
Diversity, evolutionary history and functional 

characterization of plant cell wall degrading enzymes 

in beetles of the family Cerambycidae 

 

Dissertation 

 

To Fulfill the 

Requirements for the Degree of 

“doctor rerum naturalium” (Dr. rer. nat.) 

 

 

 

 

 

 

 

Submitted to the Council of the Faculty of  

Biological Sciences 

of Friedrich Schiller University Jena 

 

 

by M.Sc. Na Ra Shin 

 

born on 15.05.1988 in Gwangju, South Korea 

  



Reviewer: 

1. Prof. Dr. David G. Heckel, Max-Planck-Institut für chemische Ökologie, Jena

2. Prof. Dr. Ralf Oelmüller, Friedrich-Schiller-Universität Jena

3. Dr. Jean-Guy Berrin, INRAE, Fungal Biodiversity and Biotechnology (BBF), Marseille, France

Date of public defense: 23.02.2023 



 

  



 I 

I. Table of Contents 
 
I. Table of Contents ................................................................................................................................ I 

II. List of Abbreviations ....................................................................................................................... III 

III. List of Figures .................................................................................................................................. IV 

1. General Introduction ........................................................................................................................... 1 

1.1 Overview of genetic studies in history ................................................................................................................ 1 
1.2 The family Cerambycidae ................................................................................................................................... 2 
1.3 Plant cell walls .................................................................................................................................................... 4 
1.3.1 Cellulose, hemicellulose, and pectin ................................................................................................................... 6 
1.3.2 Lignin .................................................................................................................................................................. 8 
1.4 Carbohydrate active enzymes (CAZymes) ......................................................................................................... 9 
1.4.1 Glycoside hydrolases .......................................................................................................................................... 9 
1.4.2 Glycosyltransferases ......................................................................................................................................... 11 
1.4.3 Polysaccharide lyases, Carbohydrate esterases, and Auxiliary activities ......................................................... 11 
1.5 Plant cell wall degrading enzymes derived from insects .................................................................................. 12 
1.5.1 Cellulolytic enzymes ......................................................................................................................................... 13 
1.5.2 Hemicellulolytic enzymes ................................................................................................................................. 16 
1.5.3 Pectolytic enzymes ............................................................................................................................................ 18 

2. Aims of the study ................................................................................................................................ 20 

3. Manuscript Overview ........................................................................................................................ 22 

3.1 Manuscript 1 ...................................................................................................................................................... 22 
3.2 Manuscript 2 ...................................................................................................................................................... 24 
3.3 Manuscript 3 ...................................................................................................................................................... 26 

4. Manuscripts ........................................................................................................................................ 28 

4.1 Manuscript 1 ...................................................................................................................................................... 28 
4.2 Supplementary Material Manuscript 1 .............................................................................................................. 43 
4.3 Manuscript 2 ...................................................................................................................................................... 49 
4.4 Supplementary Material Manuscript 2 .............................................................................................................. 64 
4.5 Manuscript 3 ...................................................................................................................................................... 78 
4.6 Supplementary Material Manuscript 3 ............................................................................................................ 117 

5. General Discussion ........................................................................................................................... 129 

5.1 The distribution of PCWDEs mostly follows the species phylogeny ............................................................. 130 
5.2 Horizontally-acquired PCWDEs led to the diversification of species ............................................................ 131 
5.3 Substrate specificity of endogenous PCWDEs expanded through gene duplication ...................................... 132 
5.4 Cerambycidae is comprised of eight subfamilies, with two being relatively understudied ............................ 134 
5.5 Chromosome-level genomes are essential to understand their evolution. ...................................................... 135 
5.6 Most studies on PCWDE structure and catalytic mechanisms focus on microorganism-encoded enzymes .. 136 



Table of Contents 
 

II  

5.7 Studying the effect of enzyme function in vivo with genetic approaches ....................................................... 137 
5.8 Insect-derived PCWDEs may contribute to sustainable energy applications ................................................. 138 
5.9 Conclusion ....................................................................................................................................................... 140 

6. Summary ........................................................................................................................................... 141 

7. Zusammenfassung ........................................................................................................................... 144 

8. References ......................................................................................................................................... 147 

A. Detailed Author Contributions ........................................................................................................... i 

i. Manuscript 1 .......................................................................................................................................... i 

ii. Manuscript 2 ...................................................................................................................................... iii 

iii. Manuscript 3 ....................................................................................................................................... v 

B. Acknowledgment ............................................................................................................................... vii 

C. Curriculum vitae ................................................................................................................................ ix 

D. Publications and Presentations ......................................................................................................... xi 

E. Declaration on honour .................................................................................................................... xiii 

 



List of Abbreviations 

 III 

II. List of Abbreviations 
 
AA auxiliary activities 

BUSCO Benchmarking Universal Single-Copy Orthologs 

CE carbohydrate esterase 

CRISPR clustered regularly interspaced short palindromic repeats  

EC enzyme commission 

gDNA genomic DNA 

GH glycoside hydrolase 

GH10 glycoside hydrolase family 10 

GH11 glycoside hydrolase family 11 

GH28 glycoside hydrolase family 28 

GH43_26 glycoside hydrolase family 43 subfamily 26 

GH45 glycoside hydrolase family 45 

GH48 glycoside hydrolase family 48 

GH5_2 glycoside hydrolase family 5 subfamily 2 

GH5_8 glycoside hydrolase family 5 subfamily 8 

GH53 glycoside hydrolase family 53 

GH7 glycoside hydrolase family 7 

GH9 glycoside hydrolase family 9 

GT glycosyltransferases 

HGT horizontal gene transfer 

ORF open reading frame 

PCW plant cell wall 

PCWDEs plant cell wall degrading enzymes 

PG polygalaturonase 

PL polysaccharide lyases 

RNAi RNA interference 



List of Figures 

 IV 

III. List of Figures 
 

Figure 1. Schematic view of the phylogenetic relationships between cerambycid subfamilies……………..3 

Figure 2. Schematic structure of the plant cell wall with polysaccharide components……………………...5 

Figure 3. Schematic structure of cellulose and hemicelluloses in plant cell wall polysaccharide…………...6 

Figure 4. Schematic structure of pectin in plant cell wall polysaccharide…………………………………..8 

Figure 5. Schematic illustrating the catalytic activity of glycoside hydrolase……………………………10 

Figure 6. Schematic view of the distribution of PCWDE in phytophagous beetles………………………12 

Figure 7. Schematic illustrating the enzymatic degradation of cellulose…………………………………..16 

 



 

  

 
 

 

 

 

They are in you and me; they created us, body and mind;  

and their preservation is the ultimate rationale for our existence.  

They have come a long way, those replicators.  

Now they go by the name of genes, and we are their survival machines. 

 

“The selfish gene”, Richard Dawkins 

 

 

 

  



 

  

  



General Introduction 

1  

1. General Introduction 
1.1 Overview of genetic studies in history  
In history, the first document on an entomological observation of insect body structure and its behavior 

was published by Aristotle (384 to 322 BC) (Essig 1936; Reynolds 2019). Although many inaccurate 

studies about insects came out before the Renaissance, the invention of the microscope by Antony van 

Leeuwenhoek (1632 – 1723) led to new insight into the understanding of insect morphology. The 

microscope also allowed researchers to observe cells and chromosomes (Hooke 1665, Waldeyer 1888). 

Moreover, new theories about the concept of evolution were developed in 1858: Darwin proposed the 

descent of species from a common ancestor and the concept of natural selection which drives evolution 

(Darwin 1868). Gregor Mendel advanced the laws of inheritance in 1865 with the first introduction of the 

transmission of heritable traits (Abbott and Fairbanks 2016; Mendel 1866). These breakthrough theories 

on the interconnectedness of all organisms and genetic inheritance became the foundation of genetics 

(Koonin 2009). The first genetic map of fruit fly (Drosophila melanogaster) genes was attained in 1911 

(Sturtevant 1913), but the foundational chemistry of the genetic materials for inheritance (such as DNA) 

still remained elusive. Only in the early 1950s, when the molecular structure and information of DNA was 

identified using x-ray diffraction by Watson and Crick (Watson and Crick 1953), did modern molecular 

genetics develop. Since the discovery of the double-helix structured DNA, scientists have succeeded in 

isolating DNA from various species and demonstrating DNA transcription and translation in living 

organisms. In 1977, technological developments from Frederick Sanger allowed the generation of the first 

complete genome of a bacteriophage (Sanger et al. 1977). Earlier research in genetics revealed foundational 

theories into genomic elements as well as transposable elements which expanded knowledge of 

evolutionary relationships (Biémont 2010; Robertson 1993). However, a new era in genetics dawned with 

the advent of genome sequencing. In 1999, the Human Genome Project began as an international 

cooperative work (Lander et al. 2001). Over 13 years, this project uncovered the whole human genome 

sequence. In 2000, the first insect genome sequence for Drosophila melanogaster was published (Adams 

et al. 2000; Lander et al. 2001).  

Understanding and applications in molecular biology have developed with the advancement of sequencing 

technologies. In the early stages of DNA sequencing, single gene markers - such as those encoding 

ribosomal RNA -or fully sequenced mitochondrial genomes allowed for comparative analyses between 
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species as well as phylogenetic analyses to study evolutionary relationships (Cameron et al. 2009; Lin et 

al. 2002; Sheffield et al. 2008). However, individual gene sequence are not sufficient to infer accurate 

species phylogenies due to gene duplication or horizontal gene transfer events, and mitochondrial genomes 

are not adequate to provide the view of species divergences (Rokas et al. 2003; Song et al. 2010; Trautwein 

et al. 2012). Furthermore, early studies with sequencing data focused on isolating and characterizing 

specific genes related to certain tissues or in specific developmental stages (Ferreira et al. 2001; Girard and 

Jouanin 1999a; Sugimura et al. 2003). Twenty years after the rise of next-generation sequencing, molecular 

biology technologies have developed further, allowing for more in-depth understanding of genes or species 

of interest. Now, geneticists can employ orthologous gene sets generated from accumulated genome 

sequencing data extracted from many species (Haddad et al. 2018; Johnson et al. 2018; McKenna et al. 

2019). Comparative analyses are not limited to specific genes or mitochondrial genomes but are expanded 

to the chromosome level. Today, we can study evolutionary relationships between species, as well as the 

evolution of significant gene families, using cheaper and more efficient methods. 

1.2 The family Cerambycidae 
Cerambycidae, also known as longhorned beetles or longicorns, are wood-boring (xylophagous) insects 

within the Phytophaga (plant-feeding) clade of beetles. Phytophaga comprises two sister superfamilies: 

Chrysomeloidea and Curculionoidea (Coleoptera). Chrysomeloidea includes longhorned beetles and leaf 

beetles, while Curculionoidea includes weevils, snout beetles, and bark beetles. Cerambycid beetles 

account for a large fraction of the entire beetle order (estimated 5,300 genera and 36,300 extant species out 

of 350,000 described coleopteran species) (Linsley 1959; Śvácha and Lawrence 2014). They present the 

highest species-richness and abundance in tropical regions, but are distributed worldwide. To date, eight 

subfamilies are known in Cerambycidae; Lamiinae, Cerambycinae, Spondylidinae, Lepturinae, Prioninae, 

Dorcasominae, Parandrinae, and Necydalinae (Haddad et al. 2018) (Figure 1). In the eight subfamilies,, 

Lamiinae is the largest subfamily with around 21,000 species, and the next species-rich subfamily is 

Cerambycinae in this family (Monné and Wang 2017). Both are relatively large groups compared to other 

cerambycid subfamilies, which are characterized by low species-richness and a limited distribution (Śvácha 

and Lawrence 2014).  
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Within the life cycle of cerambycid beetles, larvae are predominantly associated with wood to acquire 

nutrients as they bore deep into woody tissue (Hanks 1999; Linsley 1959). Most cerambycid larvae take 

six months to several years to develop inside the host plant into the pre-adult life cycle. Species of Lamiinae 

have the shortest development period among cerambycid beetles. However, Lamiinae also exhibits 

different developmental periods depending on dietary conditions (Linsley and Chemsak 1961). They 

showed a developmental delay of several years when grown with dry and processed wood, compared to 

three to six months of developmental periods when larvae feed on stems of plants. Because these beetles 

break down the decomposed trees and break polysaccharide down to monomers, longhorned beetles are 

considered significant players in forest ecosystems (Haack 2017). However, these beetles also cause 

damage and disease in economically important orchards and wild trees. One of the invasive pests in 

cerambycid beetles is Anoplophora glabripennis, which causes large economic losses for the Asian forestry 

industry and ecosystem (Meng et al. 2015). Another invasive pest species, Monochamus (Lamiinae, 

Cerambycidae) is a severe threat to the forestry industry world-wide, especially in Asia and Europe, 

because it feeds on healthy conifers and spread nematodes, causing pine wilt disease (Akbulut and Cardak 

2012).  

