
1

Written as a “Discoveries” Article for Molecular Biology & Evolution1

Duplication of horizontally acquired GH5_2 enzymes played a central role in2

the evolution of longhorned beetles3

Na Ra Shin1,2, Daniel Doucet3, Yannick Pauchet1,2#4

1Department of Entomology, Max Planck Institute for Chemical Ecology, Jena, Germany5

2Department of Insect Symbiosis, Max Planck Institute for Chemical Ecology, Jena, Germany6

3Great Lakes Forestry Centre, Natural Resources Canada, Canadian Forest Service, Sault Ste.7

Marie, Ontario, Canada8

9

#Corresponding author: Yannick Pauchet, Entomology, Max Planck Institute for Chemical10

Ecology, Hans-Knoell-Str. 8, 07745 Jena, Germany. E-mail: ypauchet@ice.mpg.de11

12

Running title: Evolution of GH5_2 enzymes in Cerambycidae13

14

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

ACCECPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

sac128/6604784 by Adm
inistrative H

eadquarters - M
PS user on 29 June 2022



2

Abstract15

The rise of functional diversity through gene duplication contributed to the adaption of organisms16

to various environments. Here we investigate the evolution of putative cellulases of the subfamily17

2 of glycoside hydrolase family 5 (GH5_2) in the Cerambycidae (longhorned beetles), a18

megadiverse assemblage of mostly xylophagous beetles. Cerambycidae originally acquired19

GH5_2 from a bacterial donor through horizontal gene transfer (HGT), and extant species harbor20

multiple copies that arose from gene duplication. We ask how these digestive enzymes contributed21

to the ability of these beetles to feed on wood. We analyzed 113 GH5_2, including the functional22

characterization of 52 of them, derived from 25 species covering most subfamilies of23

Cerambycidae. Ancestral gene duplications led to five well-defined groups with distinct substrate24

specificity, allowing these beetles to break down, in addition to cellulose, polysaccharides that are25

abundant in plant cell walls (PCWs), namely, xyloglucan, xylan, and mannans. Resurrecting the26

ancestral enzyme originally acquired by HGT, we show it was a cellulase that was able to break27

down glucomannan and xylan. Finally, recent gene duplications further expanded the catalytic28

repertoire of cerambycid GH5_2, giving rise to enzymes that favor transglycosylation over29

hydrolysis. We suggest that HGT and gene duplication, which shaped the evolution of GH5_2,30

played a central role in the ability of cerambycid beetles to use a PCW-rich diet and may have31

contributed to their successful radiation.32

Keywords: Horizontal gene transfer; gene duplication; glycoside hydrolase; digestive enzyme;33

Cerambycidae; longhorned beetles34
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Introduction36

The longhorned beetle family Cerambycidae has an estimated 36,300 extant species (Monné et al.37

2017); the immature larval stage of most species in this megadiverse clade of phytophagous insects38

is xylophagous (Linsley 1959; Svacha and Lawrence 2014). Larvae of longhorned beetles develop39

in a challenging environment, as they have to deal with large amounts of difficult-to-digest plant40

cell wall (PCW), which make up the bulk of their food (Hanks 1999; Haack 2017). To extract as41

many nutrients as possible from their diet, cerambycid larvae express a range of so-called plant42

cell wall degrading enzymes (PCWDEs) in their digestive tract (Shin et al. 2021). Beetle larvae43

use these enzymes to break down PCW polysaccharides, thus facilitating access to the more44

nutrient-rich cytoplasm of plant cells. The genomes of Cerambycidae typically encode well-known45

predicted cellulolytic and pectolytic enzyme families, such as glycoside hydrolase (GH) families46

9 (GH9), 45 (GH45), and 48 (GH48) cellulases as well as GH28 polygalacturonases (pectinases)47

(Shin et al. 2021). However, the apparent lack of PCWDE families known to break down abundant48

hemicellulose polysaccharides - such as xyloglucan, xylan, and mannans - in most subfamilies of49

Cerambycidae is striking. Species of the subfamily Cerambycinae are an exception to this rule;50

indeed, beside cellulolytic and pectolytic enzyme families, their genomes encode GH5 subfamily51

8 (GH5_8) mannanases as well as GH43_26 xylan-debranching enzymes (Shin et al. 2021).52

Whether species of Cerambycidae, apart from those of the subfamily Cerambycinae, can break53

down hemicellulose polysaccharides, particularly abundant in woody tissues, remains an open54

question.55

A trademark of Cerambycidae genomes, in terms of the complement of PCWDE families56

they encode, is the presence of the cellulolytic GH5_2 family (Scully et al. 2013; Pauchet et al.57

2014; McKenna et al. 2016). Indeed, these enzymes are absent from the genomes of closely-related58

species of leaf beetles (Chrysomelidae) and weevils (Curculionoidea) (McKenna et al. 2019; Shin59

et al. 2021). Independently, several studies have pointed out that the presence of GH5_2 in60

Cerambycidae is due to a horizontal gene transfer (HGT) from a bacterial donor, likely a species61

of Bacteroidetes (Danchin et al. 2010; McKenna et al. 2019; Shin et al. 2021). Extant species of62

Cerambycidae are known to harbor several copies of GH5_2, indicating that several gene63

duplications occurred after the initial HGT event, giving rise to a moderately-sized gene family64

(Shin et al. 2021). The first ever cellulase identified in a beetle was a GH5_2 endo-β-1,4-glucanase65
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from the yellow spotted longicorn beetle Psacothea hilaris (Cerambycidae) (Sugimura et al. 2003).66

What we know about the function of GH5_2 enzymes in longhorned beetles is restricted to species67

of the subfamily Lamiinae. Most of the Lamiinae-derived GH5_2 that have been characterized so68

far are endo-β-1,4-glucanases mainly acting on amorphous cellulose (Sugimura et al. 2003; Wei69

et al. 2006; Chang et al. 2012). However, recent studies have indicated that, in several species of70

Lamiinae, paralogs evolved to break down other PCW polysaccharides, such as xylan and71

xyloglucan (Pauchet et al. 2014; McKenna et al. 2016; Pauchet et al. 2020). These data suggest72

that at least some species of Lamiinae may use GH5_2 paralogs to digest hemicellulose73

polysaccharides.74

Family 5 of glycoside hydrolases (GH5) is a large family of carbohydrate-active enzymes75

