PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Lin R, Yang M, Yao B (2022) The
phylogenetic and evolutionary analyses of
detoxification gene families in Aphidinae species.
PLoS ONE 17(2): e0263462. https://doi.org/
10.1371/journal.pone.0263462

Editor: Patrizia Falabella, Universita degli Studi della
Basilicata, ITALY

Received: August 20, 2021
Accepted: January 19, 2022
Published: February 10, 2022

Copyright: © 2022 Lin et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in
any medium, provided the original author and
source are credited.

Data Availability Statement: All data are available
from the Aphidbase or NCBI database or in
Supporting information (amino acid sequence).

Funding: This research was supported by
Fundamental Research Funds for the Central
Universities (buctrc202145, awarded to BY).

Competing interests: The authors declare that they
have no conflict of interest.

Abbreviations: A. glycines, Aphis glycines, A.
gossypii, Aphis gossypii, A. kondoi, Acyrthosiphon
kondoi, A. pisum, Acyrthosiphon pisum; ABC, ATP-

RESEARCH ARTICLE

The phylogenetic and evolutionary analyses of
detoxification gene families in Aphidinae
species

Rongmei Lin"2*, Mengquan Yang®?3, Bowen Yao®**

1 Hubei Insect Resources Utilization and Sustainable Pest Management Key Laboratory, College of Plant
Science & Technology, Huazhong Agricultural University, Wuhan, China, 2 CAS Key Laboratory of Insect
Developmental and Evolutionary Biology, CAS Center for Excellence in Molecular Plant Sciences, Institute of
Plant Physiology and Ecology, Chinese Academy of Sciences, Shanghai, China, 3 Graduate School of
Pharmaceutical Sciences, The University of Tokyo, Bunkyo-ku, Tokyo, Japan, 4 School of Science, Beijing
University of Chemical Technology, Chaoyang District, Beijing, China

* rmlin @ mail.hzau.edu.cn (RL); byao @pku.edu.cn (BY)

Abstract

Detoxification enzymes play significant roles in the interactions between insects and host
plants, wherein detoxification-related genes make great contributions. As herbivorous
pests, aphids reproduce rapidly due to parthenogenesis. They are good biological materials
for studying the mechanisms that allow insect adaptation to host plants. Insect detoxification
gene families are associated with insect adaptation to host plants. The Aphidinae is the
largest subfamily in the Aphididae with at least 2483 species in 256 genera in 2 tribes: the
Macrosiphini (with 3/4 of the species) and the Aphidini. Most aphid pests on crops and orna-
mental plants are Aphidinae. Members of the Aphidinae occur in nearly every region of the
world. The body shape and colour vary significantly. To research the role that detoxification
gene families played in the process of aphid adaptation to host evolution, we analyzed the
phylogeny and evolution of these detoxification gene families in Aphidinae. In general, the
P450/GST/CCE gene families contract, whereas the ABC/UGT families are conserved in
Aphidinae species compared to these families in other herbivorous insects. Genus-specific
expansions of P450 CYP4, and GST Delta have occurred in the genus Acyrthosiphon. In
addition, the evolutionary rates of five detoxification gene families in the evolution process of
Aphidinae are different. The comparison of five detoxification gene families among nine
Aphidinae species and the estimated relative evolutionary rates provided herein support an
understanding of the interaction between and the co-evolution of Aphidinae and plants.

Introduction

Detoxification enzymes play important roles in anti-plant defense mechanisms when insects
feed on plants because the insects metabolize deleterious compounds including insecticides
and plant secondary metabolites [1] by using cytochrome P450 monooxygenases (P450s), car-
boxyl/ cholinesterases (CCEs), glutathione S-transferases (GSTs), UDP-glycosyltransferases
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(UGTs) and ATP-binding cassette transporters (ABCs) in their interactions with the host
plants [2]. Furthermore, functional identification and verification of some genes have been
performed via knocking out genes in five detoxification gene families [3, 4]. Moreover, the
number of subfamilies and detoxification genes in different insect organisms varies widely
[5, 6].

The insect detoxification enzyme system consists of a three-phase system, which is associ-
ated with biotransformation, metabolism, and excretion of toxic compounds [7]. Phase I
detoxification enzymes include cytochrome P450 monooxygenase (P450s), esterase, and flavin
monooxygenase, which can reduce the biological activity of a variety of endogenous toxic com-
pounds and exogenous substances. Phase II enzymes mainly include glutathione transferases
(GSTs) and UDP-glucuronyl transferases (UGTSs), which act on toxic byproducts of phase I
metabolism. Phase I and phase II detoxification enzymes are highly expressed in the midgut of
insects, and phase III enzymes include ATP-binding cassette transporters (ABCs) and other
transporters that export bound toxins to the extracellular level [7]. The structure, organization,
and feature domains of five detoxification enzymes have been partially predicted by previous
studies. In previous studies, some subfamilies showed associations with resistance to insecti-
cides and secondary metabolites, playing important roles in anti-plant defense mechanisms;
therefore, they can be defined as detoxification-related subfamilies, while other subfamilies
were defined as detoxification-unrelated subfamilies. Research on detoxification-related sub-
families is essential because of their roles in the detoxification of harmful secondary metabo-
lites of host plants.

Generally, five detoxification gene families detoxify deleterious compounds by different
processes such as oxidation (P450s) and reduction (GSTs).