 

Figure 1. Schematic view of the phylogenetic relationships between cerambycid subfamilies. Cerambycid 

beetles are recognized as Phytophaga and develop inside decomposed trees in the larval stage as xylophagous 

beetles. Cerambycidae comprises eight known subfamilies;Prioninae, Parandrinae, Dorcasominae, 

Cerambycinae, Lepturinae, Necydalinae, Lamiinae, and Spondylidinae. Different color codes represent the 

subfamilies of cerambycid beetles (This figure was modified by Haddad et al (2018)). 
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1.3 Plant cell walls 
The plant cell wall is one of the most abundant natural resources on Earth and the fundamental unit of 

wood structure. Plant cell walls play important supporting roles in structural maintenance and defense 

systems against biotic and abiotic stress (Somerville et al. 2004). Plant cell walls are made up of 

polysaccharides such as cellulose microfibrils, hemicellulose, pectin, and lignin with small amounts of 

protein, such as hydroxyproline-rich glycoproteins (Burton et al. 2010; Doblin et al. 2010; Vorwerk et al. 

2004; Zhao et al. 2019). In most higher plants, cell walls are comprised of two layers, primary and 

secondary cell walls, which harbor different polymer components and have different mechanical and 

structural functions (Bacic et al. 1988) (Figure 2A). The primary cell wall is synthesized during plant 

growth and is mainly composed of cellulose, xyloglucan, and pectin (O'neill et al. 1990; Pauly and Keegstra 

2016; Ridley et al. 2001) (Figure 2B). Due to the high proportions of xyloglucan and pectin they contain, 

primary cell walls are more flexible and hydrated structures than secondary cell walls (Cosgrove and Jarvis 

2012; Fry 2004). In general, pectic polysaccharides account for the most significant proportion of the 

primary cell wall (30-50%) on a dry weight basis, followed by cellulose (15-40%), xyloglucan (20-30%), 

and minor amounts of structural proteins (Cosgrove and Jarvis 2012). In contrast, secondary cell walls are 

synthesized after cell growth completely ceased (Barnes and Anderson 2018) (Figure 2C). They are also 

made up of polysaccharides but are more rigid than primary cell walls due to the presence of lignin 

(Vanholme et al. 2010). The main constituents of secondary cell walls are also cellulose, mannan, and 

xylan (Mellerowicz and Sundberg 2008; Scheller and Ulvskov 2010). Woody tissues have been historically 

considered -nutrient-poor resources, with low amounts of the proteins, lipids, and vitamins necessary for 

insect development (Mattson Jr 1980). Moreover, plant cell wall polysaccharides provide a complex 

configuration, which is recalcitrant to degradation (Himmel et al. 2007). Although historical insight did 

not consider woody tissues as providing enough nutritional advantages to animals, many organisms, 

including cerambycid beetles, have evolved to obtain nutrients from degrading plant cell wall 

polysaccharides (Calderón-Cortés et al. 2012; Castillo-González et al. 2014; Linsley 1959; Weimer 1992). 

The following sections detail the various plant cell wall polysaccharides such as cellulose, hemicellulose 

(xyloglucan, xylan, and mannan), pectin, and lignin. 
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Figure 2. Schematic structure of the plant cell wall with polysaccharide components. Plant cells are the basic unit 

of wood and are comprised of two cell wall layers: primary and secondary. The middle lamella forms the connection 

between the primary cell walls of adjacent cells. The secondary cell wall comprises three layers (S1, S2, and S3) 

(Figure 2A). The main component of both primary and secondary cell walls is cellulose microfibril. Hemicellulose 

corresponding to xylans, mannans, and xyloglucans are also found commonly in both cell walls. However, pectin is 

identified in the primary cell wall (Figure 2B), whereas it may be absent in the secondary cell wall. Lignin is found 

in the secondary cell wall as one of the major components but not in the primary cell wall (Figure 2C). (This figure 

was modified from Zhao (Zhao et al 2019)) 
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Figure 3. Schematic structure of cellulose and hemicelluloses in plant cell wall polysaccharides. Plant cell walls 

contain the polysaccharides, cellulose, hemicellulose, and pectin. Cellulose is a linear polymer linked by β-1,4 

linkages between glucose units. Hemicelluloses (xylan, xyloglucan, glucomannan, and galactomannan) are 

heterogeneous polysaccharides constituting a β-1,4-linked backbone - made up of different sugar units such as xylose, 

mannose, glucose, and galactose - with side chains (This figure was modified by Martens (Martens et al. 2011)) 

1.3.1 Cellulose, hemicellulose, and pectin 

Cellulose is the most abundant polysaccharide on Earth and a linear polymer composed of 1,4-linked β-D-

glucose residues (Figure 3). Cellulose organizes into two different types of structure - crystalline cellulose 

or amorphous cellulose - depending on the arrangement of hydrogen bonds (Hearle and Peters 2013). While 

crystalline cellulose is formed in long, regularly-arranged polymer chains by strong hydrogen bonds, 

amorphous cellulose is a twisted polymer formed by weak hydrogen bonds (Watanabe and Tokuda 2010). 

Despite accumulated studies on the impact of the different ratios of crystalline versus amorphous cellulose 
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on the mechanical properties of cellulose, the distribution of both type of cellulose in the primary and 

secondary cell walls is still not well-characterized (Cosgrove and Jarvis 2012; Rongpipi et al. 2019).  

Hemicellulose comprises non-cellulosic polysaccharide components of plant cell walls sharing a β-1,4-

linked backbone with neutral sugars such as glucose, xylose, or mannose with short side chains (Scheller 

and Ulvskov 2010). Hemicellulose polysaccharides like xyloglucan, xylan, and gluco- and galactomannan 

play important roles in stabilizing the structure of plant cell walls by interacting with cellulose microfibrils 

and lignin (Figure 3). In particular, xyloglucan binds to cellulose microfibrils in the primary cell wall, 

which are important for stabilizing cell wall structure (Burton et al. 2010; Cosgrove and Jarvis 2012; 

Scheller and Ulvskov 2010). Recent studies found that hydrogen bonding plays an important role in the 

interaction between xylan and cellulose microfibrils (Donev et al. 2018; Heinonen et al. 2022). Once xylan 

adsorbs to cellulose, hydrogen bonds are formed between cellulose and xylan, which extend cellulose 

microfibrils. This formation can impact the rigidity and flexibility of plant cell walls. Many observations 

on the binding and interactions between hemicellulose and cellulose have been published (Berglund et al. 

2016; Heinonen et al. 2022; Park and Cosgrove 2015).  

Most pectins are structurally complex polymers sharing a α-1,4-linked galacturonic acid (GalA) backbone 

(Figure 4). The pectic polymers are classified into four subclasses: homogalacturonan (HG), 

rhamnogalacturonan I and II (RG-I, II), and xylogalacturonan (XGA). Both HG and XGA consist of a 

GalA backbone with esterified/acetylated side-chains, while the the GalA backbone of XGA features 

xylose side chains (Thibault and Ralet 2008). The backbone of both RGs also includes GalA residues. RG-

I contains a backbone of the disaccharide repeat unit (2)- α-L-Rha(1,4)- α-D-GalA(1-) with linear α-l-

arabinofuranosyl and β-d-galactopyranosyl side chains. On the other hand, RG-II consists of a GalA 

backbone decorated with side branches as a monosaccharide, octasaccharide, and two structurally different 

disaccharides. Pectins modulate the hydration of the primary cell wall, which is important for cell wall 

expansion and cell separation during plant development (Wolf et al. 2009). Although the amount of pectin 

found in the secondary cell wall is very small, many studies have addressed its importance in the secondary 

cell wall biosynthesis and modification (Xiao and Anderson 2013). 
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Figure 4. Schematic structure of pectin in plant cell wall polysaccharides. Pectin is a heteropolysaccharide 

predominantly containing galacturonic acid residues. Pectins can be divided into four subclasses with different side 

chains: homogalacturonan (HG), rhamnogalacturonan I and II (RG-I, II), and xylogalacturonan (XGA) (This figure 

was modified by (Mohnen 2008)). 

1.3.2 Lignin  

Lignin is one of the most abundant polymers in wood and is mainly found in the secondary cell wall of the 

plant (Boudet 1998). The network of cellulose microfibrils and hemicelluloses is embedded in lignin, 

which promotes the integrity, rigidity, and hydrophobicity of the secondary cell wall (Cosgrove and Jarvis 

2012; Kang et al. 2019). Also, the lignified structure enables the plant to transport water and nutrients 

through plant tissues for plant growth, as it strengthens the woody tissue and reduces permeability 

(Vanholme et al. 2019; Zhao 2016). Lignin is composed of alkyl-aromatic polymers as a polyphenolic 

material. The structure and contents of lignin are very dynamic between plant species, tissues, 

environmental conditions, and even developmental stages (Vanholme et al. 2010). Lignin includes three 

cell-specific formations corresponding to p-hydroxyphenyl (1H, H-units), guaiacyl (1G, G-units), and 
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syringyl (1S, S-units) structures. For example, while G-units are mainly found in softwood lignin, both G- 

and S-units are abundant in the hardwood lignin (Katahira et al. 2018). 

1.4 Carbohydrate active enzymes (CAZymes) 
Carbohydrates are one of the large groups of organic molecules on Earth and important components in all 

living organisms (Stern and Jedrzejas 2008). Among them, polysaccharides are used as an energy source 

to provide sufficient nutrients for the organism. It is also the most abundant and essential organic 

component in plant structure (Doblin et al. 2010; Stern and Jedrzejas 2008). Carbohydrate is a diverse 

group of organic compound with different chemical and physical properties such as solubility, 

crystallization state, and aggregated structure in plant cell walls (Cummings and Stephen 2007). 

Carbohydrate active enzymes (CAZymes) are enzymes related to the synthesis and degradation of diverse 

carbohydrates (Drula et al. 2021). Since the first classification of cellulases into distinct enzyme families 

based on amino acid similarities (Henrissat et al. 1989), the CAZy database (http://www.cazy.org) has 

classified CAZymes into the following classes based mainly on sequence similarities: glycoside hydrolases 

(GHs), glycosyltransferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), and those 

with auxiliary activities (AA) (Drula et al. 2021). The following sections describe the different enzyme 

classes in detail. 

1.4.1 Glycoside hydrolases 

Glycoside hydrolases are common enzymes in almost all organisms and constitute the largest group of 

CAZymes. These enzymes are currently classified into 173 families based on sequence similarities and 

folds of proteins (Drula et al. 2021). The number of GH families has been increased on a regular basis 

because new enzymes which do not belong to previously classified families are continuously discovered. 

GH enzymes catalyze the hydrolysis of glycosidic O-, N-, and S-linkage bonds mediated by two carboxyl 

groups. Depending on the cleavage regions on the substrate, they are divided into two types: endo- and 

exo-acting enzymes. All cellulase is classified into glycoside hydrolase families (Davies and Henrissat 

1995). Most cellulases are endo-acting enzymes, which cleave a polymer substrate within the middle of 

the chain. Exo-acting enzymes act on the non-reducing and/or reducing end of the polymer substrate chain. 