(CAZymes) (Drula et al. 2022). Historically, GH5 has been classified in a group of enzymes called76

“cellulase family A (GH-A)” (Henrissat et al. 1989; Gilkes et al. 1991), but enzymes of this family77

have also been shown to act on polysaccharides other than cellulose (Aspeborg et al. 2012). GH578

enzymes usually hydrolyze β-linked glycosidic bonds from a range of oligo- and polysaccharides,79

using a retaining double-displacement mechanism (Barras et al. 1992) based on two glutamates as80

conserved catalytic residues (Henrissat et al. 1995; Jenkins et al. 1995). The GH5 family is so large81

that it has been further classified into 51 subfamilies according to similarities on amino acid level82

and phylogenetic relationships. Functional data available so far indicate that about one-third of83

these subfamilies are monospecific, that is, they contain a single enzyme activity (Aspeborg et al.84

2012). In particular, subfamily 2 (GH5_2), the largest subfamily within GH5, is composed of β-85

1,4-glucan cleaving enzymes, mostly cellulases (EC 3.2.1.4), derived predominantly from bacteria86

(Aspeborg et al. 2012). Recent studies have indicated that a few eukaryote lineages within87

Nematoda and Insecta also possess GH5_2. These organisms, which include plant-parasitic88

nematodes (Danchin et al. 2010) and, as mentioned above, longhorned beetles (McKenna et al.89

2016; Shin et al. 2021), use GH5_2 enzymes either to help them invade plants and establish90

parasitism, or to digest their plant-based diet.91

Gene duplication played an essential role in the evolution of novel functions (Innan and92

Kondrashov 2010). However, the fate of newly duplicated genes can be quite different. Although93

some duplicated genes rapidly accumulate deleterious mutations and are subsequently lost, others94

are preserved and keep the same function as the original gene, resulting in an increased gene95
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dosage. The function of duplicated genes can also evolve by either subfunctionalization or96

neofunctionalization. Subfunctionalization results in a subdivision of gene functions among the97

duplicated genes that are inherited from the original gene. In the case of neofunctionalization,98

duplicated genes accumulate neutral mutations, resulting in the random acquisition of a completely99

new function (Lynch and Force 2000; Walsh 2003; Innan and Kondrashov 2010; McGrath et al.100

2014). In the evolution of enzymes, diverse environmental conditions have often resulted in gene101

duplications that have increased substrate specificity and catalytic promiscuity (David and Alm102

2011).103

The advent of new sequencing technologies, and the rapid accumulation of transcriptome104

and genome data, have greatly facilitated the study of gene duplication in general. However, large-105

scale functional analyses of the outcome of gene duplication are often missing. Consequently, the106

currently available functional data do not reflect the wide distribution of GH5_2 within the family107

Cerambycidae (Shin et al. 2021) and fail to account for the diversity of this group of insects. To108

address this lack of knowledge, we analyzed the evolution of 113 GH5_2 sequences recovered109

from our recent transcriptome analysis of 25 species, which represent six out of eight subfamilies110

of Cerambycidae (Shin et al. 2021). To go a step further, we attempted the functional111

characterization after heterologous expression of 52 of these GH5_2 proteins derived from seven112

species. We show that in Cerambycidae, GH5_2 enzymes clustered in five highly supported113

clades. Each clade presented different substrate specificity according to our functional analyses,114

including activity on abundant hemicellulose polysaccharides like xyloglucan, xylan and mannans.115

Our data indicate that, at least in longhorned beetles, GH5_2 enzymes are not monospecific.116

Reconstruction of the ancestral state indicated that the horizontally acquired “original” enzyme,117

an endo-β-1,4-glucanase, acted mainly on amorphous cellulose with some promiscuous catalytic118

activities on other PCW polysaccharides. Recent gene duplications at the species level resulted in119

some cases in novel enzyme activity, such as the ability to perform transglycosylation. Altogether,120

our data strongly indicate that the function of GH5_2 enzymes cannot be restricted to the121

breakdown of the sole polysaccharide cellulose. We propose that GH5_2 enzymes played a central122

role in the evolution of PCW breakdown in the beetle family Cerambycidae by allowing the larvae123

of most species to digest abundant hemicellulose polysaccharides, thus contributing to their ability124

to adapt to a PCW-rich diet, and likely playing an important role in driving their radiation.125
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Results126

Ancient gene duplications expanded the substrate specificity of cerambycid GH5_2127

We annotated 83 GH5_2 sequences corresponding to 17 species of Cerambycidae we analyzed in128

a recent transcriptome study (Shin et al. 2021). In addition, we collected 22 sequences from public129

databases. Finally, we extracted eight sequences from preliminary genome data of the130

Spondylidinae Tetropium fuscum. In total, we analyzed the phylogenetic relationships of 113131

GH5_2 sequences derived from 25 species distributed in five subfamilies of Cerambycidae (Table132

S1). Cerambycid GH5_2 clustered in five distinct, highly supported clades (clades I to V)133

according to our maximum likelihood (ML) analysis (Fig. 1 and Supporting data 1). At least one134

GH5_2 sequence of most species was found in each of the five clades, indicating some degrees of135

orthology. Exceptions exist, especially in clades I, III, IV, and V, in which species-specific gene136

duplications occurred (Fig. 1). In addition, clade V only harbors sequences from species of137

Lamiinae and Spondylidinae, except for RBI3 from Rhagium bifasciatum (Lepturinae).138

Altogether, these results indicate that the common ancestor of the extant species of longhorned139

beetles analyzed here possessed at least four, and as many as five, GH5_2-encoding genes.140