P450s are powerful biocatalysts, which produce nonactivated C-H bonds via catalyzing the
introduction of one atom of molecular oxygen [8]. P450 can be divided into four clades: CYP2,
CYP3, CYP4, and mitochondrial CYP [9]. Mitochondrial P450s play roles in metabolizing
fatty acid, sterol, and hormones [9, 10]. CYP3 genes contribute to the oxidative detoxification
of synthetic insecticides and plant secondary metabolites such as furanocoumarins, alkaloids
[11, 12]. CYP4 genes are associated with detoxification and pheromone metabolism [12-14].

CCEs contribute to hydrolyzing pyrethroids and carbamates [15-17]. The CCE:s fall into
three main phylogenetic classes: the Intracellular catalytic class, the Secreted catalytic class,
and the Neurodevelopmental class [13]. The Intracellular catalytic class, Beta esterase in the
Secreted catalytic class, and acetylcholinesterase in the Neurodevelopmental class are the three
parts associated with detoxification. For dietary/detoxification functions, CCE-A/B/C, Beta
esterase, and CCE] are related to the detoxification of harmful compounds [16].

GSTs conjugate deleterious compounds to the thiol group for more efficient degradation or
excretion, which are involved in detoxifying insecticides, including spinosad, diazinon, niten-
pyram, and DDT in insects [3, 18]. The Delta and Epsilon classes of the GST's are unique to
insects and are associated with the detoxification of insecticides. The Delta and Epsilon exist
merely in insects and are involved in insecticide resistance [18]. Theta is believed to have given
rise to cytosolic GSTs [19]. Microsomal GSTs, which are active as trimmers, are membrane-
bound proteins. Cytosolic GST's (primarily Delta and Epsilon gene members) are associated
with resistance to DDT and organophosphates. Insects ordinarily have six different classes of
GSTs [20].

In insects, UDP-glycosyltransferases (UGT) produce glycosides by catalyzing lipophilic
compounds with sugars, playing important roles in the regulation of endobiotics and the
detoxification of xenobiotics [5]. UGT signature motif, the N-terminal signal peptide and the
C-terminal transmembrane domain are important domains [21]. Insect UGTs contribute to

PLOS ONE | https://doi.org/10.1371/journal.pone.0263462 February 10, 2022

2/18


https://doi.org/10.1371/journal.pone.0263462

PLOS ONE

Evolution of Aphidinae detoxification enzymes

detoxification, sequestration, olfaction, and endobiotic modulation [22], which mainly exist in
the fat body and midgut [23].

ABC genes are classified into eight subfamilies (A-H), of which the subfamilies A, B, C, and
G are related to resistance to xenobiotics, including allelochemicals, multiple drugs, and insec-
ticides [24]. ABCs hydrolyze ATP when transporting a wide variety of substrates across lipid
membranes by two cytosolic nucleotide-binding domains (NBDs) and two transmembrane
domains (TMDs) [25-28].

Aphids are important models of herbivorous adaptation. Aphids, which include approxi-
mately 5000 extant species, reproduce rapidly and indeed very damaging to crop plants pre-
dominantly because of parthenogenesis and sap-sucking, not only reducing plant production
but also spreading a wide variety of plant viruses. Some aphids exhibit several kinds of life
cycle including periodic parthenogenesis, meaning asexual alternates with sexual reproduction
respond to seasonal changes, during which aphids shift to a new host plant belonging to
another family [29], while pea aphids stay on the same host plant during sexual reproduction.
Aphids can be divided into oligophagous and polyphagous aphids by their eating habits [29].
Aphids present different phenotypes in different host plants. The size of the aphid, the growth
rate, and the reproduction rate vary widely when feeding on different host plants, especially
for polyphagous aphids [29]. The host plants, feeding parts, and defense mechanisms against
plants of aphids are diverse. Some aphids evolved multiple biotypes that exhibit host adaption
differences such as A. gossypii [30]. The Aphidinae is the largest subfamily with at least 2483
species in 256 genera in 2 tribes: the Macrosiphini (with 3/4 of the species) and the Aphidini.
Most Aphidinae live on angiosperms, but a small number of secondarily adapted species
attack conifers and ferns. Some or all species in many genera undergo a regular seasonal host
alternation (heteroecy) between a woody perennial primary host, on which the diapausing
eggs overwinter, and one or more herbaceous secondary hosts, to which some or all of the pop-
ulations migrate by means of alate viviparae during the spring and early summer. Most aphid
pests on crops and ornamental plants are Aphidinae. Members of the Aphidinae occur in
nearly every region of the world. The body shape and color vary significantly.

In previous studies about detoxification gene families, some research has focused on one or
two insect species and has analyzed some of these five detoxification gene families, while other
studies compare one detoxification gene family among several insect species. For example,
Rispe et al. research the phylogenetic of the five classes for phylloxera and two aphid species.
The evolutionary and phylogenetic circumstances of detoxification-related subfamilies are
especially unknown. Aphidinae is the most diverse major lineage of aphids (Aphididae), which
dominate the temperate, northern-hemisphere fauna. Therefore, we performed systematic
phylogenetic and evolutionary analysis on five detoxification gene families to study the phylo-
genetic and global evolutionary circumstances of detoxification-related genes in Aphidinae.

Nine common and harmful aphid species were studied in this study; these species include
five oligophagous Aphidinae and four polyphagous Aphidinae.