GH enzyme families are also categorized into either retaining or inverting enzymes (Koshland Jr 1953) 

(Figure 5). Both types of enzyme possess two carboxyl groups that act as an acid (proton donor) and a base 

(nucleophile assistance). Retaining enzymes hydrolyse polymers via a double displacement reaction 
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(Figure 5A), whereas inverting enzymes hydrolyse polymers via a single displacement reaction (Figure 

5B). Both mechanisms include oxocarbenium ion-like transition states. However, the double displacement 

reaction involves a covalent glycosyl-enzyme intermediate, which causes the conformation to be retained 

in the catalytic reaction.  

 

 

Figure 5. Schematic illustrating the catalytic activity of glycoside hydrolases. Glycoside hydrolases catalyze 

either retaining or inverting reactions for hydrolysis. Both steps utilize an acid/base from two amino acid side 

chains, such as glutamate and aspartate. In the retaining reaction (Figure 5A), acid/base catalyst carboxyl groups 

provide a hydrogen ion to the C terminus at the cleavage site, and a hydroxyl ion is generated from a water 

molecule for the C1 terminus. The newly generated C terminus remains in the original conformation as the result 

of retaining glycoside hydrolase. In the inverting reaction (Figure 5B), the acid catalyst group provides hydrogen 

nuclei to the C terminus of the cleavage site, and the base catalyst gives a hydroxyl ion from a water molecule to 

the C1 terminus. The final conformation of the newly generated C terminus from the inverting glycoside hydrolase 

is converted from the original conformation. 
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1.4.2 Glycosyltransferases 

Glycosyltransferases (GTs) catalyze the synthesis of the glycoside linkage using activated sugar 

phosphates as glycosyl donors by retention or inversion of anomeric configuration (Lairson et al. 2008). 

There are two types of glycosyltransferase, determined by dependence on sugar nucleotides and different 

folding formations in protein structure; Leloir glycosyltransferases and non-Leloir glycosyltransferases. 

Leloir glycosyltransferases are the sugar nucleotide-dependent enzymes, which catalyze the connection of 

sugar mono- or diphosphonucleotides with glycoside linkages. In contrast, non-Leloir glycosyltransferases 

use non-nucleotide substrates such as polyprenol pyrophosphates, polyprenol phosphate, and sugar 1-

phosphates with divalent metals (Mn2+ and Mg2+) as their substrates.  

1.4.3 Polysaccharide lyases, Carbohydrate esterases, and Auxiliary activities 

Polysaccharide lyases (PL) cleave uronic acid-containing polysaccharide chains using elimination 

mechanisms. These enzyme families are also classified according to sequence similarity and specific 

folding types. The PL families have different substrate preferences and produce different products (Biely 

2012; Garron and Cygler 2010). Carbohydrate esterases (CE) cleave -O or -N ester bonds to modify the 

structure of polysaccharides for the actions of glycoside hydrolases following esterase activity. Esters are 

composed of acid and alcohol, so CE hydrolyzes the linkage of both pectin methyl esters and acetylated 

xylan. (Biely 2012). Auxiliary activities (AA) are another class of enzymes, recently classified also based 

on sequence similarity and protein structural information (Levasseur et al. 2013). AA includes two different 

groups, with nine families of ligninolytic enzymes and seven families of lytic polysaccharide mono-

oxygenases. AA contains predominantly oxidative ligninolytic enzyme families for lignin 

depolymerization, but lytic polysaccharide monooxygenases (LPMO) also belong to this class of enzymes. 

Enzymes belonging to this class break down lignin as well as degrade cellulose and chitin (Hemsworth et 

al. 2014).  
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1.5 Plant cell wall degrading enzymes derived from insects 

A subgroup of CAZymes, plant cell wall degrading enzymes are essential to break down plant cell wall 

polysaccharides. PCWDEs degrade most polysaccharide components, including cellulose, hemicellulose 

(xylan, xyloglucan, and mannans), and pectin. PCWDEs are classified into three categories based on their 

enzymatic activities, cellulolytic enzymes, hemicellulolytic enzymes, and pectolytic enzymes. Although 

many phytophagous animals use PCWDEs obtained from microsymbionts, several cases of enzymes 

secreted from insect digestive tracts have been reported (Girard and Jouanin 1999a; Lee et al. 2004; Pauchet 

and Heckel 2013; Pauchet et al. 2010; Watanabe et al. 1998; Watanabe and Tokuda 2001). The first 

observation of endogenous PCWDEs’ presence in the gut fluid of cerambycid larvae was in the early 1900s 

(Linsley 1959). It contrasted the previous significant studies that cerambycid beetles digest woody tissues 

with cellulase generated from a symbiont yeast, which was found in the epithelial cells or a mycetoma of 

the insects' gut (Heitz 1927; Kukor et al. 1988; Schomann 1937). Nevertheless, undeniable evidence was 

published to challenge the notion that digestive enzymes originated from the symbiont. First, the difference 

in degraded cellulose based on the presence or absence of yeast symbionts was non-significant. (Martin 

1983) Also, yeast symbionts in cerambycid beetles did not display cellulase activity. During the 1990s, 

many publications identified that species of most cerambycid subfamilies could break down plant cell wall 

polysaccharide components including not only amorphous cellulose, but also hemicelluloses such as xylan, 

Figure 6. Schematic view of the distribution of PCWDEs in phytophagous beetles. Phytophagous beetles 

constitute two sister superfamilies, Chrysomeloidea and Curculionoidea. Endogenous PCWDEs have been 

identified from both superfamilies and are essential enzymes for breaking down plant cell walls as their primary 

nutrient sources. Some PCWDEs like GH9, GH45, GH48, and GH28 seem to be conserved across the 

phytophagous beetle clade, while others, such as GH5_2, CE8, PL4, and most hemicellulolytic enzymes, are 

restricted to certain groups (This figure was modified by McKenna et al (2019)) 
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β-glucan, and mannans (Martin 1991; Scrivener et al. 1997; Watanabe et al. 1998). In 2003, an enzyme of 

the subfamily 2 of glycoside hydrolase family 5 (GH5_2) showing endo-β-1,4-glucanase activity was 

identified in the yellow-spotted longicorn beetle (Psacothea hilaris (Pascoe)) as the first endogenous 

cellulase derived from a cerambycid beetle (Sugimura et al. 2003). Correlating with the increasing 

availability of genomic data, diverse PCWDEs have been identified in Arthropods (Acuña et al. 2012; 

Busch et al. 2019; Busch et al. 2017; Busch et al. 2018; Calderón-Cortés et al. 2012; Chang et al. 2012; 

Eyun et al. 2014; Kirsch et al. 2014; McKenna et al. 2016; McKenna et al. 2019; Pauchet and Heckel 2013; 

Pauchet et al. 2014; Pauchet et al. 2010; Scully et al. 2013; Shelomi et al. 2014). Interestingly, phytophaga 

possessed GH9, GH45, GH48, and GH28 as the common PCWDEs (Figure 6), and these enzymes have 

been inherited from the common ancestor of phytophaga (McKenna et al. 2019). Other PCWDEs (GH5_2, 

CE8, PL4, GH5_8, GH5_10, GH10, and GH11), uncommonly found in Coleoptera, also were identified 

in different phytophaga beetles (Figure 6) (Acuña et al. 2012; Busch et al. 2017; McKenna et al. 2016; 

McKenna et al. 2019; Padilla-Hurtado et al. 2012; Pauchet and Heckel 2013; Pauchet et al. 2010). These 

uncommon PCWDEs transferred from various microbial donors through several independent HGT events. 

In the next sections, I will explain in detail the three categories of PCWDEs: cellulolytic enzymes, 

hemicellulose enzymes, and pectolytic enzymes. 

1.5.1  Cellulolytic enzymes 

Cellulase are able to break down glycosidic linkage of cellulose, and are mostly glycoside hydrolases 

(Davies and Henrissat 1995). Cellulases are composed of three classes - endoglucanases (EC 3.2.1.4), 

exoglucanases (EC 3.2.1.75 and EC 3.2.1.91), and β-glucosidases (EC 3.2.1.21) - which are classified 

based on different enzymatic action and substrate specificity (Figure 7) (Watanabe and Tokuda 2010).  

Endoglucanase, also known as endo-β-1,4-glucanase, cleaves β-1,4 linkages in the amorphous regions of 

cellulose polymers. In the case of bacterial-derived cellulase, a carbohydrate-binding domain (CBM) 

associates with cellulase and enhances the cellulose degradation by increasing processivity. However, 

insect-derived cellulases work on their substrate without a CBM. In general, endoglucanases generate 

mainly cellobiose and small amounts of cellotriose and glucose as the product of the enzymatic reactions 

(Teeri 1997).  
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From previous studies in Coleoptera, GH9, GH45, and GH5_2 have been identified as insect-derived 

endoglucanases (Busch et al. 2019; Busch et al. 2018; Davison and Blaxter 2005; Girard and Jouanin 1999a; 

Pauchet et al. 2014; Sugimura et al. 2003). After the first identification of endogenous GH9 cellulases in 

termites, enzymes of this family have been found widely in Metazoa, including in the animal phyla, 

Mollusca and Chordata and in plants and in some fungi (Davison and Blaxter 2005; Dehal et al. 2002; 

Steenbakkers et al. 2002; Suzuki et al. 2003; Urbanowicz et al. 2007). Much evidence has indicated that 

GH9 was present in the common ancestor of arthropods, explaining its widespread distribution amongst 

modern insect species (Davison and Blaxter 2005). In contrast, GH45 is predominantly identified in the 

microorganism (Davies et al. 1995; DeBoy et al. 2008; Sheppard et al. 1994) and has been only observed 

in Mollusca (Lee et al. 2004; Okmane et al. 2022; Sakamoto and Toyohara 2009), Nematoda (Kikuchi et 

al. 2004; Palomares-Rius et al. 2014; Wang et al. 2014; Wu et al. 2016a), and Arthropoda (Busch et al. 

2019; Busch et al. 2018; McKenna et al. 2016; McKenna et al. 2019; Pauchet et al. 2014; Song et al. 2017). 

According to recent studies, GH45 is widely distributed in phytophagous beetles (McKenna et al. 2019) 

and present endoglucanse activity in some species (Busch et al. 2019; Busch et al. 2018; Ibarra et al. 2019; 

Valencia et al. 2013). The common ancestor of the Phytophaga is thought to have acquired GH45 

horizontally from Ascomycota (Busch et al. 2019; McKenna et al. 2019). Interestingly, recent studies 

identified that Chrysomeloidea- and Curculionidae-derived GH45 have different substrate specificity for 

cellulose and hemicellulose xyloglucan (Busch et al. 2019). GH5_2 is an enzyme family predominantly 

found in bacteria (Aspeborg et al. 2012), but recent studies also found GH5_2 in cerambycid beetles. 

(McKenna et al. 2016; Pauchet et al. 2014). Cerambycid beetles have multiplied copies of GH5_2 after 

acquired through HGT event from a putative bacterial donor belong to Bacteriodetes (McKenna et al. 2016; 

McKenna et al. 2019; Pauchet et al. 2014). In addition, while bacterial-derived GH5_2 genes have been 

identified as mainly endoglucanases, cerambycid-derived GH5_2 has endoglucanase as well as 

endoxylanase activities (Pauchet et al. 2020). 

Exoglucanase (also known as 1,4-β-D-glucan cellobiohydrolase or 1,4-β-D-glucan glucohydrolase) breaks 

down the linkage on the nonreducing or reducing ends of cellulose polymers in crystalline regions to 

produce cellobiose (Figure 7). Exoglucanase GH48 is commonly found in bacteria, but not usually in 

animals (Brunecky et al. 2017; Pauchet et al. 2014). Most bacteria possess at least one copy of 
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cellobiohydrolase GH48, and commonly two or three copies. However, the common ancestor of the 

Phytophaga acquired a gene encoding GH48 horizontally from Actinobacteria, and most extant 

Phytophaga harbor this enzyme (McKenna et al., 2019). The function of Phytophaga-derived GH48 has 

not been extensively studied yet.  

β-glucosidases break the glycosidic bonds of β-D-glucosides and oligosaccharides on the non-reducing 

ends of cellulose polymer chains (Figure 7). These enzymes catalyze the final step in the cellulase system 

to produce glucose (Bhat and Bhat 1997). GH1 is a widely distributed family of β-glucosidases in bacteria, 

insect, and plants (Eyun et al. 2014; Ketudat Cairns and Esen 2010; Marana et al. 2001; Marques et al. 

