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Supplementary Table S5.

FIGURE 4 | Comparison of amino acid sequences in E. scrobiculatus and glycosyl hydrolase family 9 (Family GH9) members. The scale indicates distance (number
of amino acid substitutions per site). The E. scrobiculatus genes are shown in red and marked with an asterisk. Amino acid sequences used for the tree are listed in

expression levels of 13 genes were significantly higher in the
midgut than the other tissues. These genes included three CHs
(EscrGH45-2, EscrGH45-2, and EscrGH45-5) belonging to the
cellulases, and eight genes (EscrCES8-1, EscrCE8-3, EscrGH28-4,
EscrGH28-6, EscrGH28-7, EscrPL4-2, EscrPL4-3, and EscrPL4-4)
belonging to the pectinases. EscrGH9-1, EscrGH45-4, EscrGH48-
1, and EscrGH48-5 were highly expressed in the proboscis than
the other tissues. EscrCE8-2 and EscrGH48-2 were upregulated in

the midgut but their expression levels there did not significantly
differ from those in the other tissues (Figure 7).

DISCUSSION

Twenty-five genes encoding PCWDEs and belonging to the
glycoside hydrolases (GHs), polysaccharide lyases (PLs), and
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FIGURE 5 | Comparison of amino acid sequences in E. scrobiculatus and glycosyl hydrolase family 28 (Family GH28) members. The E. scrobiculatus genes are
shown in red and marked with an asterisk. Amino acid sequences used for the tree are listed in Supplementary Table S5. GH28 genes characterized to date are
color-coded based on their activity; blue = activity on pectin; green = no activity detected; gray = activity toward tri-galacturonic acid.

carbohydrate esterases (CEs) of CAZy enzymes were identified
in the E. scrobiculatus midgut transcriptome (Table 2). A BLAST
search in the NR and Swiss-Prot uniprot databases revealed
that these genes were annotated as GH48, GH45, GH28, GH9,
PL4, and CE8. Most of the candidate genes shared a high
homology with those of D. ponderosae and S. oryzae. We
performed statistics on the relevant PCWDE genes that had
been functionally verified (Table 3). In order to predict the
evolutionary relationship between these genes of E. scrobiculatus
and related genes of other species, we conducted phylogenetic
and domain analysis. A tissue-specific expression analysis of the
gut, the main digestive organ in insects, disclosed relatively higher
expression levels of 17 of the 25 identified PCWDEs. Our study
determined the types and relative expression levels PCWDEs of
E. scrobiculatus. These PCWDEs may be used for pest control of
E. scrobiculatus and biofuels.

Previous studies have shown that endogenous cellulase of
insects includes GH48, GH45, GH9, and GH5 (Pauchet et al.,
2010; Calderén-Cortés et al., 2012; Fischer et al., 2013). Here,
11 genes belonging to GH48, GH45, and GH9 families were
identified. However, no representatives of the GH5 family gene
were detected (Table 1).

GH48 commonly occurs in cellulolytic bacteria and GH48
genes have cellulase activity (Berger et al., 2007). GH48 genes
were identified in two fungal species (Piromyces equi and

Piromyces sp.) (Steenbakkers et al,, 2002). The GH48 family
genes in Orpinomyces sp. and Neocallimastix patriciarum were
also confirmed to have cellulase activity (Tzi-Yuan et al., 2011;
Morrison et al., 2016). GH48 family genes have been identified
in the superfamilies Curculionoidea and Chrysomeloidea of
the Coleoptera (Fujita et al., 2006; Pauchet et al., 2010, 2014;
Keeling et al., 2012; Eyun et al, 2014; McKenna et al., 2016;
Antony et al., 2017). GH48 family genes have cellulase activity
in bacteria and fungi. However, there is no evidence to indicate
that insect GH48 family genes can break down cellulosic
polysaccharides. GH48 family genes GatrGH48-1 and GatrGH48-
2 (Figure 3) were isolated from Gastrophysa atrocyanea.
Chitinase activity was associated with GatrGH48-1 (active phase-
associated proteins (APAP) I). However, it has neither glucanase
nor cellobiohydrolase activity (Fujita et al., 2006). No cellulase
activity was found for the GH48 gene of Otiorhynchus sulcatus
(Edwards et al., 2002). A domain structure analysis of the GH48
family genes by Pfam® demonstrated that insect GH48 family
genes have only one GH48 domain. The GH48 family genes of the
Coleoptera share considerable amino acid sequence homology
with those of bacteria and fungi (Figure 2). Nevertheless, the
GH48 family genes in bacteria and fungi are constituents of
complex proteins with multiple functional domains. The lack of