Materials and methods
Gene annotations

The protein databases of the insect species were downloaded from AphidBase, Whitefly
Genome Database, FlyBase, and NCBI (https://www.ncbi.nlm.nih.gov). All collected ABC
gene sequences of A. pisum and D. melanogaster were searched against another aphid species’
protein database by applying BLASTP with an e-value threshold of 1e-5. Gene sequences of A.
pisum were searched against another aphid species’ protein database for the other four gene
families. All collected gene sequences of A. pisum were searched against the other eight species’
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protein databases by applying BLASTP for the five gene families. In turn, the above databases
were exchanged with seed and BLASTed a second time. InterProScan [31] was used to screen
all predicted protein sequences and filter the ones without characteristic domains [32]. Each
gene of five gene families was annotated manually.

Insects phylogenetic analysis

We fitted the phylogenetic structure of seventeen insect species by synthesizing the relative
phylogenetic relationships obtained by each species taken from references [33, 34].

We reconstructed the phylogenetic topology of nine Aphidinae species and eight other her-
bivorous insects, including Daktulosphaira vitifoliae [35], B. tabaci [36], N. lugens [37], Tribo-
lium castaneum [38], L. decemlineata [39], S. litura [24], P. xylostella [40], and D. plexippus
[41]. The phylogenetic topology of the nine Aphidinae species was taken from Carol et al. [33].
The phylogenetic topology of the other eight species was taken from Behura. et al [34]. The
tree was rerooted using five insects from Lepidoptera and Coleoptera.

We applied MUSCLE to perform multiple alignments and inspect manually for well aligned
blocks. Poorly aligned regions of multiple alignments were discoverd and discarded before the
phylogeny analysis. We used PhyML with the JTT model and 1000 bootstrap replicates to
implement the phylogenetic analysis. Subfamilies of each family were divided according to D.
melanogaster (ATP-binding cassette transporter gene family) or A. pisum (four other gene
families) genes.

Estimation of gene gain and loss events

The parsimony-based ‘modified reconciliation method’ was used to estimate the number of
gene gain and loss events; First, branches with bootstrap support above 70 in phylogenies of
detoxification gene families were screened out. Then, the Delta/ CYP4 phylogenetic tree and
nine Aphidinae species phylogenetic tree were uploaded to Notung [42], which reconciled the
condensed trees with the organismal relationships.

Amino acid sequence identity

Local BLAST was used to calculate the amino acid sequence identity within or among Aphidi-
nae species. For each group (x-axis), every amino acid sequence (n) of each Aphidinae species
was blasted against each other and produced nx(n-1)/2 identity numbers for each Aphidinae
species. The average of the identity is indicated in the colored hollow circle for each Aphidinae
species (Fig 4A). For each group (x-axis), all amino acid sequences of the nine Aphidinae spe-
cies blasted against each other and produced a file with twelve columns; then, the rows that
repeated with the previous nine files within the Aphidinae species from Fig 4A were discarded;
subsequently, the remaining identities were extracted, producing not only an average and stan-
dard deviation (Fig 4B), but a boxplot as well (Fig 4C).

Results
Species selection

In subfamily Aphidinae, A. kondoi, A. pisum, M. persicae, D. noxia, S. avenae belong to tribe
Macrosiphini, the other species belong to tribe Aphidini. Some are host-alternating species,
such as M. persicae [43], Rhopalosiphum padi [44], and Aphis glycines [45]. A. pisum is the first
aphid species that had its genome completely sequenced [46, 47]. Acyrthosiphon kondoi does
more damage to leguminous plants than A. pisum does, severely diminishing the crop yields
even at low population densities, especially in spring and autumn [48]. Aphis gossypii is widely
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distributed in diverse crops in the families Malvaceae, Rutaceae, and Cucurbitaceae [29]. Sito-
bion avenae [49], Diuraphis noxia [19], and Schizaphis graminum [50] are injurious insects
that feed on Gramineae family members. Furthermore, A. pisum, A. kondoi, A. glycines, D.
noxia, and S. graminum are oligophagous, and A. gossypii, M. persicae, R. padi, and S. avenae
are polyphagous.

Comparison of detoxification-related genes and phylogenetic topology of
seventeen insect species

To compare the detoxification-related genes among Aphidinae and other herbivorous insects,
genes from five detoxification gene families were identified from 17 insect protein databases
and were divided into subfamilies, whereupon genes from the detoxification-associated sub-
families became the focus. In general, the P450/GST/CCE genes contract, whereas the ABC/
UGT genes are conserved in Aphidinae compared with other herbivores (S1-S6 Figs, S1
Table). Total numbers of detoxification-associated genes of P450 varied from 41 to 63 in nine
Aphidinae species, whereas they varied from 50 to 125 in the other eight insect organisms; fur-
thermore, more than 110 detoxification-related P450 genes were observed in four insect spe-
cies, which indicates that the detoxification-associated P450 genes contract in Aphidinae
compared with other phytophagous insects. Total counts of detoxification-related genes of
CCE vary from 6 to 13 in nine Aphidinae species, whereas they vary from 13 to 83 in the other
eight insect organisms; furthermore, more than 30 detoxification-associated CCE genes were
observed in five insect species, which suggests that detoxification-related CCE genes contract
in Aphidinae compared with other herbivorous insects. GST detoxification-associated genes
vary from 2 to 11 in nine Aphidinae species, whereas they vary from 2 to 18 in the other eight
insect organisms; furthermore, no more than 4 detoxification-associated GST genes were
observed in seven aphid species, and more than 8 detoxification-associated GST in other eight
insect organisms, which indicates that detoxification-related GST genes contract in Aphidinae
compared with other herbivorous insects. The average UGT gene count is 49 in nine Aphidi-
nae species and 35 in the remaining seven insect organisms except for B. tabaci, which suggests
that, generally, UGTSs expand in Aphidinae compared with other herbivorous insects. The
number of detoxification-associated genes of ABC varies from 40 to 68 in fifteen insect organ-
isms, except for Leptinotarsa decemlineata and Daktulosphaira vitifoliae [34], indicating that
detoxification-related ABCs are conserved in Aphidinae compared with other herbivorous
insects. Generally, P450/GST/CCE detoxification-related genes contract, whereas ABC/UGT
are conserved in Aphidinae compared with other herbivorous insects (Fig 1, S6 Fig).