We then asked whether the phylogenetic partition of the cerambycid GH5_2 proteins we141

observed corresponded to differences in the enzyme activity of each group of paralogs. To address142

this question, we selected nine species representative of the five subfamilies of Cerambycidae143

whose species were found to harbor GH5_2-encoding genes, and we systematically attempted to144

heterologously express each of their GH5_2 proteins. From the initial 52 GH5_2 proteins, eight145

did not express at all in Sf9 insect cells (Fig. 1). An extra six expressed successfully, but these146

were not enzymatically active on any of the substrates we tested (Fig. 1). In total, 38 proteins were147

successfully expressed in Sf9 cells and enzymatically active on at least one of the substrates we148

tested (Fig. 2 and Fig. S1-S7). We were able to classify the enzymes into five categories according149

to the type of substrates they were able to break down.150

The ones that were exclusively active on xylan poly- and oligosaccharides were restricted151

to clade I (Figs. 1, 2, S1, and S7). The two previously characterized xylanases from Anoplophora152

glabripennis AGL1 (McKenna et al. 2016) and Apriona japonica AJA1 (Pauchet et al. 2014;153

Pauchet et al. 2020) also clustered in clade I (Fig. 1). The pattern of breakdown products observed154
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on thin layer chromatography (TLC) indicated that this group of GH5_2 enzymes were endo-β-155

1,4-xylanases (Figs. 2, S1 and S7).156

Enzymes only active on xyloglucan with very limited activity on cellooligosaccharides157

clustered in clade II (Fig. 1). According to the pattern of reaction products observed on TLC (Figs.158

2, S2, and S7), which is composed of large oligosaccharides, these enzymes acted as xyloglucan-159

specific endo-β-1,4-glucanases. The previously characterized AGL2 from A. glabripennis was160

found to also produce breakdown products when carboxymethyl cellulose (CMC) was used as a161

substrate in addition to being active on xyloglucan (McKenna et al. 2016). A similar situation was162

also observed for AJA3 from A. japonica (Fig. S2).163

A group of enzymes clustering in clade III (Fig. 1) was found to be highly active on CMC,164

regenerated amorphous cellulose (RAC), and completely broke down cellooligosaccharides165

(cellotetraose and longer) (Figs. 2, S3, and S7). In addition, some activity on glucomannan, but166

not on galactomannan, was observed for these GH5_2 enzymes (Figs. 2, S3, S6, and S7). We167

named this clade “cellulase” because, compared to the enzymes clustering in clades IV and V,168

these enzymes showed strong activity on cellooligosaccharides (see below).169

Enzymes mostly active on glucomannan, but also showing some degree of activity on CMC170

and cellooligosaccharides, clustered together in clade IV (Fig. 1). These endo-beta-1,4-171

mannanases can be distinguished from those clustering in clade V because the latter were active172

not only on glucomannan but also on galactomannan (Fig. 1). Only two enzymes (AAE5 and173

RBIC3) located in clade IV were also active on galactomannan (Figs. 2, S4, S5, S6, and S7).174

In summary, we observed a correlation between the phylogenetic clustering of cerambycid175

GH5_2 and their substrate specificity. In other words, ancient gene duplication events broadened176

the spectrum of PCW-associated polysaccharides able to be broken down by this family of177

enzymes. The most ancient gene duplication, which split enzymes from clade I to all the other178

GH5_2 enzymes, allowed the clade I enzymes to use a backbone made of pentose sugars as a179

substrate; in contrast, all the enzymes from clades II, III, IV and V use polysaccharides having a180

backbone made of hexose sugars as substrates. The second most ancient gene duplication event,181

which split clade II to clades III+IV+V, gave rise to enzymes able to use xyloglucan as a substrate,182

a polysaccharide made of a ‘cellulosic’ backbone (β-1,4-linked glucose residues) with branched183

xylose residues. Finally, the final rounds of ancient duplications produce enzymes acting184

ACCECPTED M
ANUSCRIP

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

sac128/6604784 by Adm
inistrative H

eadquarters - M
PS user on 29 June 2022



8

preferentially either on amorphous cellulose (clade III) or on glucomannan (clade IV) or185

galactomannan (clade V).186

The ancestral cerambycid GH5_2 acquired through HGT was a catalytically promiscuous187

cellulase188

Taking into account the broad substrate specificity observed in GH5_2 paralogs in Cerambycidae,189

we wondered what the function of the ancestral enzyme could have been. To address this question190

we aimed to resurrect the putative cerambycid ancestral GH5_2 enzyme based on the extant191

enzymes found in today’s longhorned beetles. To achieve this, we used an ancestral state192

reconstruction (ASR) approach based on maximum likelihood (Fig. S8 and Supporting data 2).193

We managed to reconstruct a sequence of an ancestral GH5_2 protein for the most ancient node194

(node A; Fig. 3). The resulting sequence was codon-optimized, and the corresponding product was195

successfully expressed in insect Sf9 cells. The ancient enzyme was strongly active on196

polysaccharides mimicking amorphous cellulose (CMC and RAC), as well as on197

cellooligosaccharides (cellotetraose to cellohexaose) (Fig. 3). In addition, breakdown products198

were also observed on TLC when glucomannan was used as a substrate (Fig. 3). Interestingly, this199

resurrected enzyme possessed the ability to break down to some extent xylan and200

xylooligosaccharides (Fig. 3). In contrast, no breakdown products were observed when201

mannooligosaccharides were used as substrates (Fig. 3). Altogether, we conclude that the ancestral202

GH5_2 enzyme in longhorned beetles, which was acquired from a bacterial donor through HGT,203

was an endo-β-1,4-glucanase enzyme; although mainly active on amorphous cellulose, the enzyme204

possess some degree of catalytic promiscuity and could break down other polysaccharides of the205

PCW, such as glucomannan and xylan.206

Recent gene duplications broadened the enzymatic capabilities of cerambycid GH5_2 even207

more208

Looking at the phylogenetic tree of cerambycid GH5_2 (Fig. 1), we observed a few examples of209

species-specific gene duplications. We wondered what the outcome of such recent duplication210

events were.211

In clade IV, three recently duplicated GH5_2 proteins from the species of Necydalinae212

Necydalis major were present (Fig. 1). Although NMA3 was found to be inactive on all the213
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substrates tested, NMA4 and NMA5 were enzymatically active on the same substrates, mostly214

glucomannan and, to a lesser extent, cellopentaose and cellohexaose. Both enzymes produced very215

similar breakdown products on TLC (Fig. S4). This gene duplication event represents a good216

example of increased gene dosage. Increase in gene dosage was also observed for other recent217

duplicates, such as SPI2 and SPI4 (Saphanus piceus; Spondylidinae) clustering in clade III (Figs.218

