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Abstract

Background: Horizontal gene transfer (HGT) has been documented in many herbivorous insects, conferring the
ability to digest plant material and promoting their remarkable ecological diversification. Previous reports suggest
HGT of antibacterial enzymes may have contributed to the insect immune response and limit bacterial growth.
Carnivorous insects also display many evolutionary successful lineages, but in contrast to the plant feeders, the
potential role of HGTs has been less well-studied.

Results: Using genomic and transcriptomic data from 38 species of ladybird beetles, we identified a set of bacterial
cell wall hydrolase (cwh) genes acquired by this group of beetles. Infection with Bacillus subtilis led to upregulated
expression of these ladybird cwh genes, and their recombinantly produced proteins limited bacterial proliferation.
Moreover, RNAi-mediated cwh knockdown led to downregulation of other antibacterial genes, indicating a role in
antibacterial immune defense. cwh genes are rare in eukaryotes, but have been maintained in all tested
Coccinellinae species, suggesting that this putative immune-related HGT event played a role in the evolution of this
speciose subfamily of predominant predatory ladybirds.

Conclusion: Our work demonstrates that, in a manner analogous to HGT-facilitated plant feeding, enhanced
immunity through HGT might have played a key role in the prey adaptation and niche expansion that promoted
the diversification of carnivorous beetle lineages. We believe that this represents the first example of immune-
related HGT in carnivorous insects with an association with a subsequent successful species radiation.
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Background

Acquisitions by organisms of genetic material from other
species, i.e., horizontal gene transfers (HGTs) or lateral
gene transfers, play a key role in the evolution of both
prokaryotes (Bacteria and Archaea) and eukaryotes [1,
2]. HGTs occur frequently among prokaryotes, but
prokaryote to eukaryote gene transfers are far less preva-
lent [3, 4]. Wider genomic sampling of animals is never-
theless revealing many such cases of HGT [2, 5],
although the extent is debated [6, 7] and some claims
may be confounded by contamination [8]. Growing evi-
dence indicates that hosts gain important functional in-
novations from these HGTs that can confer powerful
adaptive advantages, such as expanded feeding capacities
or new defenses to protect themselves from other organ-
isms [2, 9, 10].

Long-standing intimate relationships between insects
and microbes make them good candidates for HGT de-
tection [11]. Prominent examples include HGTs that
have contributed to the evolution of herbivory in arthro-
pods and nematodes by facilitating plant cell wall diges-
tion and metabolite assimilation and overcoming plant
defenses [12, 13]. Plant cell wall-degrading enzymes ac-
quired from bacteria and fungi have been identified in
many insect species [14] and are considered to have
been vital to the evolutionary success of beetles [15-19].
Other HGTSs protect mites, moths, and butterflies from
plant-produced cyanide [20] or enable sap-feeding
aphids to synthesize their own carotenoids [21]. Acquisi-
tions not directly linked to plant feeding appear to be
rarer and include HGTs that enhance eukaryotic innate
immune defenses [22]. For example, deer ticks have
genes encoding prokaryotic type VI secretion amidases
that degrade bacterial cell walls [23], peptidoglycan-
degrading bacterial lysozymes have been detected in in-
sects [24, 25] and nematodes [5], and fruit flies have
genes related to phagocytosis of bacteria [5].

We report a putative immune-related HGT event from
bacteria to eukaryotes. A bacterial cell wall hydrolase
(cwh) gene was maintained throughout the radiation of a
large subfamily of diverse ladybird beetles, while notice-
ably absent from most other insect genomes screened.
These cwh genes are expressed in different tissues and
life stages and are upregulated on infection with Gram-
positive bacteria, and recombinantly expressed ¢cwh pro-
teins limit bacterial proliferation. Moreover, suppression
of cwh expression through RNA interference (RNAi) led
to downregulation of other antibacterial genes. These
ladybirds exhibit a broad range of diets but are over-
whelmingly predators of aphids, coccids, psyllids, and
whiteflies, which usually host a wide range of bacterial
symbionts [26]. We conclude that, in a manner analo-
gous to HGT-facilitated plant feeding, enhanced immun-
ity through HGT could have played a role in prey
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adaptation and niche expansion that promoted the di-
versification of carnivorous beetle lineages.