Some detoxification-unrelated subfamilies in GST/CCE/P450 are
conserved in Aphidinae

Within nine Aphidinae species, according to our division of subfamilies in the five gene fami-
lies (S1-S5 Figs, Fig 2), the considerably different patterns of expansion/contraction displayed
by the subfamilies of these three gene families can be divided into three types: 1) Only a single-
copy gene of the K subfamily occurs in each Aphidinae species, and only a single-copy gene of
the I subfamily occurs in each Aphidinae species except for S. avenae and A. glycines, which
have two copies; 2) Theta, Microsomal GST, Neuro/developmental class (K, L, ], I) of CCE,
CYP2, Mitochondrial of P450, and A/B/D/E/F of ABC lost more genes than were duplicated;
and 3) Delta, Sigma of GST, A, E of CCE, CYP3, CYP4 of P450 and C/G/H of ABC had
expanded in Aphidinae species.

Among Aphidinae and other herbivorous insects, detoxification-related subfamilies con-
tracted compared with those observed in other insects, whereas some of the detoxification-
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Fig 1. Phylogenetic topology and detoxification gene numbers of seventeen insect organisms. The phylogenetic topology of nine Aphidinae species
and eight other phytophagous insect organisms was taken from papers. The tree was rooted using five insect organisms from the Lepidoptera and
Coleoptera. Gene counts are the total numbers of the ATP-binding cassette transporter, cytochrome P450 monooxygenases, glutathione S-transferases,
carboxylesterase and UDP-glycosyltransferases.

https://doi.org/10.1371/journal.pone.0263462.g001

unrelated subfamilies were conserved in Aphidinae. For instance, in the GST Delta subfamily,
three M. persicae genes and three S. graminum genes were observed, whereas 14 B. tabaci
genes (Fig 2A) were observed. However, CCE] is conserved in that CCEJ belongs to the
Neuro/ developmental class (Fig 2B). Whereas two cases of detoxification-unrelated subfami-
lies were present in Aphidinae, some subfamilies, such as sigma, contracted, and in some
subfamilies, such as CYP2 (Fig 2C), Aphidinae conserved. Although the whole gene family
contracts, some of the detoxification-unrelated subfamilies were conserved in Aphidinae.
CYP3 and CYP4 subfamilies incorporate 77.2% of the entire repertoires of the P450 genes in
the nine Aphidinae species. Aphidinae species have a decreased number of P450 genes com-
pared with the number observed in other insects. Aphidinae occupies six subfamilies of the
CCE, namely, A/E/I/J/K/L. This E subfamily incorporates 44.7% of the entire repertoires of the
CCE genes in the nine Aphidinae species. However, R. padi esterase genes have undergone an
expansion within clade E compared with the other eight Aphidinae (S2 Fig). A large fraction of
the CCE proteins is associated with basal metabolic functions that are presumably the same or
similar in Aphidinae.

Genus-specific expansion of CYP4 and Delta occurred in Acyrthosiphon

According to phylogenetic analysis, eleven detoxification-related subfamilies in these gene
families were divided, Aphidinae’ genes from each detoxification-related subfamily were
screened to infer the phylogenetic tree of each subfamily (Fig 3, S6 Fig), wherein genus-specific
expansion in Acyrthosiphon occurred in two subfamilies: CYP4 and Delta (Fig 3B and 3D). In
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Fig 2. Analysis of three gene families (GST, CCE, P450) in two Aphidinae species and Bemisia tabaci. These two Aphidinae species are from two
different Aphidinae branches of the phylogenetic topology shown in Fig 1. M. persicae belong to tribe Macrosiphini, S. graminum belong to tribe
Aphidini. These three gene families contract in Aphidinae compared with other insect organisms. (A) GST, (B) CCE, (C) P450. Genes in different
species are color-coded as follows: Myzus persicae, red; Schizaphis graminum, green; B. tabaci, grey. Red stars indicate detoxification-related
subfamilies.

https://doi.org/10.1371/journal.pone.0263462.9002

most of these eleven subfamilies, gene counts of D. noxia were low, whereas those of A. pisum
were high. The genus Aphis expanded in two clades. The branch for A. glycines in CYP3 con-
tained five CYP9E2 genes. The clade for the genus Aphis comprises A. glycines and A. gossypii
and contains eleven CYP380C6 genes only, which contribute to the spirotetramat resistance of
A. gossypii (Fig 3D). CYP380C6 genes contribute to spirotetramat resistance at very high resis-
tance levels.
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Fig 3. Phylogenetic relationships and gene gain-and-loss events of two subclades. Genus- specific expansions of CYP4 and Delta occur in the genus
Acyrthosiphon. Notung was used to calculate numbers of gene gain-and-loss, and numbers are presented above branches with negative and plus signs,
respectively. Maximum-likelihood trees of the CYP4 and Delta genes were developed by using PhyML. (A) Gene gain-and-loss events of Delta
subfamily. Most duplications occurred before formation of the genus Acyrthosiphon and are indicated in red. (B) The phylogenetic tree of the Delta
subfamily in nine Aphidinae species. Clade for most of the genus Acyrthosiphon is highlighted in grey arc. (C) Gene gain-and-loss events of CYP4
subclade. Most duplications occurred after formation of the genus Acyrthosiphon and are indicated in red. (D) Phylogenetic tree of CYP4 clade in nine
Aphidinae species. The clade for A. kondoi most and the clade for the genus Aphis only are highlighted in the grey arc, respectively. Red palette indicates
the tribe Macrosiphini, green palette indicates the tribe Aphidini. Genes in different species are colour-coded as follows: S. graminum, green; R. padi,
dark sea green; A. glycines, spring green; A. gossypii, green yellow; D. noxia, hot pink; M. persicae, pink; S. avenae, dark orange; A. pisum, red; and A.
kondoi, magenta. The numbers after the aphid species names indicate numbers of Delta or CYP4 genes in the extant aphid species.