1 and S3).219

Also in clade IV, the duplicated RBIC3 and RBIC6 (Rhamnusium bicolor; Lepturinae)220

were both found to act on glucomannan, which is common for other enzymes clustering in this221

clade (Figs. 1 and 2). However, RBIC3 evolved the ability to also use galactomannan as a substrate222

(Fig. 2), which is unusual for enzymes clustering in clade IV but common for those clustering in223

clade V (Fig. 1). This observation correlated well with the lack of GH5_2 from R. bicolor224

clustering in clade V.225

We observed the most striking case of subfunctionalization for three duplicates derived226

from R. bicolor (RBIC4, RBIC5, and RBIC9) and clustering into clade I (Figs. 1 and 4A). A first227

duplication event gave rise to RBIC9 and RBIC4+RBIC5, which later further duplicated. RBIC9228

behaved like other endo-β-1,4-xylanases from clade I, breaking down xylan oligo- and229

polysaccharides into smaller products (Fig. 2). Unexpectedly, in our standardized assay conditions,230

RBIC4 was barely active on xylan polysaccharides but produced a “ladder-like” pattern of231

oligosaccharides ranging from xylobiose to at least xylododecaose, according to our TLC, when232

incubated with xylotetraose, xylopentaose, and xylohexaose, and, to a lesser extent, with xylotriose233

(Fig. 4A). This observed pattern indicates that RBIC4 may have an increased ability to perform234

transglycosylation. In end-point determination experiments, RBIC5 generated a slightly different235

pattern of products compared to RBIC4. First, breakdown products were observed when RBIC5236

was incubated with a xylan polysaccharide. Second, the “ladder-like’ pattern of end-products237

obtained using xylotetraose to xylohexaose was less obvious than the patterns produced by RBIC4238

(Fig. 4A).239

We went deeper in the functional characterization of these three R. bicolor enzymes (Fig.240

4). First, we performed a time-course experiment with RBIC4 incubated with single241

xylooligosaccharides ranging from xylohexaose down to xylotriose (Fig. 4B). We observed the242

accumulation of oligomers - larger than the substrate provided - as early as 10 minutes after the243
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incubation started. The accumulation of hydrolysis products (oligomers smaller than the substrate244

provided) followed soon after. The reactions seemed to reach equilibrium after four to eight hours,245

as the pattern of products stopped changing (Fig. 4B). Then, we varied the amount of enzyme (for246

RBIC4, RBIC5, and RBIC9) but kept a fixed concentration of substrate, either xylan or247

xylohexaose (Fig. 4C). The release of hydrolysis products improved with increasing amounts of248

RBIC9 in the reaction. We observed no variation of the pattern of products with more RBIC4 in249

the reaction. However, increasing the amount of RBIC5 seemed to push the reaction towards250

hydrolysis, when incubated either with a xylan polysaccharide or with xylohexaose. The lesser the251

amount of RBIC5 in the reaction, the higher the amount of transglycosylation products observed252

on the TLCs, indicating that RBIC5 was more sensitive than RBIC4 to changes in the ratio of253

enzyme to substrate (Fig. 4C).254

Can positive selection explain the transglycosylation ability of RBIC4 and RBIC5?255

The discovery of enzymes, which seem to favor transglycosylation rather than hydrolysis, made256

us wonder whether amino acids under positive selection might provide insights on how this257

transition happened. To find out, we used a branch-site model approach and analyzed patterns of258

positive selection based on the protein coding sequences of 101 cerambycid GH5_2. From the259

resulting maximum likelihood (ML) tree, patterns of positive selection could be detected on eight260

out of eleven tested branches (Table S3, Fig. S9, and Supporting data 3). Interestingly, two of these261

branches corresponded to the two duplication events that gave birth to RBIC9 (the xylan262

hydrolase) and to RBIC4 and RBIC5 (the xylan transglycosidases) (Fig. S9). Bayes empirical263

Bayes (BEB) analyses identified codon positions having signs of positive selection on these two264

branches (Table S3). According to our analyses, only three amino acid positions were found to be265

under positive selection on branch R9 (Fig. S9), the one leading to the first split between RBIC9266

and RBIC4+RBIC5. We then plotted the positions of the corresponding amino acids (i) on a267

sequence alignment (Fig. 5A) and (ii) on reconstructed three-dimensional models of RBIC9,268

RBIC4, and RBIC5 (Fig. 5B). These amino acids were either part of the active site or located close269

to it (Fig. 5B). An extra 18 amino-acid positions were detected to be under positive selection on270

branch gt (Fig. S9), the one leading to the split between RBIC4 and RBIC5. Most of these positions271

were located at the surface of the protein relatively far away from the catalytic pocket (Fig. 5B).272

However, a few were found within or nearby the entrance of the catalytic pocket (Fig. 5B).273
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Accordingly, we suggest that these amino acids should be the first to be assessed for their potential274

role in the transition between hydrolysis and transglycosylation through mutagenesis experiments.275

Discussion276

Three level of functional novelties shaped the evolution of GH5_2 in Cerambycidae277

The genomes of phytophagous beetles called the Phytophaga - which encompasses the two278

superfamilies (i) Chrysomeloidea (leaf beetles and longhorned beetles) and (ii) Curculionoidea279

(weevils and bark beetles) - encode an arsenal of PCWDEs that helps the insects digest their plant-280

based diet. Some of these families of enzymes are widely distributed among species of281

Phytophaga, such as GH45 cellulases and GH28 polygalacturonases (Pauchet et al. 2010; Kirsch282

et al. 2012; Kirsch et al. 2014; Busch et al. 2019; McKenna et al. 2019). Other enzyme families283

are more restricted in their distribution, which is the case for GH5_2. To date, this enzyme family284

has been restricted to the longhorned beetle family Cerambycidae (McKenna et al. 2019; Shin et285

al. 2021).286

The aim of our study was to investigate the events that shaped the evolutionary history of287