2003; Scharf et al. 2010). In the insects and microorganisms where it is present, GH1 contributes 

significantly to plant cell wall degradation and insect-plant interactions (Ketudat Cairns and Esen 2010; 

Tokuda 2019). Insect-derived GH1 originated from a common ancestor and adapted with gene duplication 

or loss in the insect species in evolution (He et al. 2022). GH1 has evolved with the adaptation of insects 

to new ecology or new feeding habits, such as the shift from plant cell walls to nectar or pollen (Johnson 

et al. 2018; Kunieda et al. 2006). Thus, insects may show different patterns of duplication or loss of GH1 

corresponding to their lineage and ecology. GH1 genes in phytophagous beetles and aphids have 

independently evolved a novel role in detoxification; for example, the myrosinase genes (Beran et al. 2014; 

Jones et al. 2002). This newly gained function results from duplication of the ancestral insect GH1 gene; 

aphid myrosinase is not derived from any of the plant myrosinases. Recent studies found that phytophagous 

beetles possess a large number of GH1 encoding genes with high gene expression in the larval stage 

(Aguirre-Rojas et al. 2021; Xue et al. 2021). However, enzymatic functions of GH1 in the digestive 

mechanisms of phytophagous beetles are not currently well known.  
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Figure 7. Schematic illustrating the enzymatic degradation of cellulose. The three classes of cellulases - 

exoglucanase (EC 3.2.1.75, EC 3.2.1.91), endoglucanase (EC 3.2.1.4), and β-glucosidase (EC 3.2.1.21) – act co-

operatively to break down cellulose. Exoglucanase cleaves the linkage on either non-reducing or reducing ends of 

cellulose polymers to produce cellobiose. Endoglucanase breaks down β-1,4 linkages in the amorphous regions of 

cellulose polymers. β-glucosidase completes cellulose degradation by breaking down the glycosidic bonds of β-D-

glucosides and oligosaccharides on the non-reducing ends of cellulose polymers.(This figure was modified by 

Watanabe et al (2010)) 

1.5.2  Hemicellulolytic enzymes 

Hemicellulose is heterogeneous polysaccharides with a β-1,4-linked backbone of neutral sugars such as 

glucose, xylose, or mannose with short side chains. (Scheller and Ulvskov 2010). Hemicellulolytic 

enzymes (hemicellulases) break down hemicellulose polysaccharides, including xylan, xyloglucan, and 

gluco- and galactomannan. In contrast to cellulolytic enzymes, hemicellulolytic enzymes have a patchy 

distribution across the phytophagous beetles, meaning these enzymes originated from various microbial 
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donors via independent HGT events (McKenna et al. 2019). Hemicellulolytic enzymes allow phytophaga 

beetles to complete digestion by breaking down the heterogeneous structure of plant cell walls. These 

enzymes include xylanases, xyloglucanases, mannanases, mannosidases, and arabinosidases. 

Xylanases cleave the β-1,4 linkages between xylose residues (Collins et al. 2005). They are classified into 

different classes based on the fold variation, enzymatic mechanism, and substrate specificity. Although all 

classes of xylanase are present in microorganisms, only two classes of are described here; endo-1,4-β-D-

xylanases (EC 3.2.1.8) and α-arabinofuranosidases (E.C. 3.2.1.55) because my thesis focused on these 

enzymes in phytophaga beetles. Most previous xylanase studies focused on microorganism-derived 

enzymes because of producing various enzymes with multiple copy (Collins et al. 2005; Gilbert and 

Hazlewood 1993). GH10 and GH11 are well-studied enzymes in the microorganism: GH10 presents endo-

1,4-β–xylanase (EC 3.2.1.8) endo-1,3-β-xylanases (EC 3.2.1.32), and cellobiohydrolases, whereas GH11 

is known as ‘true xylanase’ (EC 3.2.1.8) as a monospecific catalytic active enzyme on D-xylose containing 

substrates (Collins et al. 2005; Drula et al. 2021). Previous studies (Padilla-Hurtado et al. 2012; Pauchet 

and Heckel 2013) found GH10 and GH11 in the beetles, Hypothenemus hampei (Curculionidae) and 

Phaedon cochleariae (Chrysomeloidea). Insect-derived GH10 catalyzes the hydrolysis of 1,4-β linkage in 

the backbone of xylan polymers and originated from a putative bacterial donor (McKenna et al. 2019; 

Padilla-Hurtado et al. 2012). GH11 in P. cochleariae showed enzyme activity on a xylan polymer substrate 

and transferred from a putative donor of proteobacteria via HGT event (McKenna et al. 2019; Pauchet and 

Heckel 2013). GH43 belongs to the β-Fructosidase superfamily identified with sequence similarity and 

presents β-xylosidases and α-L-arabinofuranosidases (Naumoff 2001). This enzyme family also has been 

studied in microorganisms (Cartmell et al. 2011; Suzuki et al. 2010; Valls et al. 2016; Wu et al. 2016b; 

Yang et al. 2015). Recent studies found that Agrilus planipennis (Buprestidae, Coleoptera) acquired 

arabinofuranosidase GH43_26 from a putative donor belonging to Actinobacteria (McKenna et al. 2019; 

Zhao et al. 2014). This finding is only a record for identifying the GH43 enzyme family in Coleoptera. 

Endo-1,4-β-mannanase catalyzes the cleavage of β-1,4-mannosidic linkages in the mannan backbone of 

glucomannans and galactomannans (Malgas et al. 2015). While glucomannans consist of β-1,4-linked D-

glucose and D-mannose with different ratios of these two sugars in a linear formation, galactomannan is 

composed of a β-1,4-linked D-mannan backbone with a single α(1,6) substitution of D-galactose. 
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Endomannanases have been identified in several enzyme families of glycoside hydrolases according to the 

CAZy database: GH5, GH9, GH26, GH44, GH113, and GH134 (Drula et al. 2021). Most endomannanase 

were studied in microorganisms (Dhawan and Kaur 2007; Hilge et al. 1998; Puchart et al. 2004; Talbot 

and Sygusch 1990), but these enzymes were also identified in different species in metazoan (King et al. 

2010; Larsson et al. 2006; Shelomi et al. 2016; Song et al. 2008) and plant (Schröder et al. 2006; Yuan et 

al. 2007). Amongst Phytophaga, the coffee berry borer, H. hampei is reported to possess endomannanase 

GH5_8 (Padilla-Hurtado et al. 2012), and Callosobruchus maculatus and Gastrophysa viridula are reported 

to harbor mannanase GH5_10 (Busch et al. 2017). From phylogenetic analysis and sequence similarity, 

GH5_8 and GH5_10 have been independently horizontally transferred from bacteria - Firmicutes and 

Actinobacteria, respectively (Acuña et al. 2012; McKenna et al. 2019). 

Endoxyloglucanases (also known as xyloglucan-specific endo-beta-1,4-glucanases, EC 3.2.1.151) cleave 

the xyloglucan backbone, which constitutes β-1,4-linked glucosyl backbone with a single α-1,6-D-xylosyl 

residue decoration (Edwards et al. 1986). Endoxyloglucanase is distributed in several enzyme families of 

glycoside hydrolase: GH5, GH12, GH16, GH44, and GH74 (Hasper et al. 2002; Ishida et al. 2007). Many 

glycoside hydrolase enzyme families act as endoxyloglucanases in bacteria and fungi (Gloster et al. 2007; 

Martinez-Fleites et al. 2006; Yaoi et al. 2007; Yaoi et al. 2005). However, like other hemicellulolytic 

enzymes, very few xyloglucanase enzymes have been identified in arthropods, specifically GH9 and GH45 

(Busch et al. 2019; Shelomi et al. 2016). GH9 is a well-known ancestrally-derived cellulase, but a GH9 

enzyme with xyloglucanase activity has also been reported in a stick insect (Phasmatodea) (Shelomi et al. 

2016). Some GH45 enzymes in leaf beetles also have the ability to hydrolyze xyloglucan as well as 

cellulose. GH45 genes of phytophagous beetles made up a well-studied enzyme family and were likely 

inherited from the common ancestor of Phytophaga before divergence (Busch et al. 2019). Therefore, the 

newly-evolved substrate specificity seems to have arisen within the insect clade, likely promoted by gene 

duplication events. 

1.5.3  Pectolytic enzymes 

Pectin is composed of α-1,4-d-galacuturonic acid (GalA) residues and classified into four subclade with 

different structures and side chains. Depending on the cleavage site, pectolytic enzymes are classified into 

polygalacturonase (EC 3.2.1.15), pectinlyase (EC 4.2.2.10)/pectate lyase (EC 4.2.2.2) and pectin esterase 
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(EC 3.1.1.11) (Yadav et al. 2009). In my thesis, I focused on polygalacturonase because identified 

pectolytic enzymes in cerambycid beetles is only GH28 to date (Kirsch et al. 2014; McKenna et al. 2016; 

McKenna et al. 2019; Pauchet et al. 2014). In addition to cerambycid beetles, GH28 is commonly 

distributed in Coleoptera, Phasmatodea and Hemiptera lineages (Allen and Mertens 2008; de la Paz 

Celorio-Mancera et al. 2008; Eyun et al. 2014; Girard and Jouanin 1999b; Kirsch et al. 2012; Shelomi et 

al. 2014; Shen et al. 2003). GH28 is a polygalacturonase that cleaves α-1,4-glycosidic linkages between 

galacturonate residues in homogalacturonan by hydrolase mechanisms (Jayani et al. 2005; Rexová-

Benková and Markoviĉ 1976). GH28 can cleave linkages within or at the termini of the substrate (endo- 

or exo-cleavage). This polygalacturonase enzyme is widely distributed in most phytophagous beetles 

(McKenna et al. 2019). Most phytophagous beetles possess a GH28 gene which was likely transferred to 

the common ancestor of phytophagous beetles horizontally from a fungal donor. However, interestingly, 

cerambycid beetles belonging to the subfamily Lamiinae lost this copy of GH28, and acquired GH28 

horizontally from a different putative fungal donor; an independent HGT event from the other 

phytophagous beetles (Kirsch et al. 2014). 
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2. Aims of the study 

My work focused on studying the distribution and the evolution of plant cell wall degrading enzymes in 

cerambycid beetles based on transcriptome and genome data. Previous studies have already identified that 

two Lamiinae beetles, A. glabripennis and Apriona japonica, secrete PCWDEs into their midgut to degrade 

plant cell wall polysaccharides. Also, they possess families of glycoside hydrolase to break down most 

plant cell wall polysaccharides components. However, the family Cerambycidae consists of eight known 

subfamilies, and previous studies only provide information about the Lamiinae-derived PCWDEs and their 

evolution. 

In Manuscript 1, I have identified PCWDE-encoding genes from the transcriptomes of 23 species 

representing six out of eight cerambycid subfamilies. I reconstructed a species phylogeny using 

orthologous genes from the transcriptome to recover evolutionary relationships between the subfamilies, 

which are consistent with those described in previous studies. I also curated 340 new PCWDE-encoding 

genes, falling into two categories: i) the broadly distributed PCWDEs originating from the common 

ancestor of Phytophaga (GH9, GH45, GH48, and GH28) and ii) PCWDE families that are found only in 

specific lineages of phytophagous beetle. With phylogenetic-based analyses, I detected putative donor 

lineages of horizontally acquired genes encoding PCWDEs (GH5_2, GH5_8, GH7, GH43_26, GH53, and 

GH10). With these findings, I provide the first comparison of PCWDEs at the subfamily level and link the 

distribution of PCWDEs to the evolutionary relationship of cerambycid subfamilies. 

Of the cerambycid-derived PCWDEs, I focused on subfamily 2 of the glycoside hydrolase family 5 

(GH5_2) because GH5_2 is not commonly identified in beetles outside of the cerambycid beetles. Also, 

GH5_2 found in species of the subfamily Lamiinae can degrade cellulose as well as xyloglucan and xylan 

and are orthologous genes. In Manuscript 2, I present evidence that cerambycid-derived GH5_2-encoding 

genes have expanded their substrate specificity through gene duplication after an HGT event. Specifically, 

cerambycid GH5_2 genes could break down most polysaccharide components excluding pectin. . These 

findings suggest that GH5_2 has played an important role in the evolution of cerambycid beetles. 