https://doi.org/10.1371/journal.pone.0263462.9003

We appraised the gene gain and loss events and assessed the number of ancestral gene
copies in each subfamily to further deduce the evolutionary dynamics of detoxification-
related genes. A. pisum and A. kondoi genes distributed uniformly, mostly among the branch
for the genus Acyrthosiphon (Fig 3B). The clade for A. kondoi mostly does not contain A.
pisum genes, which differs from the Delta subfamily. Delta genes in the genus Acyrthosiphon
are nearly 3.7 times more common than in the other seven aphid species. The numbers of
Delta genes in the other seven aphid species decrease to a quarter of those present in the
ancestor of the Aphidinae.

According to the parsimony analysis, the number of Delta and CYP4 genes in the genus
Acyrthosiphon likely remained the same as the common ancestor while decreasing greatly in
other Aphidinae. Considerable gene losses occurred in the Aphidinae. In general, Aphidinae
lost more Delta and CYP4 genes than were duplicated in the whole process of evolution, the
GST-Delta and CYP4 genes have distinct evolutionary dynamics in Acyrthosiphon in compari-
son to other Aphidinae.
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Many more gene-gain events occurred with Delta either before the separation of the genus
Acyrthosiphon from S. avenae or before the formation of the genus Acyrthosiphon (Fig 3A),
whereas many more gene-gain events occurred with CYP4 either before the separation of the
genus Acyrthosiphon from S. avenae or after the formation of the genus Acyrthosiphon (Fig
3C). Duplications mainly occurred in the different stages in these two sub-clades. Most dupli-
cations of the Acyrthosiphon CYP4 genes occurred during the later stages of Acyrthosiphon
evolution than the GST-Delta genes.

Comparison of relative evolutionary rates among gene families and
subfamilies

The rank of the evolutionary rate within or among Aphidinae species for both detoxification
gene families and subfamilies are similar. The rank of the evolutionary rates within or among
Aphidinae species (from fast to slow) for total subfamilies is ABC P450 CCE GST and for total
gene families is P450 ABC CCE UGT GST. The higher the sequence identity, the lower the
evolutionary rate. ABCG evolves the fastest, whereas CCEA evolves the slowest within or
among the Aphidinae species. In general, ABC evolves the fastest, whereas GST evolves the
slowest within (Fig 4A) or among (Fig 4B) the Aphidinae species for the total subfamilies.
However, P450 evolves the fastest, whereas the GST evolves the slowest within (Fig 4A) or
among (Fig 4B) the Aphidinae species for the total gene families, and P450 evolves faster than
ABC for the total gene families. These results suggest that, in general, the rankings of the evolu-
tionary rates within Aphidinae species are the same as among the Aphidinae species; nothing
but CYP4 changes the order with ABCC, which does not affect the rank of the total subfami-
lies. Detoxification-related subfamilies of P450 are more conserved than detoxification-unre-
lated subfamilies among Aphidinae species, which is contrary to observations made of ABC/
GST/CCE (Fig 4C). The P450 evolves the fastest among the five gene families, not only within
species but also among the species, whereas the detoxification-related subfamilies evolve more
slowly than the detoxification-unrelated subfamilies. Detoxification-related subfamilies of
P450 are more conserved than detoxification-unrelated subfamilies (CYP2) among Aphidinae
species. In addition, GST is the most conserved among the five gene families, not only within
but also among species (Fig 4A and 4B). Furthermore, the detoxification-unrelated subfamilies
of ABC/GST/CCE are more conserved than detoxification-related subfamilies among Aphidi-
nae species (Fig 4C), which indicates that, to better adapt to host plants and the changing envi-
ronment, detoxification-related genes of the ABC/GST/CCE gene families evolve faster and
generate diverse genes. However, as for P450, each of these three detoxification-related clades
comprises a wide variety of detoxification-related subfamilies, which encompass diverse detox-
ification-related genes. Although the number of detoxification-related genes is not very large,
the variety of genes is enough.

Generally, the evolutionary rates of five detoxification gene families in the evolution process
of Aphidinae are different.