*http://pfam.xfam.org/
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TABLE 3 | The function of plant cell wall-degrading enzymes has been verified in beetles.

Gene Species NCBI number NAL number
GH48 Gastrophysa atrocyanea AB241611

GH45 Apriona germari AY451326

GH45 Batocera horsfieldi KP325107

GH45 Apriona germari AY162317

GH45 Anoplophora malasiaca JN581572

GH45 Anoplophora glabripennis AGLA005419
GH45 Anoplophora glabripennis AGLA005420
GH45 Diabrotica virgifera virgifera JQ755253

GH9 Anoplophora malasiaca AGLA010313

GH28 Anoplophora glabripennis AGLA010095
GH28 Anoplophora glabripennis AGLA010096
GH28 Anoplophora glabripennis AGLA010097
GH28 Anoplophora glabripennis AGLA010099
GH28 Anoplophora glabripennis AGLA002350
GH28 Anoplophora glabripennis AGLA025090
GH28 Leptinotarsa decemlineata ADU33345.1-ADU33351.1

GH28 Leptinotarsa decemlineata MH892458- MH892461

GH28 Chrysomela tremula ADU33285.1-ADU33286.1

GH28 Chrysomela tremula MH892457

GH28 Phaedon cochleariae HE962202.1-HE962208.1

GH28 Diabrotica vir. virgifera AFI56547 .1

GH28 Diabrotica vir. virgifera MH892463-MH892472

GH28 Sitophilus oryzae ADU33246.1-ADU33250.1

CE8 Sitophilus oryzae HM175754.1- HM175755.1

National Agricultural Library (NAL) (https://ibk.nal.usda.gov/).

other domains in GatrGH48-1 may account for the fact that it has
no cellulase activity. EscrGH48 has the same domain structure
as GatrGH48-1. Thus, we speculate that the EscrGH48 gene has
chitinase activity and that the GH48 family of E. scrobiculatus
does not have cellulase activity and does not degrade plant cells.
The four genes of the GH48 family we quantitatively tested
were highly expressed in the proboscis and midgut. The relative
expression levels of EscrGH48-1 and EscrGH48-3 in the proboscis
were significantly different from those in the other tissues. At
the same time, the relative expression level of EscrGH48-5 in
the midgut was significantly different from that in other tissues.
We speculate that the proboscis and midgut are both organs
that digest chitin.

Previous research showed that phytophagous beetles
presumably obtained GH45 genes from fungi through an
HGT event (Busch et al, 2019). The GH45 family genes were
described for the Coleopteran superfamilies Chrysomeloidea
and Curculionoidea. The GH45 family of Chrysomelidae
gene function has been differentiated and now has cellulase,
xyloglucanase, and glucomannanase activity (Busch et al., 2019).
To study the evolutionary relationship of the beetle’s GH45
genes, we constructed a maximum-likelihood phylogenetic tree
using the GH45 family genes of Coleoptera (Pauchet et al., 2010;
Eyun et al, 2014; Antony et al., 2017; Busch et al., 2019). This
phylogenetic tree showed that the EscrGH45 gene was localized
to four distinct groups (Figure 3). In the cluster of GH45
genes including EscrGH45-5, SoryGH45-1, and SoryGH45-
2 of S. oryzae of Curculionidae have endo-B-1,4-glucanase