Only a single genome sequence of a cerambycid beetle, A. glabripennis (representing the subfamily 

Lamiinae), has been generated to date, despite easy access to sequencing technology. A lack of genomic 
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information for other Lamiinae species, and other cerambycid subfamilies, has created difficulties in 

extending the knowledge of the evolution of PCWDEs in cerambycid beetles. Therefore, for Manuscript 

3, I extracted high molecular weight (HMW) DNA, performed long-read sequencing, and assembled 

genomes for four cerambycid beetles representing three subfamilies (Cerambycinae, Lepturinae, and 

Lamiinae). With additional coleopteran genome data from NCBI and the project Darwin Tree of Life, I 

recovered the monophyletic clade of cerambycid beetles with other phytophagous beetles and Coleoptera 

using around a hundred orthologous genes. I also analyzed the gene structure and genomic context of 

newly-identified PCWDEs in cerambycid beetles (GH5_2, GH5_8, GH7, GH43_26, GH53, and GH10). I 

confirmed that PCWDEs originating via HGT from microbes had gained introns, and PCWDEs encoding 

genes were placed next to the insect genes or insect-like transposable elements. In addition, I found large 

conserved syntenic regions shared between different subfamilies of cerambycid beetles by comparing 

genome sequences. This study provides a comprehensive view of the evolution of PCWDEs in the 

cerambycid beetles, linked to the evolution of cerambycid beetles, by comparing draft genomes.  
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3. Manuscript Overview 

3.1  Manuscript 1 

 
Larvae of longhorned beetles (Coleoptera; Cerambycidae) have evolved a diverse and 

phylogenetically conserved array of plant cell wall degrading enzymes 

 

Na Ra Shin, Seunggwan Shin, Yu Okamura, Roy Kirsch, Vincent Lombard, Petr Svacha, Olivier Denux, 

Sylvie Augustin, Bernard Henrissat, Duane D. McKenna, Yannick Pauchet 

 

Published 11 May 2021 in Systematic Entomology 

Syst Entomol (2021), 46: 784-797. doi:10.1111/syen.12488 

 

Summary 

In Manuscript 1, we developed a larval midgut transcriptome dataset of 23 species representing six 

subfamilies of cerambycid beetles. Using this transcriptome dataset, we recovered the evolutionary 

relationships of cerambycid beetles and identified endogenous PCWDEs. We found that cerambycid 

beetles possess the common phytophagous beetle PCWDEs (GH9, GH45, GH48, and GH28), as well as a 

number of uncommonly-identified PCWDEs (GH5_2, GH5_8, GH43_26, GH53, GH10, and GH7). Using 

phylogenetic analyses, we confirmed that cerambycid beetles acquired the newly-identified PCWDEs via 

horizontal gene transfer from different bacterial or fungal donors. This study provides the first broad view 

of the distribution of PCWDEs in cerambycid beetles. 
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3.2 Manuscript 2 
 

Duplication of Horizontally Acquired GH5_2 Enzymes Played a Central Role                                   

in the Evolution of Longhorned Beetles  

Na Ra Shin, Daniel Doucet, Yannick Pauchet 

Published June 6 2022 in Molecular Biology and Evolution 

Molecular Biology and Evolution (2022) Volume 39, Issue 6, msac128, doi: 10.1093/molbev/msac128 

 

Summary 

Manuscript 2 focused on the evolution of cerambycid-specific PCWDEs, specifically the glycoside 

hydrolase family 5 subfamily 2 (GH5_2). Recent studies have identified multiple insect-derived GH5_2 

genes in the subfamily Lamiinae of the family Cerambycidae. GH5_2 is known as a dominant cellulase in 

bacterial lineages, and most beetles do not harbor insect-derived GH5_2. Using a transcriptome set 

generated from the previous studies, we identified that most cerambycid beetles in our analysis harbor 

GH5_2, except for species in the subfamily Cerambycinae. We confirmed that cerambycid-derived GH5_2 

has different substrate specificity than bacterial GH5_2. Using activity assays, I confirmed that cerambycid 

beetles could degrade most plant cell wall polysaccharides with their endogenous PCWDEs. We propose 

that this expansion of substrate specificities was made possible by gene duplication after horizontal gene 

transfer from a bacterial donor. Therefore, cerambycid-derived GH5_2 has played a significant role in the 

evolution of these beetles. 
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3.3 Manuscript 3 
 

Genome sequencing provides insights into the evolution of gene families encoding plant cell wall-
degrading enzymes in longhorned beetles 

 

Na Ra Shin, Yu Okamura, Roy Kirsch and Yannick Pauchet 

 

Submitted to Insect Molecular Biology, Status: under reviewed 

 

Summary 

Generating whole genome sequences is one of the most powerful tools available to expand our 

understanding of the evolution of interesting species and enzymes. In Manuscript 3, we generated draft 

genomes of four cerambycid species representing three subfamilies - Cerambycinae, Lepturinae, and 

Lamiinae - using Oxford Nanopore sequencing. We identified endogenous PCWDE-encoding genes 

using a transcriptome dataset and evolutionary relationships using phylogenetic analyses. We also used 

assembled genomes to investigate the evolution of uncommon PCWDEs identified in cerambycid 

beetles. We confirmed that newly-identified PCWDE-encoding genes in cerambycid beetles gained 

introns after being horizontally transferred from putative bacterial donors. Through the intron-exon 

structure, we stated that cerambycid-derived PCWDEs are endogenous enzymes rather than symbiont-

derived and understand the evolutionary history of these enzymes in phytophaga beetles. 
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5. General Discussion 

This dissertation has provided insight about the distribution and evolution of PCWDEs in subfamilies 

of longhorned beetles. While PCWDEs have been identified in many phytophagous beetles, including 

cerambycid beetles, our knowledge about the evolution and functions is mostly restricted to 

microorganism-derived PCWDEs. After the first endogenous cellulase in a cerambycid beetle was 

found (Sugimura et al. 2003), research on cerambycid-derived PCWDEs has focused on the subfamily 

Lamiinae (Chang et al. 2012; Kirsch et al. 2014; McKenna et al. 2016; Pauchet et al. 2014; Scully et al. 

2013). Previous studies identified that species belonging to the subfamily Lamiinae harbored GH9, 

GH45, GH48, and GH28 (Kirsch et al. 2014; McKenna et al. 2016; Pauchet et al. 2014), which 

identified as common PCWDES in phytophaga beetles (McKenna et al. 2019). Interestingly, the well-

known bacterial cellulase GH5_2 was also found in the subfamily Lamiinae (McKenna et al. 2016; 

Pauchet et al. 2014), despite the fact that there had been no previous records of this gene in 

phytophagous beetles (Aspeborg et al. 2012). Because most studies have focused on the subfamily 

Lamiinae, our understanding of the distribution of PCWDEs in cerambycid beetles has been limited. 

Cerambycid beetles consist of eight known subfamilies (Haddad et al. 2018) and are one of the most 

species-rich and abundant wood-feeding beetle famililies (Linsley 1959; Śvácha and Lawrence 2014). 

This beetle family is an interesting model for studying adaptations for wood-feeding. Looking at more 

than one subfamily also allows us to determine how their complement of PCWDEs has evolved over 

time, rather than just seeing a snapshot in one subfamily. Thus, studying the distribution and evolution 

of PCWDEs in expanded subfamilies is needed and essential to our understanding of cerambycid 

beetles.  

Looking at an expanded range of subfamilies, I investigated the distribution of cerambycid-derived 

PCWDEs in relation to the species phylogeny, and found that cerambycid beetles have experienced 

HGT events multiple times to acquire unique PCWDEs (GH5_2, GH5_8, GH43_26, GH53, GH7, and 

GH10). Among the cerambycid-derived PCWDEs, I proposed that a single enzyme family, GH5_2, 

may have played an important role in the evolution of cerambycid beetles by expanding substrate 

specificity through gene duplication. In order to further understand the evolution of PCWDEs in 
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cerambycid beetles, I searched for microsynteny in the regions next to PCWDE-encoding genes in four 

draft genome sequences of longhorned beetles representing three subfamilies. These studies allowed 

me to broaden our understanding of the distribution and evolution of PCWDEs in cerambycid beetles. 

Although many interesting results were found, discussions on the limitations and consequences related 

to my work are also necessary. I will also suggest possible future directions following the conclusions 

of my research.  

5.1 The distribution of PCWDEs mostly follows the species phylogeny  

After the first finding of putative cerambycid-derived cellulase encoding genes by protein purification 

and sequencing in the yellow-spotted longicorn beetle (Sugimura et al. 2003), controversy has persisted 

over whether this beetle is able to produce cellulase enzymes itself (Delalibera et al. 2005; Geib et al. 

2009; Schloss et al. 2006). Nevertheless, cellulases (GH5, GH45) have been further identified in other 

species of the subfamily Lamiinae (Calderón-Cortés et al. 2010; Lee et al. 2004; Lee et al. 2005). Many 

beetles belonging to this subfamily have been considered severe pest species for conservation of forest 

ecosystems and for the forestry industry (Akbulut and Cardak 2012; Meng et al. 2015; Smith et al. 

2009). Despite the family Cerambycidae being composed of eight subfamilies, research on PCWDE-

encoded genes in longhorned beetles has mainly focused on the Lamiinae (Chang et al. 2012; Geib et 

al. 2008; Geib et al. 2010; Kirsch et al. 2014; McKenna et al. 2016; Pauchet et al. 2014; Scully et al. 

2013). My project therefore provides a much broader perspective, comparing the distribution of 

PCWDEs in species representing six subfamilies of cerambycid beetles.  

In the Cerambycidae, I found that the distribution of diverse PCWDEs followed the species phylogeny, 

meaning most cerambycid beetles harbored PCWDEs with other members of the Phytophaga as well 

as a number of less widely-distributed PCWDEs which have rarely been identified in other Phytophaga 

(Manuscript 1, Figure 2). In addition, cerambycid-derived GH5_2 has been duplicated and expanded 

its substrate specificity to compensate for functions that are lacking in other hemicellulases 

(Manuscript 2, Figure 6). From these results, cerambycid beetles can degrade most plant cell wall 

polysaccharides using endogenous PCWDE. Also, I postulated that various endogenous enzymes have 

evolved, complementing each other's deficient abilities for complete plant wall polysaccharide 
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degradation within the beetle. I hypothesized that the complementary relationships in the evolution of 

endogenous PCWDEs are not a trend limited to the family Cerambycidae, but can also be applied within 

other phytophagous beetles. Many studies have revealed and compared the function and evolution of 

individual PCWDEs in beetles (Busch et al. 2019; Eyun et al. 2014; Kirsch et al. 2014; Kirsch et al. 

2012; Pauchet and Heckel 2013; Shelomi et al. 2014). The previous study (Busch et al. 2019; Pauchet 

et al. 2010) confirmed that several phytophaga beetles possess multiple copies of the GH45-encoding 

gene, and these multiplied enzymes can degrade cellulose, glucomannan, and xyloglucan. Busch et al 

confirmed that most beetles did not possess other hemicellulases that degrade mannan and xyloglucan 

polysaccharides, or those with hemicellulases such as GH5_8 or GH5_10 in these phytophaga beetles 

showed different activities from GH45. Thus, GH45 in this phytophaga beetle compensates for the 

deficiency of other hemicellulases with an extension of substrate specificity and increases the digestive 

capacity of these beetles. Thus, I hypothesize that this complementary relationship in PCWDEs is not 

only limited to the small number of phytophaga species or the family Cerambycidae but the general 

phenomenon in Phytophaga. Recent studies have shown that phytophaga beetles and Buprestoidea, a 

single superfamily outside phytophaga beetles, possess wide ranges of endogenous PCWDEs 

(McKenna et al. 2016; McKenna et al. 2019). However, research on the distribution of PCWDEs in the 

families Chrysomelidae and Curculionidae remains limited. In the future, investigating the broad 

distribution of encoded PCWDEs in other phytophagous beetles will prove crucial for understanding 

the relationship between PCWDE evolution and the evolution of phytophagous beetles as a whole. 