Discussion

Duplications of detoxification-related genes in Aphidinae are not obvious, and consequently,
the detoxification-related gene numbers are lower. In a previous study, they concluded that
P450 is consistent with the hypothesis that the broader the host range is, the more detoxifica-
tion genes the species owns. GST and CCE aren’t consistent with the hypothesis, which is con-
formed to our results [1]. Without the genome of M. persicae, they used M. persicae cDNA
while we used the protein database. The method of searching candidate genes in their study is
different from ours.
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Fig 4. Relative evolutionary rate reflected by amino acid sequence identity. The upper line, middle line, lower line and
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sequence identity within nine Aphidinae species of eleven detoxification-related subfamilies and five detoxification
families is exhibited by scatter diagram. Colors of species are the same as in Fig 3. (B) Sequence identity among nine
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displayed in solid boxes, whereas the detoxification-unrelated subfamilies are hollow boxes. Colors of detoxification
families are the same as in Fig 1.

https://doi.org/10.1371/journal.pone.0263462.9004

The host range of oligophagous aphid species (A. glycines, A. kondoi, A. pisum, D. noxia,
and S. graminum) is narrow, whereas polyphagous aphid species (the other four aphid species)
feed on hundreds of species in a wide variety of plant families. In subfamily Aphidinae, A. kon-
doi, A. pisum, M. persicae, D. noxia, S. avenae belong to tribe Macrosiphini, the other species
belong to the tribe Aphidini. Accordingly, polyphagous species would be exposed to a higher
diversity of insecticides and plant secondary metabolites than oligophagous species and have
been predicted to require a greater complement of detoxification-related enzymes [1, 43, 51].
Polyphagous species have more detoxification genes than oligophagous species for Lepidop-
tera; for instance, S. litura possesses the most detoxification genes, and D. plexippus possess the
least among the three Lepidoptera species; these occurrences correspond to the host ranges of
the three species. The Hemipterans B. tabaci and N. lugens adapt to this rule, and the polypha-
gous B. tabaci possess more detoxification genes than the oligophagous N. lugens. However,
the number of detoxification-associated genes appears irrelevant to the host ranges in Aphidi-
nae species. Species that are named based on host plants have narrower host ranges. The
names of Aphidinae species are usually based on the host plant names regardless of whether
the aphid species are polyphagous or oligophagous. Our research implies that Aphidinae does
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not require different genes to detoxify diverse plant secondary metabolites and insecticides, as
one specific detoxification-related gene may be able to detoxify several different toxic sub-
stances [1, 43].

Three contracted gene families suggest that the significance of P450/GST/CCE to Aphidinae
is smaller than the significance of P450/GST/CCE to other herbivorous insects. Aphidinae pos-
sesses much smaller repertoires of these three detoxification gene families than other herbivo-
rous insects, likely indicative of a simpler detoxification system. Genes with conserved roles
tend to occupy relatively stable copy numbers while those with diversified functions have
higher rates of gain-and-loss, although the degrees of copy number changes are somewhat ran-
dom. Our results indicate that this pattern could also hold true for the evolution of detoxifica-
tion gene families of Aphidinae. For instance, CCE-K presents one single-copy in each of the
nine Aphidinae species, which suggests that CCE-K is possible to perform a similar function
common for all Aphidinae.

Two conserved gene families suggest that the significance of ABC/UGT to Aphidinae is the
same as the significance of ABC/UGT to other herbivorous insects. Except for B. tabaci, gener-
ally, UGTSs expand in Aphidinae compared with other herbivorous insects [36].

Detoxification-unrelated subfamilies of ABC/GST/CCE are more conserved than detoxifi-
cation-related subfamilies among Aphidinae species, which indicates that the detoxification-
related genes of these three gene families evolve faster and generate diverse genes to adapt to
changing environments. However, as for P450, CYP2 is the only detoxification-unrelated sub-
family in P450 [52]. Each of these three detoxification-related clades comprises a wide variety
of detoxification-related subfamilies, which encompass diverse detoxification-related genes.
The proportion of detoxification-related genes in P450 is much higher than the proportion of
detoxification-related genes in ABC/GST/CCE. Thus, detoxification-related P450s are more
plentiful for Aphidinae compared with ABC/GST/CCE. We predicted that these might be
potential reasons for the detoxification-related clades of P450 being more conserved than the
detoxification-unrelated clades among Aphidinae species, which is contrary to ABC/GST/CCE
(Fig 4C).

Genus-specific expansions of CYP4 and Delta have occurred in the genus Acyrthosiphon,
and these expansions happened mainly before the formation of the genus Acyrthosiphon in
Delta and predominantly after the formation of Acyrthosiphon in CYP4, which reflect differ-
ences in their feeding habits and detoxification situation. The number of Delta and CYP4
genes in the genus Acyrthosiphon probably remained the same as that of the common ancestor,
whereas it greatly decreased in other Aphidinae. Possibly, dramatic decreases in gene numbers
in the other extant seven Aphidinae species are caused by Aphidinae losing genes with redun-
dant and unnecessary functions in the evolutionary process and may help explain why differ-
ent genus feed on different host plants [53].

Delta genes in the genus Acyrthosiphon are nearly 3.7 times as common as those observed
in the other seven Aphidinae species. This occurrence suggests that the genus Acyrthosiphon
needs more Delta genes to detoxify both the xenobiotic and endogenous harmful compounds
(S3 Fig). Delta and Epsilon comprise approximately half of the GSTs present in an insect
and are involved in insecticide resistance. However, generally, Aphidinae lacks the Epsilon,
Omega, and Zeta classes compared to the other herbivorous insects [1]. Insects ordinarily
occupy six different subfamilies of GST's [18, 54]. The activation of the mitogen-activated pro-
tein kinase (MAPK) pathway was mediated by Omega GSTs [55]. Zeta and Omega GSTs pro-
tect insects against oxidative stress [55, 56]. Epsilon class genes are related to resistance to the
organochlorine insecticide DDT [1,1,1-trichloro-2,2-bis-(p-chlorophenyl) ethane] [57]. Sigma
GSTs contribute to lipid peroxidation and detoxification. Delta GST's are also associated with
resistance to organophosphate/DDT, so Aphidinae may not need the Epsilon subfamily.