and endo-P-1,4-xyloglucanase activity (Busch et al., 2019).
The FPKM value of GH45-5 in the midgut transcriptome
was < 8,000. We speculate that EscrGH45-5 has cellulase
activity. SoryGH45-3, SoryGH45-4, and SoryGH45-5 can only
break down xyloglucan rather than cellulose. EscrGH45-2 is
highly homologous with these genes. The FPKM of EscrGH45-2
in the midgut transcriptome was 4,000. Thus, EscrGH45-2
may have xyloglucanase activity. As more GH45 genes in
weevil are functionally validated, these GH45 genes may have
three enzymatic activities (endo-B-1,4-glucanase, endo-B-1,4-
xyloglucanase and mannanase). The RT-qPCR analysis revealed
that the relative expression levels of EscrGH45-2 and EscrGH45-5
in the midgut were significantly higher than other tissues.
The proboscis presented with the highest expression levels
of EscrGH45-4. We speculate that cellulose is digested in the
proboscis and midgut in E. scrobiculatus. Initially, the GH9 gene
was thought to be absent in the chrysomelid and curculionid
superfamilies (Watanabe and Tokuda, 2010; Calderén-Cortés
et al., 2012; Fischer et al,, 2013). The GH9 family genes were
considered lost in the ancestors common to Chrysomelidae and
Curculionidae (Eyun et al., 2014). Recently, however, the GH9
gene was discovered in the two aforementioned superfamilies
(Antony et al.,, 2017; Busch et al,, 2018). The GH9 genes were
distributed in all insect orders examined thus far. A common
ancestor of the insects may have borne GH9 cellulase genes
that were vertically transferred to extant (descendant) insects
(Fischer et al., 2013). In the phylogenetic tree, the GH9 genes
of the Coleoptera were grouped into one cluster and EscrGH9-1
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FIGURE 6 | Comparison of amino acid sequences in E. scrobiculatus and glycosyl hydrolase family CE8 (Family GE8) members. The scale indicates distance

(number of amino acid substitutions per site). The E. scrobiculatus genes are shown in red and marked with an asterisk. Amino acid sequences used for the tree are
listed in Supplementary Table S5.

was highly homologous with AglaGH9. The latter harbored Therefore, the GH9 gene function has been lost or replaced in
no endo-acting enzymatic activity for carboxymethylcellulose these insects. Thus, EscrGH9-1 may lack cellulase activity and
(McKenna et al., 2016). The FPKM for EscrGH9 in the midgut may not be a plant cell-degrading enzyme.

transcriptome was 3.151. The relative expression levels of Insect pectinases comprise rhamnogalacturonan lyases, pectin
EscrGHY-1 were low in all six insect tissues. Of the Curculionidae  methylesterases, and polygalacturonases which belong to the
that have been studied, none presented with the GH9 gene. multi-gene carbohydrate polysaccharide lyase family (PL4),
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FIGURE 7 | Plant cell wall-degrading enzymes (PCWDEs) transcript levels in different tissues of E. scrobiculatus. NA means the transcript level too low to measure.