GH5_2 enzymes in this clade of beetles. From our results, a pattern emerged according to which288

functional novelties appeared at three different levels (Fig. 6A). First, the acquisition through HGT289

of a GH5_2 cellulase from a bacterial donor in the common ancestor of today’s extant cerambycid290

species represented a major shortcut in the evolution of novel digestive abilities. Second, by291

broadening the number of PCW polysaccharides that could be used as substrates by these enzymes,292

ancestral gene duplication expanded the digestive capacities of these beetles. This step was likely293

promoted by the promiscuous characteristic of the ancestral, horizontally acquired, enzyme. Third,294

recent gene duplications at the genus/species level either led to an increased gene dosage or295

expanded the digestive capabilities of the corresponding beetles (Fig. 6A). One of our more296

striking discoveries was two GH5_2 paralogs - for which the corresponding sequences clustered297

within the xylanase clade - that seemed to prefer transglycosylation over hydrolysis, in contrast to298

other functionally characterized enzymes from the same clade.299

Relationship between GH5_2 and other GH families300

Our results illustrated that cerambycid GH5_2 enzymes can be categorized according to their301

substrate specificity (Fig. 1). The extent of our analyses - combining phylogenetic relationships to302
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functional characterization of the corresponding enzymes – reached such a level that almost any303

newly discovered cerambycid GH5_2 in the future could be attributed a function according to its304

phylogenetic relationships. Although some of the beetle species we analyzed here harbor at least305

one GH5_2 enzyme per category, some species lack GH5_2 representatives in some of these306

categories, especially for xylanase, xyloglucan-specific endo-β-1,4-glucanase, and cellulase (Fig.307

6B). In this context, we argue that other families/subfamilies of glycoside hydrolases could308

compensate for such a lack of function. Both lamiine species, Exocentrus adspersus and Mesosa309

nebulosa, lack a GH5_2 xylanase, but we noted the presence of a sequence corresponding to a310

GH10 protein, a well-characterized family of xylanases, in their respective transcriptome (Fig.311

6B). Similarly, Phymatodes testaceus (Cerambycinae) lack GH5_2 mannanases completely, but312

we found several copies of putative GH5_8 mannanases in the transcriptome of this species. The313

presence of GH5_8 seems to be a signature of Cerambycinae transcriptomes, apart from the basal314

Molorchus minor (Fig. 6B). In species of longhorned beetles completely lacking GH5_2, such as315

M. minor (Cerambycinae) and the four species of Prioninae we analyzed, we observe a striking316

increase in the copy number of GH45 proteins compared to species harboring GH5_2 paralogs317

(Fig. 6). These enzymes have been extensively studied in the past and most of them are endo-β-318

1,4-glucanases mostly acting on amorphous cellulose (www.cazy.org). Recent studies on species319

of leaf beetles, which are members of the same beetle superfamily as longhorned beetles (the320

Chrysomeloidea), demonstrated that some GH45 paralogs diversified their substrate specificity to321

not only break down amorphous cellulose, but also xyloglucan and glucomannan (Busch et al.322

2018; Busch et al. 2019). We hypothesize that in species of longhorned beetles lacking GH5_2,323

GH45 paralogs could take over the degradation of amorphous cellulose, xyloglucan and mannans.324

We wondered what could have fueled such a dynamic evolutionary scenario. The first325

possibility could be the horizontal acquisition of an enzyme being already more catalytically326

efficient than its GH5_2 counterpart. In this context, the latter enzyme, because it would be less327

needed, would be progressively selected against and eventually lost. Second, environmental328

factors such as the quality of the food source may also play a role. Most Cerambycidae are329

xylophagous, but their feeding habits can differ drastically: some feed on living tissue of a tree,330

such as the cambium, some feed on dead and/or dry wood or even on highly decayed wood (Haack331

2017). In this context, the range of PCWDEs needed to digest efficiently these different types of332

diet may vary greatly and influence which enzymes are selected for or against.333
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Why maintain a transglycosidase activity?334

Taking into account that the main function of digestive enzymes is to break down macromolecules335

to smaller ones in order to facilitate their absorption or to get access to other nutrients, finding an336

enzyme that favors transglycosylation over hydrolysis is puzzling. A growing body of evidence337

suggests that the gut microbiota may have a significant impact on the health of many insects in338

general, and longhorned beetles in particular (Schloss et al. 2006; Kim et al. 2017). In addition,339

such commensal bacteria have also been suggested to play a role in adaptation to the host plant340

(Ge et al. 2021). Oligosaccharides - in particular, xylooligosaccharides - have long been known to341

act as prebiotics, helping to maintain a healthy gut community and a strong immune system in342

animals (Vazquez et al. 2000). In this context, we suggest that RBIC4, and to a lesser extent343

RBIC5, may stimulate the gut microbiota in larvae of Rhamnusium bicolor by supplementing it344

with a variety of xylooligosaccharides of different sizes.345

Novel enzymes for biotechnology346

Carbohydrates are ubiquitous in nature and play crucial roles in a number of biological processes.347

In this context, there is growing interest in the in vitro synthesis of well-defined carbohydrate348

compounds, not only for use in basic research but also for the preparation of commercially valuable349

products. For example, some oligosaccharides and their derivatives can be used in the food350

industry as prebiotics, or have multiple therapeutic and cosmetic uses (Vazquez et al. 2000).351

Strategies for the synthesis of oligosaccharides include chemical methods, which are tedious with352

low yields (Santibanez et al. 2021), and the use of enzymes. Enzyme-driven synthesis of353

oligosaccharides can be achieved by glycosyltransferases (GTs). However, the use of GTs on354

industrial scale is hampered by the fact that these enzymes are sparse, unstable in solution, and355

require difficult-to-produce nucleotide sugars as donor substrates (Bissaro et al. 2015). Glycoside356

hydrolases (GHs) represent an interesting alternative to GTs for the synthesis of oligosaccharides.357