PLOS ONE | https://doi.org/10.1371/journal.pone.0263462 February 10, 2022 11/18


https://doi.org/10.1371/journal.pone.0263462

PLOS ONE

Evolution of Aphidinae detoxification enzymes

Because of the high proportion of Delta serving the same function as Epsilon, Aphidinae lost
Epsilon in the process of evolution. The Aphidinae may also have lost Zeta and Omega sub-
families since microsomal GSTs contribute to protecting insects against oxidative stress and
provide the function normally provided by the Zeta and Omega GSTs.

As for CCE, in general, Aphidinae lack the unique CCE subfamilies of other insect orders
such as the Diptera-specific clades B and C, dipteran juvenile hormone esterases (F), lepidop-
teran juvenile esterases (G), and six of fourteen subfamilies are represented in Aphidinae.
These subfamilies include intracellular catalytic class A, which is involved in dietary/detoxifi-
cation; secreted catalytic class E, which is related to hormone/semiochemical processing and
contains juvenile hormone esterase and Beta esterase; neurodevelopmental classes I/J/K/L (I,
Glutactin; K, Gliotactins; J, Acetylcholinesterase; L, Neuroligins) [1], which means Aphidinae
lack eight subfamilies compared with other herbivores; class M (the glutactin like esterases
(H), lepidopteran juvenile esterases (G), dipteran juvenile hormone esterases (F), integument
esterases (D)); and the Diptera-specific clades B/C, and are all clades without detectable aphid
homologues. A decrement in the diversity of CCEs associated with hormone and pheromone
processing (clades D-H) with only clade E having any gene members at all was observed in the
Aphidinae species [58]. Gene members of the clades I-M (Neurodevelopmental class) tend to
be noncatalytic and are relevant to cell-cell interactions, except for acetylcholine esterase
(Ache, clade]) [59].

The genus Aphis expands into two clades of detoxification-related subfamilies. Branch for
A. glycines only in CYP3 comprises five CYP9E2 genes. CYP9E2 genes contribute to imidaclo-
prid detoxification [60]. The clade for the genus Aphis comprises A. glycines and A. gossypii
and contains eleven CYP380C6 genes, which contribute to the spirotetramat resistance of A.
gossypii (Fig 3D). The CYP380C6 genes contribute to spirotetramat resistance at very high
resistance levels. Possibly, CYP9E2 and CYP380C6 duplicate to enhance the efficiency of
detoxifying the common insecticides to which Aphidinae are exposed.

As for P450, all insects had four clades, with each clade containing several subfamilies. We
just divided P450 into four clades, whereas the P450 did not subdivide into subfamilies in the
Aphidinae. Although genes exist in each of the four clades, we were unable to determine if
genes in every subfamily exist in every clade. In this study, we generally refer to the four clades
of P450 as four subfamilies, and possibly, the Aphidinae lack several subfamilies in P450.
Therefore, GST/CCE/P450 is inferred to contract in Aphidinae because they lack several sub-
families compared with other herbivorous insects.

Expanded subfamilies contract in contracted detoxification gene families, such as P450/
GST/CCE, whereas the expanded subfamilies expanded in contrast to the detoxification gene
families, such as ABC, in Aphidinae. Our study implies that for commonly expanded subfami-
lies, the evolutionary dynamics are generally consistent with the global gene family, whereas,
for commonly contracted subfamilies, such as CYP2, the evolutionary dynamics are some-
times opposite to the global gene family. That is, CYP2 contracts in all insects, whereas it
expands in Aphidinae compared with other herbivorous insects (Fig 2C).

For the approach of comparison of relative evolutionary rates, taking blast hits amino acid
identity could be acceptable, since the comparison is comprehensive (different levels: within
or among Aphidinae species, Aphidinae with other herbivorous insects, and among gene fami-
lies and subfamilies) and reflect each sequence. For each group (x-axis), every amino acid
sequence (n) of each Aphidinae species was blasted against each other and produced nx(n-1)/2
identity numbers for each Aphidinae species. For each group (x-axis), all amino acid sequences
of the nine Aphidinae species blasted against each other and produced a file with twelve col-
umns; then, the rows that repeated with the previous nine files within the Aphidinae species
were discarded; subsequently, the remaining identities were extracted, producing an average
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and standard deviation. However, there exists some possibly important caveats. Indeed, for
some relatively divergent gene families, the blast analysis might give different results for the
same gene, with quite different identities. Therefore, it might be difficult to select the most rel-
evant metric of genetic distance, which is a potential limitation. Of course, there might be
problems also if using full-length alignments that might be cleaned in divergent regions. Ks
value reflect comparative evolutionary rates between two species during the same time period.
Here, we compare nine species so we use identity to compare. Essential genes are known to
evolve slowly. The rank of the evolutionary rates within or among Aphidinae species (from fast
to slow) for total subfamilies is ABC P450 CCE GST and for total gene families is P450 ABC
CCE UGT GST, which indicates that phase II detoxification enzymes (GST, UGT) are more
essential than other detoxification enzymes. The rank of the evolutionary rates is the same
within or between Aphidinae species, which suggests that amino-acid sequences are similar in
each detoxification gene family within Aphidinae. Therefore, for each phylogenetic tree of
detoxification gene family, genes of each subfamily from nine Aphidinae species cluster
together.