Results and discussion

Ladybird cwh genes encode bacterial cell wall hydrolases
We detected a set of cell wall hydrolase (cwh) genes
containing the domain of “Hydrolase_2” (Pfam acces-
sion: PF07486) from the high-quality genome of a lady-
bird species  Cryptolaemus  montrouzieri (NCBI
BioProject: PRINA626074). These genes, without and
with a signal peptide, were named cwhl and cwh2, re-
spectively. Homologs of both cwhi and cwh2 were de-
tected from all published genomes of Coccinellinae
species, i.e., Propylea japonica [27], Coccinella septem-
punctata, and Harmonia axyridis [28, 29] (Fig. 1). These
genes encode bacterial cell wall hydrolases but are not
derived from contaminated bacterial DNA. This is evi-
denced by their locations in the beetle genomes, they are
flanked by eukaryotic genes (Additional file 1: Fig. S1).
Furthermore, they contain introns (Fig. 1), which are ab-
sent from genes in bacteria, they share the same splice
sites, and they have Guanine-Cytosine contents (GC%)
that are similar to the flanking sequences (Add-
itional file 1: Fig. S2). The function of c¢cwh genes has
been characterized in Bacillus as encoding soluble lytic
transglycosylases that specifically recognize spore cortex
peptidoglycan and catalyze the cleavage of glycosidic
bonds between N-acetylmuramic acid (NAM) and N-
acetylglucosamine residues, with concomitant formation
of a 1,6-anhydro bond in the NAM residue [30, 31].

We next explored the regular expression of ladybird
cwh genes in C. montrouzieri, H. axyridis, and P. japon-
ica for different spatial and temporal patterns. There
was no significant spatial differentiation of cwh expres-
sion among male head-thorax, gut, and gut-removed ab-
domen tissues (Additional file 1: Fig. S3). Additionally,
the expression levels of cwh were generally similar for
the 4th instar larva, pupa, and male adult stages (Add-
itional file 1: Fig. S4). This finding indicates that cwh
genes are functionally integrated into the physiology of
ladybirds across the whole body and probably the entire
life cycle.

We validated the functional relevance of ladybird cwh
genes through three strategies. Firstly, the ladybird
species C. montrouzieri, H. axyridis, P. japonica, and
Henosepilachna vigintioctopunctata (with cwh genes
identified from the transcriptome) were artificially in-
fected with Escherichia coli (Gram-negative bacteria)
and Bacillus subtilis (Gram-positive bacteria) through
injection. The expression of cwh genes in the infected
ladybirds was measured after 24 h through quantitative
PCR (qPCR). In all four ladybird species, cwhl (Cla and
C1b), unlike ¢wh2 (C2), was significantly upregulated
following infection with B. subtilis but not with E. coli
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Fig. 1 Genomic features of putative eukaryotic cwh genes. Genomes of four ladybird species and high-quality genomes of four other eukaryotic
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(Fig. 2 and details in Additional file 1: Fig. S5). Specific-
ally, we detected extreme upregulation of c¢cwhl in a
plant-feeding ladybird following infection (Fig. 2d). Sec-
ondly, the effect of recombinantly expressed cwhl pro-
teins from two ladybird species (CM-Cla of C.
montrouzieri and HA-C1b of H. axyridis) on bacterial
growth was tested. Both recombinant cwhl proteins lim-
ited the proliferation of B. subtilis significantly but did
not limit E. coli proliferation (Fig. 3). Thirdly, the tran-
scriptome response of RNA interference (RNAi)-medi-
ated ¢wh knockdown was studied. All three cwh-RNAi
strains of C. montrouzieri (RNAi of CM-Cla, CM-Clb,
and CM-C2) showed downregulation of most genes en-
coding antimicrobial peptides (AMPs) and lysozymes
but few other immunity-related genes (Fig. 4). These ex-
pression patterns suggest that cwh genes do not play
roles in immune recognition or signaling processes but
instead act together with AMPs and lysozymes, possibly

in a synergistic manner, to execute immune defense re-
sponses. Taken together, the results of these three tests
strongly support antibacterial activity against Gram-
positive bacteria for ¢wh alone or synergistic action of
cwh and other antibacterial genes, which could form part
of the immune effector response of ladybirds.