5.2 Horizontally-acquired PCWDEs led to the diversification of species 

Although many HGT events occur neutrally, transferred genes have been shown to adapt favorably to 

the recipient. In phytophagous beetles, GH28, GH45, and GH48 were transferred horizontally from 

different bacterial or fungal donor species (Busch et al. 2019; Kirsch et al. 2014; McKenna et al. 2019; 

Wybouw et al. 2016), and were inherited in Cerambycidae as common PCWDEs. I identified further 

horizontally-acquired genes encoding PCWDEs that seem to be unique to cerambycid beetles using 

phylogenetic analyses and sequence-based approaches (Manuscript 1, Figure 2, Figure 3). The 

conserved exon-intron structure of genes encoding PCWDEs, as well as syntenic regions, indicated that 
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these unique PCWDEs (GH5_2, GH28, GH45, and GH48) have been inherited from the most recent 

common ancestor of cerambycid beetles after HGT (Manuscript 3).  

The coevolution of insects and host plants has been identified as a major driver for rapid species 

diversification (Ehrlich and Raven 1964). Previous studies have hypothesized that dynamic gene 

amplification and functional diversification of endogenous PCWDEs may have led to beetle evolution 

linked to host plant radiation (McKenna et al, 2019). Over the course of evolution, Cerambycid beetles 

have also acquired more diverse families of glycoside hydrolases through multiple HGT events 

(Manuscript 1, Figure 2) than other phytophagous beetles and other Coleoptera (McKenna et al. 2019). 

Symbiont-independent digestion of PCW components, made possible by these HGT events, might have 

helped in compensating for vulnerabilities caused by long developmental times, and promoted the 

diversification and success of modern cerambycid beetles (Futuyma and Moreno 1988; McKenna et al. 

2019).  

In conclusion, the diverse PCWDEs that Cerambycidae possess may be key to explaining how 

longhorned beetles have successfully evolved in a challenging environment, expanding their species 

diversity and abundance. Further studying the impact of diverse endogenous PCWDEs on cerambycid 

diversification will increase our understanding of the expansion of the Phytophaga as the second largest 

phytophagous lineage of insects after Lepidoptera.  

5.3 Substrate specificity of endogenous PCWDEs expanded through gene duplication 

Gene duplication is a significant evolutionary mechanism that can cause increasing gene dosage or 

expansion of substrate specificity by subfunctionalization or neofunctionalization (Innan and 

Kondrashov 2010). A new group of enzymes arisen from gene duplication can prefer the different 

substrate other than one previously favored; however, they may act on different cleavage regions that 

other families of enzymes that favor the same substrate (Pauchet, Ruprecht, and Pfrengle 2020). For 

instance, well-known xylanases GH10 and GH11 generally favor degrading relatively small 

arabinoxylan oligosaccharides (Collins et al. 2005; Padilla-Hurtado et al. 2012). However, in 

Cerambycidae, one of the xylanase GH5_2 enzymes in the subfamily Lamiinae exhibits different 

enzymatic activity, degrading xylohexaose or longer xylan oligomers (Pauchet et al. 2020). Therefore, 
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as the result of gene duplication after HGT, cerambycid-derived GH5_2 evolved the ability to degrade 

most polysaccharide components of plant cell wall, rather than only breaking down cellulose 

(Manuscript 2, Figure 1).  

GH5_2 is not the only case of expanded substrate specificity due to gene duplication. From considering 

the large number of genes encoded in the transcriptome and genome relative to other beetle species, I 

found that cerambycid-derived GH45 encoding genes are also the result of gene duplication 

(Manuscript 1, Figure 2). In Phytophaga, the increased number of GH45 encoding genes was linked 

to the diversification of substrate specificity to include xyloglucan, cellulose, and glucomannan (Busch, 

Danchin, and Pauchet 2019). Interestingly, four species in the subfamily Prioninae and Molorchus 

minor, a species of the subfamily Cerambycinae, do not possess GH5_2 or any other hemicellulolytic 

enzymes in cerambycid beetles (Manuscript 1, Figure 2), and they possess more than five and up to 

eight genes encoding GH45 (Manuscript 2, Figure 6). This result presents the high possibility that 

GH45 in these five species has evolved to complement the absence of hemicellulase in cerambycid 

beetles like GH45 in several phytophaga beetles (Busch et al. 2019). 

In my research, I investigated four species of the subfamily Prioninae, all collected from Europe 

(Manuscript 1, Table 1). These four species only harbor GH9, GH45, GH48, and ancestral type GH28, 

inherited from the most ancestor of the Phytophaga. Interestingly, all four species present high copy 

number of GH45-encoding genes, ranging from five to eight copies. M. minor also shows a similar 

pattern, having an increased copy number of GH45-encoding genes without other known hemicellulases. 

These five species might have adapted to the lack of any hemicellulases by expanding substrate 

specificity of GH45 by gene duplication and neofunctionalization, allowing for complete digestion of 

plant cell wall polysaccharides. To clarify cerambycid-derived GH45 evolution will require further 

research to identify enzyme activity; moreover, studying the activities of other PCWDEs in longhorned 

beetles may reveal further diversification of enzymatic functions. Although cerambycid beetles only 

harbor a single GH9-encoding gene, stick insects possess many genes encoding GH9, an enzyme able 

to degrade most PCW components except for mannose and poly- and oligosaccharides (Shelomi et al. 
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2016). Therefore, further studies on the remaining PCWDEs may provide new insight into the evolution 

of cerambycid-derived enzymes. 

5.4 Cerambycidae is comprised of eight subfamilies, with two being relatively understudied 

To identify genes encoding glycoside hydrolase families in cerambycid beetles, I analyzed 23 species 

from six out of eight subfamilies (Manuscript 1). The remaining two subfamilies, Dorcasominae and 

Parandrinae, could unfortunately not be included my analysis. McKenna et al, found that a species 

within Parandrinae harbored GH9, GH28, GH45, and GH48 as the common PCWDEs in the 

Phytophaga (McKenna et al. 2019). In the phylogenetic analysis, Parandrinae was revealed to be a sister 

subfamily to Prioninae (Haddad et al. 2018), and studied species belong to these two subfamilies neither 

harbor any hemicellulolytic enzymes nor PCWDEs acquired from recent HGT events (Manuscript 1, 

Figure 2) (McKenna et al. 2019). This distribution of these digestive enzymes still support a correlation 

between the distribution of PCWDEs and the evolutionary relationships of cerambycid beetles. The 

remaining subfamily Dorcasominae does not have any record of PCWDEs to date. Dorcasominae was 

shown to be a sister subfamily to Cerambycinae (Haddad et al. 2018). A better understanding of the 

connections between digestive enzyme distribution and evolutionary relationships within cerambycid 

beetles requires further research, namely collecting species from the remaining two subfamilies and 

studying their endogenous PCWDEs. Dorcasominae, with over 300 species, is mainly distributed in 

Madagascar (Śvácha and Lawrence 2014). Parandrinae, with fewer species (~113), is mainly found in 

central and south America, although it has representatives worldwide. Both subfamilies have been 

considered of southern origin like Cerambycinae and Lepturinae (Śvácha and Lawrence 2014). I 

investigated 23 species mostly collected inside Europe except for a single species, Cacosceles 

newmannii, from South Africa (Manuscript 1, Table 1). Therefore, expanding the collecting regions 

from not only Europe to southern regions, especially Africa, may help to complete the set of species for 

eight known subfamilies in cerambycid beetles. Nevertheless, Neandra brunnea, a species belonging 

to the subfamily Parandridinae, has been recorded in Dresden (Saxony, Germany) in 2014. Therefore, 

further work to collect beetles in Europe could be still considered as the way to complete the remaining 

subfamilies.  
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5.5 Chromosome-level genomes are essential to understand their evolution. 
In genomic studies of arthropods, Diptera and Lepidoptera are over-represented in terms of insect 

groups with assembled genomes (Hotaling et al. 2021). Although Coleoptera has also been included in 

genome projects for arthropods, such as i5k and the Darwin Tree of Life Project (Blaxter et al. 2022; 

Poelchau et al. 2015), the draft genome sequence of A. glabripennis was the only available sequence of 

a cerambycid beetle publicly available (McKenna et al. 2016). To compare the evolution of PCWDEs 

in cerambycid beetles, I needed genome data set at least representing three subfamilies (Manuscript 3). 

I employed Nanopore sequence technology to generate the long-read sequence. Oxford Nanopore 

MinION sequencing is prone to high-error rates between 10 to 15 percent during generating long-read 

compared to other sequence technology such as Illumina (Lu et al. 2016). To reduce the error rates in 

genome assembly, compensating long-read from Oxford Nanopore technology and short-read from 

Illumina sequence are recommended to fix results from misassembly and sequence errors (Chen et al. 

2021). Also, Hi-C can correct contig misalignments and scaffold contigs into chromosomes on the long-

read genome with Hi-C library sequenced on Illumina sequence (Yuan et al. 2017). 

However, our sample size is limited due to the usage of rest body tissue from extracting RNA seq for 

transcriptome analysis. I could not employ Hi-C technology or Illumina sequence because I did not 

have enough species materials for Illumina sequencing. To decrease the error rate from nanopore 

sequencing, I excluded a short read for preparing the gDNA library for sequencing and facilitated the 

specific assembler, Flye, to improve the quality of draft genome assembly. Unlike another assembler, 

Flye generates high contiguity of the genome by concatenating all error-prone to increase the accuracy 

of the sequence (Kolmogorov et al. 2019). This is likely why the four draft genomes I generated using 

long-read sequences (Manuscript 3) did not reach chromosome-level quality, despite high scores from 

the BUSCO assessment. High heterozygosity levels are also one reason to achieve high-quality 

assembly (Li et al. 2019). In other insect species, Hi-C has been shown to dramatically improve the 

ability to generate chromosome-length scaffolds (Dudchenko et al. 2017; Ellison and Cao 2019). Draft 

genomes reveal basic information on genetic properties, but cannot provide a full understanding of the 

evolution of a species; a chromosome-level genome is crucial for the study of genome structure and 

comparison.  
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Recently, research within the Darwin Tree of Life project generated a high-quality, chromosome-level 

genome for Rutpela maculata, belonging to the cerambycid subfamily Lepturinae (INSDC ID: 

PRJEB51449). I compared the draft genomes of two species representing the subfamilies Lamiinae and 

Cerambycinae to the chromosome-level genome of R. maculata (Manuscript 3, Figure 6). However, 

comparing the conserved regions including PCWDEs proved complicated due to dynamic genome 

rearrangement and the insufficient lengths of contigs. In the future, chromosome-level whole genome 

sequences for species within the Cerambycidae will be necessary to expand our understanding of the 

evolution of this lineage of beetles, especially in comparing between the subfamilies.   

5.6 Most studies on PCWDE structure and catalytic mechanisms focus on microorganism-

encoded enzymes 

GH5_2 has been found only in cerambycid beetles (McKenna et al. 2016; Pauchet et al. 2014), meaning 

most beetle species do not possess this endogenous PCWDE (McKenna et al. 2019). Before finding this 

enzyme in longhorned beetles, GH5_2 was predominantly known as a bacterial enzyme, so most studies 

on protein structure and catalytic sites have focused on bacterial GH5_2 (Aspeborg et al. 2012; Zhu et 

al. 2016). I employed a protein data bank (PDB) model of bacterial cellulase as a reference to attempt 

the homology modeling of cerambycid GH5_2. Interestingly, I found that cerambycid GH5_2 enzyme-

encoding genes share the commonly recognized active sites of bacterial cellulase GH5_2, regardless of 

substrate specificity (Manuscript 2, Figure 5). Conserved active sites are significant markers indicating 

the essential information for enzymes' property and substrate specificity. Therefore, the replacement of 

active site residues can cause property changes or weakened enzyme ability (Lee et al. 2011; Liu et al. 