Like most of the GH5_2 enzymes we tested here, GHs usually perform the hydrolysis of358

polysaccharides into shorter oligomers, but in given conditions - often dependant of pH and359

temperature - they can also perform transglycosylation, which is the reverse reaction, and360

synthesize long oligomers using shorter ones as a substrate (Bissaro et al. 2015). The discovery of361

an enzyme, such as RBIC4, which seems to naturally favor transglycosylation over hydrolysis in362

our standardized assay conditions, exemplifies why our approach is powerful, namely, it allows to363
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systematically test the enzymatic properties of all the members of a given enzyme family in several364

species. Taking into account the discrepancy between the number of GH sequences available in365

public databases and how many of them have actually been functionally characterized, we366

anticipate that many more catalytically relevant enzymes will be found.367

Concluding remarks368

Here, we exhaustively analyze the evolution of a family of glycoside hydrolases in an understudied369

clade of phytophagous insects. Using reverse genetics, that is, CRISPR-Cas9 knockouts of370

individual GH5_2 enzymes, would have made our study even more complete. However, such371

molecular tools so far do not exist for this group of insects for three reasons: they are very difficult372

to rear in the laboratory, larvae of most species are naturally concealed inside branches or trunks373

of trees, and some species may take up to several years to develop . Yet because we are fascinated374

by how substrate specificity evolved in cerambycid GH5_2 enzymes, including the transition to375

transglycosylation, we will attempt in the future to crystalize and determine the three-dimensional376

structure of representative GH5_2 enzymes of each relevant clade. Altogether, given that GH5_2377

enzymes are distributed only in species of longhorned beetles and are absent in other group of378

Phytophaga beetles, such as leaf beetles and weevils, we argue that this enzyme family represents379

a crucial step in the evolution and extraordinary radiation of a mostly xylophagous clade of insects.380

Material and Methods381

Phylogenetic analysis of cerambycid GH5_2382

We recovered all the GH5_2 sequences annotated from our previous transcriptome analysis. In383

addition, we searched the non-redundant protein database at NCBI for other, previously384

characterized, cerambycid GH5_2 sequences. Predicted signal peptides were determined using385

SignalP v5.0, and their corresponding sequences were removed. Alignments of the final 113386

GH5_2 amino acid sequences were performed using MAFFT v7.471 (Kuraku et al. 2013). The387

resulting alignments were inspected and manually adjusted when necessary. We then used IQ-388

TREE v2.0.3 (Nguyen et al. 2015) to perform maximum likelihood (ML) phylogenetic analyses.389

The best-fit substitution model was determined within IQ-TREE using ModelFinder390

(Kalyaanamoorthy et al. 2017). Branch support was estimated by ultrafast bootstrap approximation391
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within IQ-TREE using UFboot (Minh et al. 2013). Sequence alignment, tree file (Newick format)392

and IQ-TREE log file can be found in supporting data 1.393

Heterologous expression in insect Sf9 cells394

We used the same procedure as described elsewhere (Pauchet et al. 2020). Briefly, open reading395

frames (ORFs) of GH5_2, excluding the stop codon, were amplified by polymerase chain reaction396

(PCR) using RACE-ready cDNA generated in our previous study (Shin et al. 2021). A Kozak397

sequence was added at the 5’-end of the PCR product by integrating it into the forward PCR primer.398

The resulting PCR products were cloned into pIB/V5-His TOPO/TA (Invitrogen, Waltham, MA,399

USA) in an ORF with a V5-(His)6 epitope at the carboxyl-terminus, and constructs in the correct400

orientation were selected after colony PCR. For two constructs (RBIC5 and RBIC9), codon-401

optimized synthetic constructs cloned into pIB/V5-His TOPO/TA were obtained from the402

company GenScript (Piscataway, NJ, USA). Insect Sf9 cells (Invitrogen) were routinely cultured403

in SF-900 II serum-free medium (Gibco, Paisley, UK). Cells were transfected in 6-well plates404

using FUGENE HD (Promega, Madison, WI, USA) as the transfection reagent. After 72 hours,405

the culture medium of transfected cells was harvested, and cell debris were removed by406

centrifugation. Recombinant GH5_2 proteins were recovered by immunoprecipitation using anti-407

V5 agarose beads (V5-Trap, ChromoTek, Planegg-Martinsried, Germany). After immuno-408

precipitation, agarose beads were resuspended in 150 µl of double distilled water.409

Enzyme assays410

GH5_2 proteins bound to anti-V5 agarose beads were incubated with polysaccharides usually411

found in PCWs. Enzyme assays (20 µl) were set by mixing agarose beads resuspended in water412

(14 µl) with a 1 % solution of substrate (4 µl) in a 20 mM citrate/phosphate buffer pH 5.0. The413

substrates used were carboxymethyl cellulose (Sigma–Aldrich, Saint-Louis, MO, USA),414

regenerated amorphous cellulose (RAC), prepared as described in (Busch et al. 2018), xyloglucan415

from Tamarind seeds (Megazyme, Bray, Ireland), glucomannan from konjac (Megazyme),416

galactomannan from carob (Megazyme), beechwood xylan (Sigma–Aldrich), arabinoxylan from417

rye (Megazyme), and arabinoxylan from wheat (Megazyme). In addition, oligosaccharides (all418

purchased from Megazyme) were also used as substrates. Enzyme assays (20 µl) using419

oligosaccharides as substrates were set up as follows: GH5_2 proteins bound to anti-V5 agarose420

beads (14 µl) were mixed with a given oligosaccharide (0.5 µl; 10 µg/µl) in a 20 mM421
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citrate/phosphate buffer pH 5.0. We tested the enzymes with cellotriose to cellohexose and,422

alternatively, with xylotriose to xylohexaose or mannotriose to mannohexaose. Enzyme assays423

were incubated for 16 hours at 40 ⁰C before being applied to thin layer chromatography (TLC)424

plates (silica gel 60, 20 x 20 cm, Merck, Darmstadt, Germany). TLC plates were developed for a425

minimum of 180 min in a mobile phase composed of ethyl acetate/acetic acid/formic acid/water426

in the ratio 9:3:1:4, and then dried at room temperature. The hydrolysis products were subsequently427

revealed by soaking the plates in 0.2% (w/v) orcinol in methanol/sulfuric acid (9:1), then heated428

briefly until spots appeared on the plates.429

Ancestral state reconstruction430

The amino acid sequences of 77 newly annotated GH5_2 sequences were aligned using MAFFT431

v7.471 and further converted into a codon-based nucleotide alignment using PAL2NAL v14.0432