Ladybird cwh genes horizontally transferred from bacteria
In addition to the ladybirds we examined, cwh homologs
were also detected in four high-quality gene sets in
eukaryotic genomes, i.e., the springtails Folsomia can-
dida [32] and Orchesella cincta [33], the water flea
Daphnia magna [34], and the water bear Hypsibius
dujardini [35]. These putative cwh genes from the ge-
nomes of ladybirds, springtails, water fleas, and water
bears are flanked by eukaryotic genes (Additional file 1:
Fig. S1) and unlikely to be derived from contaminating
bacterial DNA. Contrary to the ladybird cwh, all of these



Li et al. BMC Biology (2021) 19:7

Page 4 of 16

p ~J
- )
(é)] o
1 1

gene expression
>
1

5- a aa 48
a a a

. A el
CM-C1a CM-C1b CM-C2

C 20-

15-

a
M il i
O_

PJ-Cla PJ-C1b PJ-C2

ZfAACt

significantly different (p = 0.05)

Fig. 2 Evidence of the antibacterial activity of ladybird cwh genes I: Upregulation of cwh in response to bacterial infection. The expression
patterns of cwh genes in response to bacterial infection (E. coli and B. subtilis) were tested in a Cryptolaemus montrouzieri. (CM-C1a, CM-C1b and
CM-C2), b Harmonia axyridis (HA-C1a, HA-C1b and HA-C2), ¢ Propylea japonica (PJ-C1a, PJ-Clb and PJ-C2), and d Henosepilachna
vigintioctopunctata (HV-C1 and HV-C2). PBS treatments were used as control. Expression levels of cwh were normalized to those of two reference
genes (only one of them is shown; see details of two reference genes in Additional file 1: Table S2 and the comparative results in Additional

file 1: Fig. S5). Relative expression of each cwh gene in comparison to the average level of that gene in PBS treatment was analyzed by the
method to calculate the fold changes. Error bars show + standard errors with biological replicates. Bars with the same letter are not
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non-ladybird homologs lack the signal peptide, have dif-
ferent splice sites from each other and the ladybirds, or
have no intron at all (Fig. 1). A broader BLAST search
of genome assemblies in NCBI suggests that cwh homo-
logs are potentially present in only 55 ecdysozoan ge-
nomes (Fig. 5; taxonomic details in Additional file 1:
Table S4). These putative eukaryotic cwh genes are gen-
erally rare in genomes of Ecdysozoa (55/1370) but main-
tained in all tested Coccinellinae (8/8). Phylogenetic
analysis of the putative eukaryotic and representative
bacterial sequences of cwh proteins shows that the lady-
bird ¢wh genes and the other putative eukaryotic cwh
genes form a monophyletic group (ultrafast bootstrap,
UFBoot 97%) (Fig. 6). This eukaryotic cwh group is em-
bedded within a large group of mainly Proteobacteria
(UFBoot 100%), indicative of a bacterium-to-eukaryote
HGT. The monophyly of this eukaryotic cwh group can

be explained by (1) a single HGT event in the ecdy-
sozoan ancestor, followed by vertical inheritance and in-
dependent loss in multiple lineages (a similar
explanation in Chou et al. [23]), or (2) a small number
of independent HGT events could have given rise to the
observed groupings if donors were from lineages of
Proteobacteria that have not been sequenced (a similar
suggestion in Wybouw et al. [20]), or (3) a bacterium-to-
eukaryote transfer, followed by multiple eukaryote-to-
eukaryote transfers. A single ancestral acquisition of a
cwh gene with subsequent divergence through speciation
of the hosts (scenario #1) should result in a gene tree
that follows the ecdysozoan phylogeny. However, the
branching pattern within this eukaryotic cwh group does
not match the host species phylogeny (Fig. 6; more ex-
tensive taxon sampling in Additional file 1: Fig. S6),
which probably reflects too short and rapidly evolving



Li et al. BMC Biology (2021) 19:7

Page 5 of 16

o *3‘}

B 0.08- C o0.08-
(63
_I_ be bc l-)I(-:
— § 0.06- 0.06 - ab
e a a
[ )
® 0.04- a 0.04 -
I} a 2ag
o
s 0.02-|j I—ﬂ D 0.02-
| 0.00- 0.00- L -
'b 'b 'b ‘Q ‘Q \ 2 N2 N2 N0 N0 N0
-. \‘° SN & SN NN

& N ¥ ¥ F X ¥

& & @\@ SO

\° \°

Fig. 3 Evidence of the antibacterial activity of ladybird cwh genes Il: Recombinant protein activity that limited bacterial proliferation. a Western
blot of the recombinant proteins of cwhi suggested the success of cloning and recombinant expression. The bacterial killing activities of cwh1
proteins against b Escherichia coli and ¢ Bacillus subtilis cells were measured by the increase in ODg3g nm Within 90 min of each treatment. Error
bars show + standard errors with biological replicates. Bars with the same letter are not significantly different (p = 0.05)

SN XN o ¥ o
Qo Qc; Qo\ $i §2; §2~

N

gene sequences for deep phylogenetic reconstruction,
but would also be congruent with the occurrence of
multiple HGTs (scenario #2; [36]).