2010; Zhu et al. 2016). Diversified substrate specificity in cerambycid-derived GH5_2 does not show 

any association with conserved amino acid residues on active sites; indeed, transglycosylase GH5_2 

has the same amino acid residues as the bacterial cellulase GH5_2 in its active site, despite their very 

different substrate specificities (Manuscript 2, Figure 5, and Figure S9). Therefore, our view on the 

evolution of cerambycid-derived GH5_2 may be limited by relying solely on existing enzyme research 

from a bacteria. In previously known studies, I can find examples like GH5_2 in cerambycid beetles. 

In the case of GH45 from phytophaga beetle, this enzyme retained the same conformation as a 
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conserved catalytic domain known from fungal cellulase studies while exhibiting an extended substrate 

for plant cell wall polysaccharides (Busch et al. 2019). Bacterial CBM35 also exhibited different 

substrate specificities and biological functions despite highly conserved amino acid residues at the 

ligand binding site (Montanier et al. 2009). However, many studies still stated that conserved catalytic 

residues related to the substrate specificity (Bartlett et al. 2002; Ribeiro et al. 2020; Salmon et al. 2016). 

In order to understand the relationship between the catalytic regions and divergent substrate specificity 

of cerambycid-derived GH5_2, it is necessary first to confirm the more accurate protein structure using 

crystallization and to identify the specific catalytic regions of this enzyme through site mutagenesis.  

5.7 Studying the effect of enzyme function in vivo with genetic approaches 
To clarify the role of PCWDEs in vivo, gene silencing (RNA interference) or knockout (CRISPR/Cas9) 

are effective methods in a target species. In early 1990, Seiboth et al, employed gene disruption by 

homologous recombination to study the effect of cellulolytic enzymes. In the study about the 

filamentous fungus Trichoderma reesei (Hypocreaceae), which secretes large amounts of cellulolytic 

enzymes, the absence of cellulase inhibited or prevented fungal growth (Seiboth et al. 1992). Compared 

to studies of PCWDEs in fungi, only a few reports have studied the effects of PCWDEs in insects in 

vivo. Phaedon cochleariae (Curculionoidea, Coleoptera) have been studied using RNAi and 

CRISPR/CAS9. (Kirsch et al. 2019; Kirsch 2022). In a study of this beetle, downregulating inactive 

GH28 caused high expression of active endo PG GH28, whereas silencing genes encoding active 

endoPG GH28 did not impact the expression of other GH28 genes or of other endogenous PCWDE-

encoding genes. Also, silencing endoPG GH28 encoding genes had no apparent effect on insect growth 

(Kirsch et al. 2019). However, complete knockout of endoPG GH28 in the same species using 

CRISPR/Cas9 caused adverse effects on insect growth and increased mortality (Kirsch 2022). 

Cerambycid beetles possess diverse PCWDEs, which have likely evolved to compensate for the 

inability of other digestive enzymes to completely degrade PCW polysaccharides (Manuscript 1, 

Figure 2, and Manuscript 2, Figure 6). However, how various plant wall degrading enzymes affect 

cerambycid beetles is not known. Thus, gene silencing or knockout may be the first step to shedding 

light on the relationships and evolution of endogenous digestive enzymes. Because cerambycid beetles 

are invasive pest species, most studies have focused on adjusting mortality of beetles using RNA 
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interference (RNAi). In addition, since most studies have aimed to apply the technique to the field, 

dietary methods for inducing gene silencing have been the primary method studied (Dhandapani et al. 

2020b; Willow and Veromann 2021).  

The Cerambycidae is not an easy family of beetle to rearing due to long developmental times for the 

larval stages (Linsley 1959). After hatching from eggs, longhorned beetle larvae bore into the host plant, 

remaining inside it for several years before they develop into adults (Śvácha and Lawrence 2014; Wang 

2017). Prioninae and Parandrinae prefer decaying wood for their larval developmental stage, whereas 

Cerambycinae and Lamiinae accept living or dead trees and even wood products (Cocquempot and 

Lindelöw 2010; Raje et al. 2016). Therefore, due to the long developmental periods of cerambycid 

beetles, knockdown experiments have only been carried out from 3 days to 8 months during the early 

stage of larval development (Dhandapani et al. 2020a; Dhandapani et al. 2020b). Cerambycid beetles 

are also challenging to reproduce in the lab because these beetles prefer to breed at night and are 

sensitive to environmental changes (Keena 2017; Linsley 1959). Dhandapani et al. succeeded in 

breeding and rearing cerambycid beetles with freshly cut host trees in the lab (Dhandapani et al. 2020b). 

If beetles belonging to other subfamilies rather than Lamiinae could be reared and bred, I speculate that 

the effect of enzyme loss can be clearly understood using RNAi and CRISPR/Cas9. I characterized the 

enzyme activity of GH5_2 on different substrates in vitro (Manuscript 2, Figure S4-S8), but the roles 

of this enzyme family in cerambycid beetles in vivo was not studied yet. Therefore, in vivo studies on 

knocking out GH5_2 via CRISPR/Cas9 in cerambycid beetles and investigating their growth or any 

effects on their mortality may lead to understanding the function and distribution of PCWDEs in the 

evolutionary history of these beetles. To better understand the role of PCWDEs in cerambycid beetles, 

rearing and breeding issues and inefficiencies must be resolved in the future.  

5.8 Insect-derived PCWDEs may contribute to sustainable energy applications 

In biotechnology research, the ability of certain enzymes to break down plant polymers has been used 

to develop renewable substitutes for fossil fuels, mainly by using fungal and bacterial cellulases to 

degrade lignocellulose into liquid fuels such as ethanol (Wilson 2009). Microorganism-derived 

xylanases also play a significant role in many biotechnological applications (Subramaniyan and Prema 
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2002). For instance, xylanases break down hemicellulose without degrading cellulose in the pulping 

process of paper production, maintaining cellulose structure and therefore paper quality (Kaur et al. 

2016; Shoham et al. 1992). Alkaliphilic and acidophilic xylanases are also essential for bleaching 

or detergent applications (Beg et al. 2001; Viikari et al. 1994) However, to increase the yield of 

degrading enzymes, preparation steps are required to activate cellulase or generate cellulase-free 

xylanase with prior heat treatment (Chang et al. 2016; Shrinivas et al. 2010). Finding appropriate 

enzymes that can generate high-yield products with low cost is still a significant challenge for the 

biotechnology industry.  

In the biotechnology industry, cellulase, xylanase, pectinase, and enzymes that can degrade lignin have 

been considered in applications ranging from generating biofuel, recycling paper, to food processing 

(Prajapati et al. 2018). To date, degrading enzymes isolated from bacteria or fungi were commonly 

chosen for biotechnological applications because they are commonly found in nature. The habitats of 

microorganisms vary widely, and isolated microorganism-derived enzymes work on different 

environmental conditions such as temperature and pH for activity (Thapa et al. 2020). However, the 

growing demand for more efficient degrading enzymes has led to research on new PCWDEs derived 

from different organisms, including animals.  

Individual degrading enzymes have been employed as essential tools in biotechnology, but in nature 

these enzymes exhibit efficient activity while in synergistic relationships (Bayer et al. 2004). Research 

on multi-enzyme synergism can even advance biofuel production (Bhattacharya et al. 2015). 

Cerambycid species possess diverse endogenous PCWDEs, which have evolved in complementary 

relationships, and studying this synergism could result in new approaches to reducing chemical waste. 

Cerambycid-derived PCWDEs work in the same gut environment between pH 6 to 7.5 (Holtof et al., 

2019), meaning these enzymes have already adapted to the same environment to compensate for the 

absent function of other enzymes. Studying the synergistic relationships between GH5_2 and GH10, 

which target different cleavage sites of, may contribute to developing new biotechnological applications. 

Understanding enzyme properties and mechanisms when in synergistic relationships may therefore 

bring new insight into biotechnological applications.  
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One cerambycid PCWDE with great potential for biosynthetic applications is transglycosylase.. 

Historically, many methods were developed to generate transglycosylase from glycoside hydrolase 

enzymes (Bissaro et al. 2015). Since retaining glycoside hydrolases follow a double displacement 

mechanism, synthetic activity has been induced by shifting the balance either towards glycosidic bond 

formation or using an activated glycosyl donor (Planas and Faijes, 2002). However, artificially 

produced transglycosylases often displayed low levels of transglycosylation activity, because the main 

products were still generated from hydrolase activity rather than synthesis activity. Ceramycid 

transglycosylase enzyme prefers synthesizing glycosidic bonds to hydrolysing them without any 

pretreatment (Manuscript 2, Figure 4). Studying this cerambycid-derived transglycosylase further may 

reveal the mechanism of transglycosylase derived from hydrolase activity and allow its application to 

other hydrolase enzymes.  

5.9 Conclusion 

Cerambycid beetles possess endogenous PCWDEs so that they can degrade polysaccharide components 

and acquire nutrients in challenging environments. The research within this dissertation has furthered 

our understanding of the evolution of PCWDEs in cerambycid beetles and helped elucidate a possible 

role of endogenous PCWDEs in promoting species diversification within Cerambycidae. While 

cerambycid beetles harbor diverse PCWDEs, I have only functionally analyzed one enzyme family, 

GH5_2. Studying the remaining endogenous digestive enzymes in cerambycid beetles would 

complement this work. Characterizing GH45 allows us to understand how one common enzyme has 

evolved to expand its ability to degrade plant cell walls without additional enzymes acquired from HGT 

events. Studying the role of diverse PCWDEs in cerambycid beetles in vivo also provides evidence of 

the successful evolution of cerambycid beetles without symbiont association. In addition, our 

understanding of the evolution of PCWDEs in the complementary relationship will expand our 

knowledge of how the family Cerambycidae, specifically, and other phytophagous beetles generally, 

have adapted to feed on plant tissues. 
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6. Summary 

The Cerambycidae, also known as longhorned beetles, are a family of plant-feeding beetles 

(Phytophaga) that specifically feed on wood (xylophagy). Woody tissues, which are mainly composed 

of plant cell wall polysaccharides like cellulose, hemicellulose, pectin, and lignin, lack essential 

nutrients for insect development, and the structure of long-chain polysaccharides makes it difficult for 

beetles to degrade the plant cell wall within their digestive systems. However, Cerambycidae have 

evolved in this challenging environment by successfully acquiring nutrients from woody tissues. In 

order to break down polysaccharides, longhorned beetles depend on plant cell wall degrading enzymes 

(PCWDEs). Before the discovery of insect-derived cellulases, it was assumed that symbionts, like 

bacteria and yeasts, provided the beetles with these digestive enzymes. More advanced technology for 

conducting genomic studies has since allowed the identification of insect-derived PCWDEs in many 

insect species. Within the Cerambycidae family, consisting of eight subfamilies, research on PCWDEs 

has focused on only one subfamily (Lamiinae). Therefore, my project focused on studying PCWDEs in 

several Cerambycidae subfamilies, investigating how these enzymes are distributed and how they have 

contributed to the evolution of this insect family. 

I identified PCWDEs secreted from the midguts of larvae, and aimed to analyze their evolution within 

the Cerambycidae family. For this purpose, I generated a larval midgut transcriptome dataset of 23 

cerambycid species representing six subfamilies: Cerambycinae, Prioninae, Lepturinae, Necydalinae, 

Spondylidinae, and Lamiinae. I inferred a species phylogeny of cerambycid beetles using orthologous 

genes detected from transcriptomes, which confirmed the previously described evolutionary 

relationships of the family Cerambycidae. Through analyzing the cerambycid transcriptomes, I could 

then describe the number and distribution of cerambycid-derived PCWDEs. I identified 340 PCWDE-

encoding genes, including enzymes associated with phytophagy in other beetle species, as well as 

enzymes unique to cerambycid beetles. Activity assays also showed that longhorned beetles could break 

down most plant cell wall polysaccharides with their endogenous PCWDEs. Using phylogenetic 

analyses, I investigated the evolution of cerambycid PCWDEs and putative donor lineages in the 

context of recent horizontal gene transfer (HGT) events. Based on these analyses, I speculated that the 
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distribution of PCWDEs follows species phylogeny, not relationships to host species or ecological 

habitats, meaning larval host plant did not related to the evolutionary history of PCWDEs in the 

cerambycid beetles. 

