10.1126/science.1134196
https://doi.org/10.1016/j.cell.2013.05.040
https://doi.org/10.1016/S0965-1748(03)00084-5
https://doi.org/10.1016/S0965-1748(03)00084-5
https://doi.org/10.1074/jbc.M709350200
https://doi.org/10.1186/1471-2164-12-248
https://doi.org/10.1186/1471-2148-11-356
https://doi.org/10.1371/journal.pone.0059262
https://doi.org/10.1111/imb.12004
https://doi.org/10.1093/molbev/msab080
https://doi.org/10.1093/molbev/msab080
https://doi.org/10.1098/rspb.2013.1021
https://doi.org/10.1098/rspb.2013.1021
https://doi.org/10.1016/j.ibmb.2014.10.005
https://doi.org/10.1016/j.ibmb.2014.10.005
https://doi.org/10.1111/imb.12127
https://doi.org/10.1371/journal.pone.0094052
https://doi.org/10.1186/1471-2164-15-917
https://doi.org/10.1186/1471-2164-15-917
https://doi.org/10.1038/srep26388
https://doi.org/10.1038/s41598-017-01859-1
https://doi.org/10.1016/j.gene.2020.144857
https://doi.org/10.1093/molbev/msr206
https://doi.org/10.1016/j.ympev.2013.03.012
https://doi.org/10.1016/j.ympev.2013.03.012
https://doi.org/10.1016/j.ibmb.2014.06.008
https://doi.org/10.1016/j.ibmb.2014.06.008
https://doi.org/10.1093/molbev/msv348
https://doi.org/10.1016/j.cell.2021.03.017
https://doi.org/10.1038/s41598-020-72267-1
https://doi.org/10.1038/s41598-020-72267-1
https://doi.org/10.1146/annurev-arplant-050718-095910
https://doi.org/10.1016/j.tplants.2021.07.012
https://doi.org/10.1371/journal.pgen.1007998
https://doi.org/10.1126/science.abb6396
https://doi.org/10.1186/s13100-022-00278-y
https://doi.org/10.1016/j.dci.2018.01.007
https://doi.org/10.1016/j.dci.2018.01.007
https://doi.org/10.1093/molbev/msz146
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1371/journal.pone.0094052
https://doi.org/10.1186/1471-2164-15-917
https://doi.org/10.1186/1471-2164-15-917
https://doi.org/10.1038/srep26388
https://doi.org/10.1038/s41598-017-01859-1
https://doi.org/10.1016/j.gene.2020.144857
https://doi.org/10.1093/molbev/msr206
https://doi.org/10.1016/j.ympev.2013.03.012
https://doi.org/10.1016/j.ympev.2013.03.012
https://doi.org/10.1016/j.ibmb.2014.06.008
https://doi.org/10.1016/j.ibmb.2014.06.008
https://doi.org/10.1093/molbev/msv348
https://doi.org/10.1016/j.cell.2021.03.017
https://doi.org/10.1038/s41598-020-72267-1
https://doi.org/10.1038/s41598-020-72267-1
https://doi.org/10.1146/annurev-arplant-050718-095910
https://doi.org/10.1016/j.tplants.2021.07.012
https://doi.org/10.1371/journal.pgen.1007998
https://doi.org/10.1126/science.abb6396
https://doi.org/10.1186/s13100-022-00278-y
https://doi.org/10.1016/j.dci.2018.01.007
https://doi.org/10.1016/j.dci.2018.01.007
https://doi.org/10.1093/molbev/msz146
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Detection of HGTs in insects
	Phylogenetic evidence
	Genome-related evidence
	Functional evidence

	HGTs from prokaryotes to insects
	Wolbachia to insect HGTs
	Other endosymbionts to insect HGTs
	Other prokaryotes to insect HGTs

	HGTs from eukaryotes to insects
	Fungi to insect HGTs
	Plants to insect HGTs

	Viruses to insect HGTs
	Challenges and prospects
	References