Potential role of cwh genes in diversification of ladybirds
Of the examined 38 sequenced transcriptomes of lady-
bird species (family Coccinellidae) (Additional file 1:
Table S3), the 36 species of the subfamily Coccinellinae
included cwh genes, whereas the two species of the sub-
family Microweiseinae lacked cwh genes completely.
Since most of the Coccinellinae species have both cwhI
and cwh2 genes, while none of the cwh genes is present
in Microweiseinae and other Coleoptera outgroups, we
inferred that cwh genes were present in the common an-
cestor of Coccinellinae in the Cretaceous, and main-
tained throughout their radiation.

A phylogenetic analysis based on the sequences from
the ladybird c¢cwh protein sequences alone suggests that
both the cwhl and cwh2 of ladybirds are monophyletic
(UFBoot 100%) (Fig. 7). The topologies within cwhi and
cwh2 gene trees support the monophyly of the ladybird
tribes Scymnini (UFBoot 91%) and Epilachini (UFBoot
96%) for cwhl, and of Scymnini (UFBoot 96%), Epilachini
(UFBoot 97%), and Coccinellini (UFBoot 99%) for cwh2
(Fig. 7). The consistent retention of either cwhl or cwh2
by all 36 Coccinellinae species and the duplications of the
gene in some lineages (e.g., two cwhl in Coccinellini) pro-
vide evidence of cwh’s indispensable function. We also
found that the glutamate catalytic domain that is present
in most of the bacterial cwh enzymes [37, 38] is also
present in the ladybird data analyzed (Additional file 4),
suggesting the retention of bacterial cell wall hydrolase ac-
tivity and the ability to act as a toxin against bacteria. In
addition, major signals of negative selection act within

both cwhl and cwh2 (Additional file 1: Table S5), indicat-
ing also that these genes are functionally conserved.

The two c¢wh genes in ladybirds might have different
functions. Their distribution in the phylogenetic tree
(Fig. 7) indicates that the two clades ¢whl and cwh2
probably diverged before the diversification of Coccinel-
linae ladybirds into the extant species. Moreover, cwh2
contains a signal peptide in the N-terminus, while cwhi
does not (Fig. 1). This suggests that cwh2 is unique in
protein assembly or export from eukaryotic cells. Both
cwhl and cwh2 subsequently underwent independent
gene duplications in some taxa (resulting in Cla, Clb,
C2a, and C2b). The cwh gene family phylogeny and the
position of these genes in the genome suggest that, at
least in some taxa, these duplications occurred recently.
For example, the ¢cwhl genes of Harmonia species are
closely related (Fig. 7), and the two cwhl genes of C.
montrouzieri are separated by a gap of only ~ 8000 bp.
In addition, the duplications of cwhl occurred mainly in
Coccinellini (Fig. 7), which is a group with particularly
mixed diets [39]. This suggests that the function of cwhi
might be essential for diet expansion.

Based on phylogenomic and molecular clock analyses
of transcriptomes (819 single-copy genes) in 60 beetles,
including 38 ladybird species (Additional file 1: Table
S3), we estimate the divergence of major ladybird line-
ages to have occurred in the Cretaceous, approximately
110 million years ago (MYA) (108.8 MYA, 95% confi-
dence interval: 134.1-83.0 MYA) (Fig. 8 and details of
phylogenetic trees in Additional file 1: Figs. S7 and S8),
concurrent with the rise of angiosperms to widespread
floristic dominance [40]. The extraordinary diversity of
herbivorous beetles has been attributed to a Cretaceous
angiosperm explosion [41]. However, some insects (e.g.,
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weevil beetles, butterflies) did not co-diversify with an-
giosperms but had shorter or longer temporal lags in-
stead [42, 43]. This lag is believed to have been caused
by the dependence of their evolution on not only the di-
versification of resources and ecological opportunities
but also the ability of these taxa to utilize them [44].
The latter might be the case for ladybird beetles, too.
Unlike ladybird beetles, most of the related families in
the superfamily Coccinelloidea are fungus feeders, which
suggests that ancestral ladybirds shifted their diet from
fungi to prey [41, 45, 46]. In the Cretaceous, a large
ecological opportunity arose for ladybirds with the diver-
sification of angiosperms and their herbivorous Sternor-
rhyncha communities (coccids, aphids, whiteflies, and
psyllids) [47, 48]. The consistent retention of