The PCWDE GH5_2 is commonly found in bacteria, but not in beetles. However, previous studies on 

the subfamily Lamiinae revealed that they also possess GH5_2 enzymes, unlike other lineages of beetles. 

GH5_2 enzymes encoded by genes identified in two species of Lamiinae also have been shown to break 

down cellulose as well as the hemicelluloses xyloglucan and xylan. These genes were shown to be 

orthologous in the phylogenetic analysis. I have found that this enzyme is distributed throughout 

cerambycid beetles except most species of the subfamily Cerambycinae and all species in the subfamily 

Prioninae in 23 collected species. Phylogenetic analysis indicated that cerambycid beetles have acquired 

GH5_2 via HGT from a bacterial donor.  

Using enzyme activity assays, I confirmed that cerambycid-derived GH5_2 enzymes break down all 

tested PCW polysaccharides except pectin. The evolution of this substrate specificity expansion was 

facilitated by gene duplication. To discover the function of the ancestral GH5_2 gene, I reconstructed 

the sequences of the most likely common ancestral GH5_2 genes using phylogenetic reconstruction 

methods. The most likely reconstructed ancestral GH5_2 showed promiscuous activities to cleave β-

1,4 glycosidic bonds in cellulose, glucomannan, and xylan. This indicates that gene duplication after 

HGT allowed neofunctionalization and subfunctionalization of ancestral GH5_2 encoding genes, which 

expanded their substrate specificity to allow degradation of most PCW polysaccharides.  

Although current access to genome sequencing is facilitated by cheaper prices and advanced 

technologies, comparatively few draft genomes have been published for cerambycid beetles, and no 

model species with chromosome-level genomes yet exist. I generated long-read sequences using small 

amounts of insect body tissues to understand the evolution of PCWDEs at the species level; I selected 

four cerambycid species representing three subfamilies: Cerambycinae, Lepturinae, and Lamiinae. I 

then generated a set of high-quality draft genomes for the four cerambycid species, and inferred the 

phylogenetic relationships between longhorned beetles and other beetles using orthologous genes. 
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Although none of the four draft genomes met the quality standard for chromosome level, synteny 

comparison between them allowed me to analyze conserved PCWDE-related regions between species.  

Although this thesis has contributed significantly to our understanding of the evolution and the 

distribution of PCWDEs in cerambycid beetles, further studies are needed to complete understanding. 

I could not include the two remaining subfamilies, Dorcasominae and Parandrinae because of low 

number of extant species and limited rearing area in the world. Therefore, investigating endogenous 

PCWDEs in species of these two subfamilies may bring the help to understand completely the 

distribution and properties of PCWDEs in Cerambycidae. Further experiments, such as protein 

crystallization and mutagenesis, also will be required to understand the mode of action of PCWDEs’ 

active sites residues and digestive mechanisms in beetles.  

I provided the first comprehensive study of genomic data from the family Cerambycidae, using 23 

species of beetles representing six subfamilies. I have shown that most cerambycid beetles are not fully 

dependent on microorganisms or symbionts to digest plant matter, but possess their own set of digestive 

enzymes. Enzyme-encoding genes have been horizontally acquired from various microbial donors, and 

have evolved by gene duplications after these HGT events occurred. These findings are an excellent 

starting point for studying the complementary function and evolution of endogenous PCWDEs in 

cerambycid and other phytophagous beetles. 
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7. Zusammenfassung 

Die Cerambycidae, auch Bockkäfer genannt, sind eine Familie pflanzenfressender Käfer (Phytophaga), 

die sich speziell von Holz ernähren (Xylophagie). Dem Holzgewebe, das hauptsächlich aus pflanzlichen 

Zellwandpolysacchariden wie Zellulose, Hemizellulose, Pektin und Lignin besteht, fehlen die für die 

Entwicklung der Insekten essenziellen Nährstoffe und die Struktur der langkettigen Polysaccharide 

macht es den Käfern zusätzlich schwer, Zellwandbestandteile in ihrem Verdauungssystem abzubauen. 

Cerambycidae haben sich jedoch erfolgreich in diesem schwierigen Habitat entwickelt, da sie effizient 

Nährstoffe aus holzigen Geweben gewinnen können. Um Polysaccharide abzubauen, sind Bockkäfer 

auf Pflanzenzellwand-abbauende Enzyme (PCWDEs) angewiesen. Vor der Entdeckung der 

insekteneigenen Zellulasen nahm man an, dass symbiotische Bakterien und Hefen die Käfer mit diesen 

Verdauungsenzymen versorgen. Dank technologischer Fortschritte in der Genomanalyse konnten 

inzwischen weitere endogene PCWDEs in vielen Insektenarten nachgewiesen werden. Innerhalb der 

Familie der Cerambycidae, die aus insgesamt acht Unterfamilien besteht, konzentrierte sich die 

Forschung an PCWDEs bisher nur auf eine Unterfamilie (Lamiinae). Meine Doktorarbeit beschäftigt 

sich daher gezielt mit der Verbreitung von PCWDEs in weiteren Unterfamilien der Cerambycidae und 

wie diese Enzyme zur Evolution dieser Insektenfamilie beigetragen haben könnten. 

Zunächst habe ich PCWDEs aus Larvendarmmaterial isoliert und ihre Evolution innerhalb der Familie 

der Cerambycidae untersucht. Hierfür habe ich einen Transkriptomdatensatz von 23 Cerambycidae-

Arten aus sechs Unterfamilien generiert: Cerambycinae, Prioninae, Lepturinae, Necydalinae, 

Spondylidinae und Lamiinae. Anhand von orthologen Genen, die ich in den Transkriptomen 

nachweisen konnte, habe ich eine Artenphylogenie der Cerambycidae abgeleitet. Diese Phylogenie 

bestätigte die zuvor beschriebenen evolutionären Beziehungen in der Cerambycidae-Familie. Durch die 

Transkriptomanalyse konnte ich dann die Anzahl und Verbreitung endogener Cerambycidae-PCWDEs 

beschreiben. Ich habe 340 PCWDE-kodierende Gene identifiziert, darunter Enzyme, die bei anderen 

Käferarten mit Phytophagie in Verbindung gebracht werden, sowie Enzyme, die es ausschließlich in 

Cerambycidae gibt. Aktivitätsanalysen zeigten außerdem, dass Bockkäfer die meisten 

Pflanzenzellwandpolysaccharide mit ihren endogenen PCWDEs abbauen können. Mit Hilfe von 
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weiteren phylogenetischen Analysen habe ich die Entwicklung der Cerambycidae-PCWDEs und der 

mutmaßlichen Donorlinien im Hinblick auf den jüngsten horizontalen Gentransfers (HGT) untersucht. 

Die Analyse deutet daraufhin, dass die Verbreitung der PCWDEs der Phylogenie der Arten folgt und 

nicht in Beziehungen zu den Wirtspflanzenarten oder den ökologischen Lebensräumen steht. Dies 

bedeutet auch, dass die jeweilige Wirtspflanze während der Larvenentwicklung wahrscheinlich keinen 

Einfluss auf die Evolutionsgeschichte der Cerambycidae-PCWDEs hat. 

PCWDE GH5_2 kommt häufig in Bakterienarten vor, aber eigentlich nicht in Käfern. Frühere Studien 

über die Unterfamilie Lamiinae ergaben jedoch, dass sie im Gegensatz zu anderen Käferlinien ebenfalls 

GH5_2-Enzyme besitzen. GH5_2-Enzyme zweier Lamiinae-Arten bauen nachweislich auch Zellulose 

sowie die Hemizellulosen Xyloglucan und Xylan ab. Diese Gene erwiesen sich in der phylogenetischen 

Analyse als ortholog. Ich habe festgestellt, dass diese Enzyme bei allen Cerambycidae außer den 

meisten Arten der Unterfamilie Cerambycinae und der Unterfamilie Prioninae in insgesamt 23 

gesammelten Arten vorkommen. Phylogenetische Analysen ergaben außerdem, dass Cerambycidae-

Käfer GH5_2 Enzyme über HGT von einem bakteriellen Donor erworben haben.  

Mit Hilfe von Enzymaktivitätstests konnte ich bestätigen, dass die von Bockkäfern stammenden 

GH5_2-Enzyme alle getesteten PCW-Polysaccharide außer Pektin abbauen. Die Erweiterung der 

Substratspezifität dieser Enzyme wurde durch Genduplikation ermöglicht. Um die ursprüngliche 

Funktion des GH5_2-Gens zu ermitteln, habe ich die Sequenzen der wahrscheinlichsten gemeinsamen 

GH5_2-Gene mit Hilfe phylogenetischer Methoden rekonstruiert. Das rekonstruierte GH5_2-Gen 

zeigte vielseitige Aktivitäten zur Spaltung von β-1,4-glykosidischen Bindungen in Zellulose, 

Glucomannan und Xylan. Dies deutet darauf hin, dass die Genduplikation nach HGT eine 

Neofunktionalisierung und Subfunktionalisierung der für GH5_2 kodierenden Gene ermöglichte, was 

wiederum die Erweiterung des Substratspektrums auf die meisten PCW-Polysaccharide zur Folge hatte.  

Obwohl die Anzahl der Genomsequenzierungen durch reduzierte Kosten und fortschrittliche 

Technologien deutlich gestiegen ist, sind bislang nur vergleichsweise wenige Genome für 

Cerambycidae-Käfer veröffentlich und keine der Arten dient der Forschung bisher als 

Modellorganismus. Ich habe Long-Read-Sequenzen aus kleinen Mengen von Insektenkörpern generiert, 

um die Evolution von PCWDEs auf Artniveau zu verstehen; ich habe vier Cerambycidae-Arten 
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ausgewählt, die drei Unterfamilien repräsentieren: Cerambycinae, Lepturinae und Lamiinae. 

Anschließend habe ich einen Datensatz hochwertiger Genom-Entwürfe für die vier Cerambycidae-

Arten erstellt. Anhand orthologer Gene ließ sich auf die phylogenetischen Beziehungen zwischen 

Bockkäfern und anderen Käfern schließen. Obwohl keiner der vier Genom-Entwürfe den 

Qualitätsstandard für die Chromosomenebene erfüllte, ermöglichte mir der Syntenie-Vergleich, 

konservierte PCWDE-bezogene Regionen zwischen den Arten zu analysieren.  

Obwohl diese Arbeit einen wichtigen Beitrag zu unserem Verständnis der Evolution und der 

Verbreitung von PCWDEs bei Cerambycidae-Käfern geleistet hat, sind weitere Studien erforderlich. 

Die beiden verbleibenden Unterfamilien, Dorcasominae und Parandrinae, konnte ich aufgrund der 

geringen Artenzahl und des sehr begrenzten weltweiten Vorkommens nicht in die Analysen 

miteinbeziehen. Die Untersuchung endogener PCWDEs in diesen beiden Unterfamilien könnte dazu 

beitragen, die Verbreitung und Eigenschaften von PCWDEs in Cerambycidae vollständig zu verstehen. 

Um die Wirkungsweise und Funktion der PCWDEs und die Verdauungsmechanismen in Käfern besser 

zu verstehen, könnte z. B. mittels Proteinkristallisation oder Mutagenese das aktive Zentrum der 

Enzyme in zukünftige Experimenten untersucht werden. 

Im Rahmen dieser Doktorarbeit habe ich die erste umfassende Studie von Genomdaten aus der Familie 

der Cerambycidae vorgelegt, die 23 Käferarten aus sechs Unterfamilien umfasst. Ich habe gezeigt, dass 

die meisten Cerambycidae-Käfer bei der Verdauung pflanzlicher Stoffe nicht vollständig von 

Mikroorganismen oder Symbionten abhängig sind, sondern eigene, endogene Verdauungsenzyme 

besitzen. Enzymkodierende Gene wurden horizontal von verschiedenen mikrobiellen Donatoren 

erworben und haben sich durch Genduplikation weiterentwickelt. Diese Ergebnisse sind ein guter 

Ausgangspunkt für die weitere Untersuchung der komplementären Funktionsweise und der Evolution 

endogener PCWDEs bei Cerambycidae und anderen phytophagen Käfern. 
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