esterase family 8 (CE8), and glycosyl hydrolase family 28

(GH28), respectively (Pauchet et al., 2010; Calderén-Cortés et al.,
2012; Kirsch et al., 2016). Advances in sequencing technology
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HGT events of GH28 genes occurred during the evolution
of phytophagous beetles, one of which was retained by most
descendent Curculionoidea (Kirsch et al., 2014). Phytophagous
beetles acquired genes encoding active GH28 genes via HGTs,
and these HGTs promoted their capacity to utilize plant material
as a primary source of food (Kirsch et al., 2014). Most of the GH28
family genes identified in A. glabripennis of the Cerambycidae
were active against at least one homogalacturonan polymer. As
these gene functions are highly complementary, A. glabripennis
efficiently decomposes pectineus homogalacturonan polymers.
However, no other pectinase was identified in A. glabripennis
(McKenna et al, 2016). Up to 19 GH28 family genes were
identified in D. ponderosae (Eyun et al, 2014). At the same
time, PL4 and CE8 were also identified in D. ponderosae
(Pauchet et al., 2010). In addition to pectinase activity and tri
galacturonase activity, the high number of catalytically inactive
phytophagous GH28 proteins may act as “decoy” targets for
GH28 inhibitory proteins, thus protecting the active GH28
proteins from inhibition (Kirsch et al., 2014). Here, seven GH28
genes were identified in E. scrobiculatus and four of them were
localized to the midgut transcriptome. The FPKM for EscrGH28-
4 and EscGH28-7 in the midgut transcriptome were 179.462
and 638.290, respectively. Phylogenetic analysis revealed that
EscrGH28, DponGH28, and SoryGH28 genes were grouped
into two distinct subclades based on the beetles GH28 protein
(Figure 5). We speculate that the function of EscrGH28 genes
may have differentiated. Kirsch et al. (2016) study indicated that
the digestion of complex pectin polysaccharides in S. oryzae
required CE8 family genes in addition to GH28 family genes
(Kirsch et al., 2016). The function of these CE8 family genes has
been verified, two of which have pectinase activity (Shen et al.,
1999; Kirsch et al., 2016). Three CE8 genes were also identified
E. scrobiculatus and the FPKM for EscCES-1 was 13,453.841. To
date, CE8 genes have only been found in weevils and in no other
animals. The origin of weevil CE8 genes can be best explained by
a HGT event from bacteria to weevils (Evangelista et al., 2015;
Kirsch et al., 2016). In addition to the families of GH28 and CE8
genes, five PL4 family genes were described for D. ponderosae.
They were putative rhamnogalacturonan lyases which constitute
another class of pectolytic enzymes (Antony et al, 2017).
Four PL4 family genes were identified in E. scrobiculatus
(Supplementary Table S4). Except for EscPL4-3, the FPKMs of
the PL4 family genes were > 250. To date, the PL4 family of genes
have only been identified in the Curculionidae. The RT-qPCR
analysis was performed on the nine putative pectinase genes
with comparatively high FPKMs (EscrPL4-2, EscrPL4-3, EscrPL4-
4, EscrCES8-1, EscrCE8-2, EscrCES8-3, EscrGH28-4, EscrGH28-6,
and EscrGH28-7). The relative expression level of those genes
except for EscrGES-2 in the midgut was significantly higher than
that in other tissues. The midgut is the main digestive organ
of insects, and high expression of these genes also indirectly
indicates that these genes are related to digestion. In summary, we
speculate that the GH28, CES8, and PL4 genes in E. scrobiculatus
synergistically break down the complex polysaccharide of pectin.
The functions of the PCWDEs examined in the present study
were neither determined nor validated. In future research, we will
verify the functionality of the PCWDEs. The potential of cellulase

application in RNAi-medicated pest control strategies has been
demonstrated by silencing a termite endogenous cellulase (Zhou
etal., 2008). Plant cellulose can be digested by cellulase to produce
the bioenergy source cellulosic ethanol (Willis et al., 2017). With
the development of genetic engineering of bioenergy, elucidation
of the functions of the major PCWDE:s will be highly valuable.

Here, we identified 25 unigenes encoding the GH family
enzymes GH48, GH45, GH38, GH28, and GH16), four unigenes
encoding PL4 family enzymes, and three unigenes encoding
CE family enzymes in the E. scrobiculatus transcriptome.
Quantitative expression, phylogenetic analyses, and FPKMs
identified the cellulases (EscrGH45-2 and EscrGH45-5) and
pectinases (EscrGH28-7, EscrCE8-3, and EscrPL4-4) that were the
most highly expressed in E. scrobiculatus. Thence, the enzymatic
activities of the PCWDEs were predicted.

As E. scrobiculatus is a major pest of A. altissima, identification
of the PCWDEs has practical applications in E. scrobiculatus
pest management. We identified the PCWDEs, performed
a phylogenetic analysis on them, determined their relative
expression patterns and levels in various insect tissues. The
present work has reference significance for the study of other
plant cell wall degrading enzymes in weevils.
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