antibacterial functions through cwh genes in the subfam-
ily Coccinellinae might have been an advantage for prey
adaptation in ladybirds. A genome-wide scan of gene
family evolution of all the published Coleoptera genomes
showed that Coccinellinae genomes (including C. mon-
trouzieri, H. axyridis, and C. septempunctata) had more
AMP and lysozyme genes, which have a similar antibac-
terial function to that of c¢wh, than most of the other
beetles (Additional file 1: Fig. S9) [18, 19, 28, 49-55].
Further, insect antimicrobial properties, including AMPs
and lysozymes, usually have synergistic actions [56—58].
cwh proteins and lysozymes both target bacterial pepti-
doglycans but act on different sites, suggesting their spe-
cificity of antibacterial activity. While ladybirds have
quite a large number of antibacterial genes encoding
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AMPs such as attacins, defensins, thaumatins, and
coleoptericins and lysozymes [59-61], c¢wh products
might provide a broader antibacterial spectrum or en-
hance antibacterial efficiency of other antimicrobials
[62]. Besides ladybirds, ¢wh genes are mainly known
from aquatic and soil-dwelling eukaryotes including
nematodes, water bears, oribatid mites, water fleas, and
springtails. Several other HGT events have been re-
ported for these groups, which might contribute to
adaptation to habitats with diverse microbial communi-
ties [32, 33, 63]. Similarly, it is possible that ladybirds
maintain cwh genes that enable them to thrive on a wide
range of diets, including the prevalent diet of Sternor-
rhyncha, which is known to contain a particularly large
diversity of bacterial commensals [26].

Conclusion

We identified a set of eukaryotic cwh genes that encode
bacterial cell wall hydrolases. These genes probably origi-
nated from bacteria and maintained in all tested ladybird
species of the subfamily Coccinellinae. Experimental evi-
dence demonstrates antibacterial activity by at least one of
two c¢wh gene products. We therefore suggest that HGT
might be key in the acquisition of immune system en-
hancements, which in turn promotes the adaptation and
radiation of ladybirds during the rise of angiosperms and
their sternorrhynchan herbivores during the Cretaceous.

Materials and methods

Detection of cwh genes and the other immune-related
genes in ladybird genomes

The genome sequences of the ladybird C. montrouzieri are
from our unpublished data (NCBI BioProject:
PRJINA626074). The predicted genes from this genome
were annotated with the Pfam v32.0 database (http://pfam.
xfam.org) using InterProScan v5.35 [64]. The Hydrolase_2
(Pfam accession: PF07486) domain-containing genes were
identified as cwh genes. The presence of introns and flank-
ing eukaryotic sequences are considered evidence of a
eukaryotic ¢wh gene. The GC% (100 bp sliding window)
values of the cwh genes and their flanking sequences were
investigated. The presence of signal peptides in the N-
terminus of ladybird ¢cwh genes was predicted by SignalP
5.0 [65] using the default cut-off. cwh genes were also de-
tected in the other ladybird genomes deposited in NCBI
using tBLASTn with a cut-off e-value of 10~ .

In addition, other immunity-related genes of the pub-
lished ladybird and other Coleoptera genomes were
identified based on the annotation of Pfam, SwissProt,
and KEGG pathways, including those encoding peptido-
glycan recognition protein (PGRP, SwissProt), Gram-
negative binding protein (GNBP, SwissProt), Toll and
IMD pathway (KEGG: map 04624), JAK/STAT pathway
(KEGG: map 04630), attacin (PF03769: Attacin, C-
terminal region), defensin (PF01097: Arthropod defen-
sin), coleoptericin (PF06286: Coleoptericin), thaumatin
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(PF00314: Thaumatin family), apolipophorin (SwissProt),
and c-type and i-type lysozymes (SwissProt and Pfam).

Spatial and temporal expression of cwh genes and

expression during bacterial infection

The expression patterns of cwh genes of C. montrouzieri,
H. axyridis, and P. japonica in different life stages and

tissues were explored. The level of expression in 4th in-
star larva, pupa, and male adult stages, as well as in the
head, gut, and gut-removed abdomen of male adults,
was quantified by quantitative PCR (qPCR).

The expression patterns of ¢wh genes in response to
infection by E. coli and B. subtilis were explored in C.
montrouzieri, H. axyridis, P. japonica, and H.
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vigintioctopunctata. The bacterial cells were suspended
at approximately 10° CFU/mL using phosphate-buffered
saline (PBS). We injected 2 mL of the suspension into
the species with small body sizes (C. montrouzieri and P.
japonica) and 5mL of the suspension into the species
with large body sizes (H. axyridis and H. vigintioctopunc-
tata) in the abdomens of male adults. Insects injected

with the same volume of PBS were set as controls. Total
RNA was extracted 24 h after infection for further qPCR.