(Suyama et al. 2006). The resulting sequence alignment was implemented in MEGA v7.0.26 using433

the option “infer ancestral sequence (ML)”. The following parameters were used: the general time434

reversible model (GTR) was selected to incorporate a discrete gamma distribution (shape435

parameter = 5) to model evolutionary rate differences among sites (+G) and a proportion of436

invariable sites (+I). MEGA returns ancestral-state reconstructed sequences automatically.437

Sequence alignment, the Newick file, and the output file from MEGA can be found in supporting438

data 2. The selected ancestral reconstructed sequence was used to generate a codon-optimized439

synthetic construct (Genscript), which was further cloned (becoming pIB/V5-His TOPO/TA) for440

heterologous expression in insect Sf9 cells as described above. The enzyme activity of the obtained441

recombinant protein was tested as described above, and hydrolysis products were developed on442

TLC plates.443

Detection of amino acids positions under positive selection444

Branch site model tests were performed on GH5_2 encoding genes to detect branches, and sites445

experiencing positive selection using the CodeML program v3.2.3 from the PAML package (Yang446

1997). We performed codon-based alignment of 101 GH5_2 encoding nucleotide sequences with447

two nematode and three bacterial GH5_2 encoding genes, using MAFFT v7.471 and PAL2NAL448

v14.0 as described above. A maximum likelihood tree was reconstructed in IQ-TREE v2.0.3. The449

best-fit substitution model was automatically determined within IQ-TREE using ModelFinder, and450

was found to be the Whelan and Goldman (WAG) incorporating a FreeRate model (+R; number451
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of categories = 5) (Fig. S9). Branch support was estimated by Ultrafast Bootstrap Approximation452

within IQ-TREE using UFboot. The presence of sites potentially under positive selection were453

analyzed on 11 different branches of the ML tree. We used the following parameters: Nssites = 2454

for both the alternative and the null model, fixed_omega = 0 for the alternative model, and455

fixed_omega = 1 for the null model. We ran a likelihood ratio test (LRT) with a chi-square456

distribution to evaluate significant differences between the alternative and null models. P-values457

were adjusted with false discovery rates (FDRs). We used BEB analysis to identify positively458

selected sites with posterior probability cut-off umbers of. 0.99. Sequence alignment, newick file459

and IQ-TREE log file can be found in supporting data 3.460

Homology modelling461

Homology modelling of the Rhamnusium bicolor GH5_2 proteins was performed using SWISS-462

model (Waterhouse et al. 2018). The best-fit published protein model structure was the GH5_2463

from the Cytophaga hutchinsonii Endoglucanase (PDB accession: 5IHS) (Zhu et al. 2016). The464

catalytic residues were predicted by the Site Finder module in the program Molecular Operating465

Environment (MOE; Chemical Computing Group, Montreal, Canada), using a geometric approach466

to calculate putative binding sites in a protein, starting from its tridimensional structure. Structure467

building and labelling of sites under positive selection were performed in PyMOL v4.5.468

469

Data availability statement470

All newly described GH5_2 sequences were submitted to NCBI Genbank with accession numbers:471

OM585470-OM585473, OM585475-OM585494 and OM810302-OM810309. The resurrected472

GH5_2 ancestral sequence was also submitted to Genbank with accession number OM810301.473

The following supporting data are freely accessible on EDMOND – the Open Research Data474

Repository of the Max Planck Society with DOI: https://doi.org/10.17617/3.NTXEYQ475

 Supporting data 1 relates to the ML analysis presented in Fig. 1 and contains the corresponding476

amino acid sequence alignment, the tree file (Newick format), and the log file from IQ-TREE.477 ACCECPTED M
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 Supporting data 2 relates to the ancestral state reconstruction and contains the codon-based478

sequence alignment, the output of the ML-based ancestral state reconstruction generated in479

MEGA, and the corresponding tree file (Newick format).480

 Supporting data 3 relates to the positive selection analysis presented in Figs. 5 and S9, and481

Table S3, and contains the corresponding sequence alignment, the tree file (Newick format),482

and the IQ-TREE log file.483

Additional supporting information may be found online in the Supporting Information section at484

the end of the article (Tables S1 to S3 and Figs. S1 to S9).485
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Figure captions497

Figure 1. Phylogenetic relationships of GH5_2 proteins from longhorned beetles and their498

corresponding enzymatic activity. We performed a maximum likelihood analysis in IQ-TREE499

with 1000 ultrafast-bootstrap replicates. 113 GH5_2 amino acid sequences derived from 25 species500

of cerambycid beetles, together with two GH5_2 derived from nematodes (AAD45868.1 and501

AAK21881.1) and one from bacteria (BAA31712.1) used as an outgroup, were aligned using502

MAFFT. The best-fit substitution model, determined using ModelFinder was the Whelan and503

Goldman (WAG); this model incorporated a discrete gamma distribution (shape parameter =4) to504

model evolutionary rate differences among sites (+G) and contained a proportion of invariable505
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sites (+I). Support values for each node are indicated by discs of different colors: red (equal to506

100); yellow (96 to 99); green (90 to 55); and blue (below 90). We use roman numbers for507

individual clades according to the substrate specificity of the corresponding enzymes: clade I508

(xylanase), clade II (xyloglucanase), clade III (mainly cellulase), IV, and V (mainly mannanase).509

Individual sequence names, which contain the abbreviated species name and a number (Table S1),510

were labelled with different colors according to the corresponding subfamilies (light green:511

Cerambycinae; purple: Lepturinae; red: Necydalinae; orange: Spondylidinae; and dark green:512

Lamiinae). We attempted the heterologous expression of 46 GH5_2 in Sf9 cells. Those for which513

no expression was obtained are marked with a dark gray square in the column “No expression.”514

Those that were successfully expressed, but for which no enzymatic activity was detected on the515

substrates tested, are marked with a light gray square in the column “inactive.” Enzymes active on516

cellulose poly- and oligosaccharides are marked with a light blue square in the column “cellulase.”517