Conclusion

In this study, we identified the genes of five detoxification gene families in seventeen insect
organisms (nine Aphidinae species and eight other herbivorous insects); calculated the phylo-
genetic relationships; divided the five gene families into several subfamilies, which comprise
detoxification-related and detoxification-unrelated subfamilies; and estimated the relative evo-
lutionary rates among the gene families and subfamilies.

In general, the P450/GST/CCE gene families have contracted, whereas the ABC/UGT are
conserved in Aphidinae compared with other herbivorous insects, and the numbers of detoxi-
fication-associated genes appear irrelevant to the host ranges of the Aphidinae species. P450/
GST/CCE detoxification-associated genes have contracted in Aphidinae compared with other
herbivorous insects, whereas some detoxification-unrelated subfamilies are conserved in
Aphidinae.

Furthermore, the genus-specific expansion of P450, CYP4, and GST Delta have occurred in
the genus Acyrthosiphon, and this happened in Delta either before the separation of the genus
Acyrthosiphon from S. avenae or before the formation of the genus Acyrthosiphon, and in
CYP4 either before the separation of the genus Acyrthosiphon from S. avenae or after the for-
mation of the genus Acyrthosiphon. Moreover, the evolutionary rates of the five detoxification
gene families in the evolutionary process of Aphidinae are different, and the rankings of the
evolutionary rate within or among aphid species for both detoxification gene families and sub-
families are similar. In ABC/GST/CCE, detoxification-related genes evolved faster than detoxi-
fication-unrelated genes; in contrast, detoxification-related clades of P450 are more conserved
than detoxification-unrelated clades among Aphidinae species.

Our study is important in the field of detoxification gene families in Aphidinae, including
the comparisons at several different levels (within or among Aphidinae species, Aphidinae
with other herbivorous insects, and among gene families and subfamilies). The identification
of these detoxification genes, the comparison of five detoxification gene families between nine
Aphidinae species, and the relative evolutionary rates we estimated provide understanding of
their contribution to the adaptation of Aphidinae. Our study serves as the basis for analyzing
the evolutionary circumstances of detoxification genes in insects and the important roles that
detoxification enzymes play in the interaction between insects and host plants. Moreover, we
provide support for analyzing co-evolution between Aphidinae and plants and ecological
interaction.
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Supporting information

S1 Fig. Phylogenetic tree of ABC in Aphidinae. ABC is divided into eight subfamilies indi-
cated by grey arc. Different colors represent different Aphidinae in phylogenetic tree, red pal-
ette indicates the tribe Macrosiphini, green palette indicates the tribe Aphidini. S. graminum,
green; R. padi, dark sea green; A. glycines, spring green; A. gossypii, green yellow; D. noxia, hot
pink; M. persicae, pink; S. avenae, dark orange; A. pisum, red; and A. kondoi, magenta, D. mela-
nogaster, blue.

(TIF)

S2 Fig. Phylogenetic tree of CCE in Aphidinae. CCE is divided into six subfamilies indicated
by grey arc. Different colors represent different Aphidinae in phylogenetic tree, red palette
indicates the tribe Macrosiphini, green palette indicates the tribe Aphidini. S. graminum, green;
R. padi, dark sea green; A. glycines, spring green; A. gossypii, green yellow; D. noxia, hot pink;
M. persicae, pink; S. avenae, dark orange; A. pisum, red; and A. kondoi, magenta.

(TIF)

S3 Fig. Phylogenetic tree of GST in Aphidinae. GST is divided into four subfamilies indicated
by grey arc. Different colors represent different Aphidinae in phylogenetic tree, red palette
indicates the tribe Macrosiphini, green palette indicates the tribe Aphidini. S. graminum, green;
R. padi, dark sea green; A. glycines, spring green; A. gossypii, green yellow; D. noxia, hot pink;
M. persicae, pink; S. avenae, dark orange; A. pisum, red; and A. kondoi, magenta.

(TIF)

S4 Fig. Phylogenetic tree of P450 in Aphidinae. P450 is divided into four clades indicated by
the grey arc. Different colors represent different Aphidinae in the phylogenetic tree, red palette
indicates the tribe Macrosiphini, green palette indicates the tribe Aphidini. S. graminum, green;
R. padi, dark sea green; A. glycines, spring green; A. gossypii, green-yellow; D. noxia, hot pink;
M. persicae, pink; S. avenae, dark orange; A. pisum, red; and A. kondoi, magenta.

(TIF)

S5 Fig. Phylogenetic tree of UGT in Aphidinae. Different colors represent different Aphidi-
nae in the phylogenetic tree, red palette indicates the tribe Macrosiphini, green palette indicates
the tribe Aphidini. S. graminum, green; R. padi, dark sea green; A. glycines, spring green; A. gos-
sypii, green-yellow; D. noxia, hot pink; M. persicae, pink; S. avenae, dark orange; A. pisum, red;
and A. kondoi, magenta.

(TIF)

S6 Fig. Phylogenetic tree of detoxification-related subfamilies in nine Aphidinae species.
A-D: ABC-A/B/C/G, E-F: P450-CYP3/ mitochondria, G-I: CCE-A/ B-esterase / acetylcholine
esterase. Different colors represent different Aphidinae in phylogenetic tree, red palette indi-
cates the tribe Macrosiphini, green palette indicates the tribe Aphidini: S. graminum, green; R.
padi, dark sea green; A. glycines, spring green; A. gossypii, green-yellow; D. noxia, hot pink; M.
persicae, pink; S. avenae, dark orange; A. pisum, red; and A. kondoi, magenta.

(TIF)

S1 Table. Detoxification-related gene numbers of seventeen insect organisms.
(XLSX)
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