The primers for ¢wh and the reference genes (Add-
itional file 1: Table S2) were designed using NCBI
primer-BLAST based on the transcriptome data (see the
following methods for transcriptome sequencing) or ref-
erenced from previous studies [66-68]. qPCR was
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performed on cDNA samples using a SYBR Green-based
kit (Invitrogen, USA) according to the manufacturer’s
protocol. Expression levels for cwh were normalized to
those of two reference genes. Analyses of cwh expression
included four technical replicates for each biological rep-
licate and five biological replicates for each treatment.
The Ct data of qPCR can be found in Additional file 2.
Relative gene expression of each ¢wh in comparison to
the average level of that in head and larva was analyzed
by the 2724 method to calculate the fold changes [69].
To test for significant differences in the expression levels
of each cwh gene under different temporal, spatial, and
bacterium-infected conditions, we applied one-way
ANOVAs followed by Tukey’s post hoc tests using SPSS
17.0 (SPSS Inc).

Tests of antibacterial activities of recombinant cwh1
proteins

Since we found that ladybird c¢whl genes were upregu-
lated under bacterial infection in the above experiments,
we further tested the effect of recombinant cwhl protein
on bacterial growth. Two ¢cwhl genes from C. montrou-
zieri and H. axyridis (CM-Cla and HA-C1b) were iso-
lated by PCR from ¢DNA. The PCR primers were
designed (Additional file 1: Table S6) to amplify the
whole coding sequence. The resulting PCR products
were originally cloned into the pEASY-Blunt E1 vector
(TransGen, Beijing). The resulting construct was trans-
formed into E. coli bacterial strain BL21 cells. The trans-
formed cells were grown at 37°C in LB medium
containing 100 mg/mL ampicillin. When the bacterial
culture reached an optical density of 0.5 at 600 nm
(ODgoo nm), protein synthesis was induced by the
addition of 0.5 mM isopropyl 1-thio-b-galactopyranoside
(IPTG). Four hours after induction, the cells were har-
vested by centrifugation at 8000xg for 10 min at 4°C.
After harvesting, the bacterial cells were resuspended
and sonicated in buffer A (300 mM NaCl, 50 mM
NaH,PO,, 10 mM imidazole, 10 mM Tris base, pH 8.0).
After sonication, the cell suspension was centrifuged at
20,000xg for 30 min at 4 °C. Soluble fractions containing
the His-tagged cwhl proteins were loaded on a Ni**-
NTA affinity column (TransGen, Beijing). After exten-
sive washes with buffer A, the His-tagged proteins were
eluted with buffer B (300 mM NaCl, 50 mM NaH,PO,,
250 mM imidazole, 10 mM Tris base, pH 8.0) and kept
at - 20°C.

Polypeptides were first separated by 12% polyacryl-
amide SDS-PAGE and then transferred onto a nitrocel-
lulose membrane for Western blotting. His-tagged cwhl
proteins were detected specifically with an antibody
(THE His Tag Antibody, mAb, Mouse, Legend Biotech,
Nanjing) used at a 1/1000 dilution. As a result, the two
His-tagged c¢whl proteins were successfully expressed
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through the E. coli system. Both proteins were primarily
present in the soluble phase. Western blot analysis with
anti-His antibodies revealed the presence of a single
band at approximately 15 kDa (Fig. 3a), which was con-
sistent with the protein size calculated based on amino
acid sequence length.

The above two recombinant cwhl proteins were used
to test the antibacterial activity against E. coli and B.
subtilis, with methods referenced from Wu et al. [70].
Two strains of bacteria were cultured in LB medium
overnight and subsequently resuspended in fresh LB
medium and diluted to an ODg30 nm = 0.2, as measured
by an absorbance microplate reader (BioTek, USA). The
two recombinant ¢whl proteins were diluted to 1pM,
0.1 uM, and 0.01 pM. Then, 100 pL of each protein solu-
tion was mixed with 100 puL of the bacterial suspension
in a 96-well microplate and incubated at 37 °C for 90
min. A mixture of 100 pL of buffer A (described above)
and 100 uL of bacterial suspension was used as a nega-
tive control. Five replicates for each treatment and con-
trol were set. The increase in the ODg3g nm Of each well
within 90 min was measured.