Those active on glucomannan are marked in light green in the column “glucomannanase.” Those518

active on galactomannan are marked with a dark green square in the column “galactomannanase.”519

Those active on xyloglucan are marked with a yellow square in the column “xyloglucanase.” Those520

active on xylan poly- and oligosaccharides are marked in red in the column “xylanase.”521

522

Figure 2. Functional characterization of GH5_2 enzymes from Rhamnusium bicolor. We523

show the results of enzyme assays obtained from five recombinant GH5_2 from R. bicolor.524

Recombinant enzymes were incubated with six polysaccharides usually found in plant cell walls525

including carboxymethyl cellulose (CMC), regenerated amorphous cellulose (RAC), xyloglucan,526

xylan, glucomannan, and galactomannan. In addition, several oligosaccharides were also tested as527

substrates: cellohexaose (G6), cellopentaose (G5), cellotetraose (G4), and cellotriose (G3), as well528

as xylohexaose (X6), xylopentaose (X5), xylotetraose (X4), and xylotriose (X3). Products529

generated by the individual enzymes were developed on thin layer chromatography TLC plates.530

Various mixtures of cellulooligosaccharides (glucose to cellohexaose) were used as standards for531

all R. bicolor GH5_2 except RBIC4. Instead, a mixture of xylooligosaccharides (xylose to532

xylohexaose) was used as a standard for RBIC4. The results of enzyme assays performed with533

recombinant GH5_2 of other beetle species can be found in Figs. S1 to S7.534

535
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Figure 3. Functional characterization of the resurrected ancestral GH5_2 enzyme of536

Cerambycidae. An ancestral state reconstruction, based on a maximum likelihood approach, was537

performed in MEGA using a codon-based alignment of 78 GH5_2 sequences. The sequence of an538

ancestral reconstructed GH5_2 gene (corresponding to the node marked with “A”) was codon-539

optimized, synthesized, and expressed in sf9 cells. The activity of the resurrected ancestral GH5_2540

enzyme was tested against six polysaccharides including CMC, RAC, xyloglucan, galactomannan,541

glucomannan, and xylan. Two extra xylan polysaccharides - arabinoxylan from wheat and rye -542

were also tested. In addition, cello- (cellotriose to cellohexaose), xylo- (xylotriose to xylohexaose),543

and manno-oligosaccharides (mannotriose to mannohexaose) were also used as substrates.544

Products were developed on TLC plates using appropriate standards (glucose to cellohexaose (G1545

to G6) xylose to xylohexaose (X1 to X6) or mannose to manno hexaose (M1 to M6)).546

547

Figure 4. Detailed functional characterization of three xylan-active duplicates of548

Rhamnusium bicolor. (A) We assessed the function of RBIC4 and RBIC5, two duplicates549

clustering together with RBIC9 that was found to be an endo-β-1,4-xylanase as exemplified in Fig.550

2. Recombinant RBIC4 and RBIC5 were incubated with six polysaccharides including CMC,551

RAC, xyloglucan, galactomannan, glucomannan, and xylan, as well as xylooligosaccharides, and552

the resulting products were developed on TLC plates. (B) Time-course experiments were553

performed with RBIC4 and xylohexaose, xylopentaose, xylotetraose, and xylotriose as substrates.554

Enzyme assays were incubated between 10 min and 8 hours, and the resulting products were555

developed on TLC plates. S: substrate incubated without enzyme for 8 hours. (C) Increasing556

amounts of recombinant RBIC9, RBIC4, and RBIC5 (1X is the equivalent of 0.65 µl of anti-V5557

agarose beads) were incubated with fixed amounts of either beechwood xylan (0.2% final558

concentration) or xylohexaose (0.25 µg/µl). Enzyme assays were incubated for 16 hours, and the559

products were developed on TLC plates. Xylose (X1) to xylohexaose (X6) were used as standards.560

561

Figure 5. Localization of amino acid positions under positive selection leading to the R.562

bicolor tranglycosidases. (A) The amino acid sequences of RBIC9, RBIC5, and RBIC4 were563

aligned using MAFFT. Protein structural information, including the position of alpha-helices (α1564

to α8) and of beta-sheets (β1 to β8) are provided above the sequence alignment. Black asterisks565
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indicate the conserved substrate binding sites according to published structures of GH5_2 proteins.566

Red asterisks correspond to the two conserved catalytic glutamates. Additional residues that are567

part of the active site, estimated by our homology modeling analysis using MOE-Site Finder, are568

shaded in yellow. Amino acid positions with signal of positive selection estimated by a branch site569

model and BEB analyses for branch R9 (Fig. S9) are shaded in orange and in green for branch gt570

(Fig. S9). Purple asterisks represent putative additional binding sites from structural comparison571

that were found to be under positive selection. (B) The above-mentioned amino acid positions –572

using the same color code – are visualized on three-dimensional protein structures of RBIC9,573

RBIC4, and RBIC5 generated using the SWISS model.574

575

Figure 6. Summary of the evolutionary history of GH5_2 proteins in Cerambycidae576

according to our data. (A) We propose three major steps that contributed to the evolution of577

GH5_2 enzymes in extant species of Cerambycidae. Step 1: A GH5_2 cellulase was horizontally578

transferred from a bacterial donor to the most recent common ancestor of the Cerambycidae. Step579

2: The radiation that gave rise to modern Cerambycidae gene duplications occurred with an580

increase of substrate specificity, with paralogs evolving the ability to break down most581

polysaccharides composing hemicellulose and cellulose. Step 3: Genus/species-specific gene582

duplications allowed for either increased gene dosage in some cases or subfunctionalization, or for583

the evolution of enzymes predominantly performing transglycosylation instead of hydrolysis. (B)584

Schematized species tree according to our previous transcriptome analysis (Shin et al. 2021). The585

number of enzymes from each category/family is indicated in the table on the left hand side of the586

figure. The absence of given categories of GH5_2 at the species level can be compensated for by587

the presence of other GH families. For example, the absence of a GH5_2 xylanase in Exocentrus588

and Mesosa can be compensated for by the presence of a GH10 xylanase found in the larval gut589

transcriptomes of the corresponding species.590

591
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