Transcriptome response of cwh-RNAi

Three c¢cwh-RNAIi strains of C. montrouzieri including
CM-C1la-RNAi, CM-C1b-RNAi, and CM-C2-RNAi were
constructed. Double-stranded RNA (dsRNA) primers
were designed using the SnapDragon tool (http://www.
flyrnai.org/cgi-bin/RNAI_find_primers.pl) and as shown
in Additional file 1: Table S7. To avoid potential off-
target effects, primers were further tested by alignment
back to the C. montrouzieri genome using BLAST. The
Promega T7 RiboMAX Express RNAi System was used
to synthesize dsRNA according to the manufacturer’s
protocol. The dsRNA purity and integrity were deter-
mined using agarose gel electrophoresis. As a control,
green fluorescent protein (GFP)-dsRNA was also pro-
duced as described above. Injection of dsRNA (0.5 uL)
into 4th instar larva was conducted using a micro-
applicator. Insects injected with the same volume of
GFP-dsRNA were set as controls. The efficiency of RNAi
was confirmed after 24 h of injection using qPCR as de-
scribed above.

Total RNA of qPCR-confirmed cwh-RNAi strains was
used for transcriptome sequencing (Additional file 1:
Table S3). RNA libraries were constructed and se-
quenced on an Illumina HiSeq X Ten platform with a 6-
Gb sequencing depth. Three biological replicates were
set for each ¢wh-RNAI strain as well as the GFP control.
Clean reads were mapped to the C. montrouzieri genome
using TopHat 2.1.1 [71]. Subsequently, Cufflinks v2.2.1
was used to obtain the mRNA sequences of each gene
[71]. Differential expression analysis was performed with
DESeq2 [72] according to the standard workflow.
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Detection of cwh genes in ladybird transcriptomes

A total of 38 ladybird species were selected for transcrip-
tome sequencing (Additional file 1: Table S3), covering
the 2/2 subfamilies and major tribes in Coccinellidae
(according to the taxonomic system described by Esca-
lona and Slipiniski) [73]. Adult individuals were collected
in the field or taken from laboratory cultures and frozen
in liquid nitrogen or at — 80 °C before RNA extraction.
For most species, RNA was extracted from one individ-
ual. RNA libraries were constructed and sequenced on
an [llumina HiSeq X Ten platform with a 6-Gb sequen-
cing depth for each species. All reads were assembled
with Trinity v2.8.4 [74] using default parameters. In con-
sideration of frequent cross contamination, CroCo v1.1
[75] was used with default parameters to detect and re-
move the contaminating contigs in the transcriptome as-
semblies in each batch.

TransDecoder v5.5.0 (https://github.com/TransDecoder/)
was used to identify the open reading frame per transcript.
Redundancy at 90% identity of sequences within each spe-
cies was eliminated using CD-HIT [76]. The “Hydrolase_2"
domain-containing genes were identified as cwh genes. The
glutamate catalytic domain of ¢cwh protein sequences was
predicted based on the studies of Bacillus cereus and B.
anthracis [37, 38]. The tests for selection were performed
on aligned and degapped nucleotide sequences of both
ladybird cwh1 and cwh2. Whole-gene nonsynonymous/syn-
onymous ratio (dN/dS) calculations and statistical tests for
positive or negative selection for individual codons were
performed using SLAC in HyPhy [77].

Detection of cwh homologs in eukaryotic genomes

To detect candidate eukaryotic cwh homologs, the cwh
protein sequence of C. montrouzieri CM-Cla was used
as a query to perform a BLASTp search against the
NCBI NR database with a cut-off e-value of 10™'°. Sig-
nificant hits were found in eukaryotic protein sequences
from two species of nematodes, two water bears, two
water fleas, and two springtails. To reduce the possibility
of mistaking microbial contaminations for HGT, we
examined primarily the genomes of Daphnia magna,
Folsomia candida, Orchesella cincta, and Hypsibius
dujardini since they were generated from long-read se-
quencing platforms and/or from sequencing of a single
individual, and their complete coding sequences were
predicted from RNA-Seq data. The presence of introns
or flanking eukaryotic sequences was examined to pro-
vide further evidence for the presence of a eukaryotic
c¢wh gene. Since the above putative cwh homologs were
detected in both Nematoda and Panarthropoda, we per-
formed a genome-wide investigation to study the distri-
bution of c¢cwh homologs in Edcysozoa. The CM-Cla
protein sequence was used as a query to perform a
tBLASTn search against all edcysozoan whole genome
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shotgun (WGS) assemblies deposited in NCBI with a
cut-off e-value of 10™ ' and 90% coverage.

Reconstruction of cwh gene trees

We performed a eukaryote-centered cwh phylogenetic
analysis in order to clarify the relationship between
eukaryotic cwh genes and their closely related non-
eukaryotic genes. The cwh protein sequences from C.
montrouzieri, D. magna, F. candida, O. cincta, and H.
dujardini were used as a query to perform a BLASTp
search against the NCBI NR database with cut-off e-
value of 10~ ** and 90% coverage. About 10% representa-
tive hits from non-eukaryotes were selected and grouped
with (1) the query sequences or (2) all putative
eukaryotic c¢wh protein sequences extracted from WGS
assemblies for further phylogenetic analysis. The aligned
sequence matrices were generated by MAFFT v7.427
[78] with the L-INS-i algorithm and visually inspected.
The highly variable C- and N-terminals in the matrix
were trimmed before further phylogenetic analysis. 1Q-
TREE v1.6.12 [79] was used to select the best model of
the alignments and to reconstruct the phylogenetic gene
trees, with node support values estimated using the
embedded ultrafast bootstrap approach (UFBoot). The
phylogeny of all cwh genes from the genomes and tran-
scriptomes of ladybird species was also reconstructed
using MAFFT and IQ-TREE as described above.

Phylogeny and divergence time estimate for ladybird
species

Phylogenetic analysis was conducted on ladybirds and
their Coleoptera outgroups. Nine species of Coleoptera
outgroups from OrthoDB v10 and 13 from the Sequence
Read Achieve (SRA) database were selected (Additional
file 1: Table S3). The transcriptome data from SRA were
assembled using Trinity as described above. Orthologous
transcripts for each tested species were assigned using
Orthograph v0.1 [80], with orthologous genes across 9
genomes in Coleoptera in the OrthoDB v10 database as
reference. We used protein datasets of all 60 species in
the subsequent analysis. To ensure that the genes to be
used were single-copy genes in the whole Coleoptera
group, we selected 885 genes with the following criteria:
(i) these gene families should not include more than one
ortholog in each species in the reference database; (ii)
these genes were included in the Insecta OrthoDB v9
database and used as single-copy genes in BUSCO v3.0.2
[81], and the members of these genes were the same as
those in the reference database; (iii) these genes could
not be detected as duplicate genes by BUSCO in the
published genome of H. axyridis [26]. Then, we used
MAFFT v7.427 to align the gene sequences with the L-
INS-i algorithm. Poorly aligned regions were removed
using the “automatedl” option of trimAl v1.4 [82]. The


https://github.com/TransDecoder/

Li et al. BMC Biology (2021) 19:7

genes were further filtered to include those with more
than 50 species with amino acids more than half the
length of the alignments, and 819 aligned genes
remained for further phylogenetic analysis.

To infer a partition scheme and proper substitution
models, we subsequently used PartitionFinder v2.1.1
based on the corrected Akaike information criterion
(AIC) with the rcluster algorithm. After the partition
scheme was obtained, phylogenetic inference was con-
ducted by RAXML v8.2.12 [83]. Branch support was cal-
culated through a rapid bootstrap algorithm (-f a -x
12345 -p 12345 -# 1000 -m PROTGAMMA) with 1000
replicates.

Divergence time estimation was conducted by using
MCMCTREE in PAML v4.8a [84]. The uncorrelated rate
model (clock=2) was used, and 12 fossils were chosen to
calibrate the clock (Additional file 1: Table S8) [85-96].
We constrained the maximum bound for the root
(crown Coleoptera) to 323.2 MYA, according to the
maximum age of the Coleoptera-Neuropterida split set
by Zhang et al. [40], because no holometabolous insect
was found in the Pennsylvanian, which began at this
time.

Referring to the oldest beetle fossil Coleopsis archaica
[97] and the time tree estimated by Zhang et al. [41],
295 MYA was set as the root age (crown Coleoptera) to
calculate the prior on the overall substitution rate with
the CODEML program in the PAML package. The ML
estimates of the branch lengths were also calculated by
CODEML. The LG+F+GAMMA model with four rate
categories was used. The gamma-Dirichlet prior for
overall rate for genes (rgene gamma) was set at G (1,
9.5), and the gamma-Dirichlet prior for sigma”2 (sigma2
gamma) was set at G (1, 4.5). Then, the MCMCTREE
program in PAML estimated the divergence times by
using a Monte Carlo algorithm. Burn-in was set as 8,
000,000, meaning the first 8,000,000 iterations were dis-
carded. Next, the samples were recorded every 8000 iter-
ations until 10,000 samples were obtained. Another run
was started from different seeds following the same
steps. Finally, to check the convergence of the result, we
used Tracer v1.7.1 [98] to ensure that all parameters
were similar between two runs and that their effective
sample sizes (ESSs) were all larger than 200.
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