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Annotation 

This research aimed to elucidate the role and importance of the millipede gut 

microbiome in cellulose digestion by using inhibitors to disrupt potential host-

symbiosis and assessing their effects on millipede digestion and overall health. 

It involved the first comprehensive profiling of microbial communities within 

the hindgut and faeces of two distinct millipede species: Epibolus pulchripes, 

a tropical species found on the East African coast, and Glomeris connexa, a 

temperate species native to Central Europe. Although both species share a 

similar detritivorous lifestyle, they differ in size and gut redox conditions, with 

G. connexa being smaller (10-17 mm) than E. pulchripes (130-160 mm). The 

study also revealed the potential of the hindgut bacterial community in 

breaking down complex polysaccharides and recycling nutrients. It described 

the active bacterial community vital for certain processes and the extent of the 

millipedes' dependence on them. Additionally, the research provided a 

comprehensive investigation of viral communities in the hindguts of the two 

millipedes and their role in enhancing metabolism and modulating microbial 

composition. Furthermore, it introduced a new perspective that millipedes 

primarily ingest litter to gain access to microbial biomass (primarily fungal), 

which they and their gut microbiota consume. 
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1 Introduction 

1.1 General morphology and characteristics of 

millipedes 

Millipedes are myriapods with short heads, long segmented bodies, and 

numerous pairs of legs, their most obvious feature (Chitty, 2022). The heads 

are flattened below and rounded above; the first three body segments comprise 

the thorax. The rest is the abdomen (Fig. 1). Two body segments fused to form 

diplo-segments, containing double pairs of spiracles with internal pouch 

openings linked to the trachea (Hopkin & Read, 1992). The eyes comprise 

several simple flat lens ocelli arranged in a group on the front/side of the head 

(Miiller et al., 2007). They move using their antennae, which continually taps 

the ground as millipede moves along. Behind their antenna is also a pair of 

oval-shaped sensory organs, probably used to measure the humidity in their 

surroundings (Minell i & Golovatch, 2001). 

Collum (thorax) 
Round head 

Eye 
Antenna 
Labrum 

Mouth part 

Trunk 

Tergites 
Long segmented body 
Terminal segment 
Anus 
Sternites 

Numerous pairs of legs 
on most segments 

Fig. 1: The external body parts of a millipede. 

A l l millipedes share the general morphology described above but can 

nevertheless be subdivided based on their body types, including the wedge 

type, globular/roller type, bulldozer/rammer type, borer type, and soft 

bark/bristle type (Fig. 2) (Hopkin & Read, 1992; Sridhar & Ashwini , 2016). 



For instance, the rammer or bulldozer body type is found in Epibolus 

pulchripes (Spirobolida) (Koch, 2015), while Glomeris connexa possess 

globular or roller body type (Glomerida) (Rosenberg, 2006). They have an 

unfastened heart that passes through the entire body and aorta, stretching into 

the head (Rajulu, 1971). Also, they have two pairs of excretory organs called 

malpighian tubules, which are present in the mid-part of the guts 

(Farquharson, 1974). Gonophores and vulvae are the sex organs in the male 

and female, respectively (Minell i & Golovatch, 2013). 

Body types 

Order of millipede 
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Fig. 2: Different body types in millipedes. 

1.2 Millipede taxonomy and features 

Millipedes comprise the most populous class within the subphylum Myriapoda 

and the phylum Arthropoda, boasting approximately 12,000 described species 

(Brewer & Bond, 2013; Sierwald & Bond, 2007). The class Diplopoda is 

divided into two subclasses, 16 orders and 145 families (Fig. 3). Fifty-three 



families, comprising approximately 217 genera and 915 nominal species, are 

present in North America (which includes the US and Canada). However, 

numerous additional families are yet to be described (Shelley, 2003). While 

there is one single order, Polyxenida (bristle millipedes), in the basal subclass 

Penicillata, others belong to the subclass Chilognatha containing two 

infraclasses: Pentazonia (short-bodied pi l l millipedes) and Helminthomorpha 

(worm-like millipedes) (Shear et al., 2011). Pentazonia have a relatively 

compact body size and encompass the superorder Oniscomorpha (capable of 

rolling into a ball) as well as the order Glomeridesmida (which lacks the 

ability to roll into a ball) (Ax, 2000; Shelley, 2011). 

Pentazonia resides within the prominent millipede subclass Chilognatha, 

distinguished by its calcified exoskeleton (Enghoff & Minel l i , 1990). 

Colobognatha is a clade of Helminthomorpha comprising four orders that 

exhibit several traits in common, such as two pairs of simple leg-like 

gonopods, tubular defensive glands, a narrow head, and no more than two 

pairs of ocelli (Shear, 2011; Blanke & Wesener, 2014; Koch, 2015). Another 

noteworthy superorder within the clade Helminthomorpha is Juliformia, 

comprising three extant orders: Julida, Spirobolida, and Spirostreptida. These 

orders exhibit elongated cylindrical bodies with sclerites fused into complete 

rings (Wilson, 2006). Though much work has been done in this area over the 

years, the taxonomy of the millipedes is still somewhat controversial (Brewer 

et al., 2012). For instance, certain authors lump species into as few as three 

genera (Shear, 2011), revealing one facet of the taxonomic debate surrounding 

millipedes. This diversity within millipede classifications highlights the 

contentious nature of their taxonomy, accentuating an array of higher-level 

groups. The challenges persist in estimating species diversity due to 

inconsistent taxonomic efforts spanning temporal, geographic, and 



phylogenetic scales. Knowledge gaps among millipede groups worsen 

classification controversies (Brewer et al., 2012). 
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Fig. 3: Strict consensus of the millipede orders. Adapted from (Shear, 2011). 

1.3 Millipedes in terrestrial habitats 

Millipedes inhabit every continent except Antarctica (Mbenoun Masse et al., 

2018). They have a wide distribution across diverse terrestrial ecosystems, 

spanning forests, grasslands, farmlands, urban green spaces, and residential 

areas (Hashimoto et al., 2004). Few millipede species exhibit extensive natural 

distributions; the majority are often local endemics found in single caves, 

islands, valleys, or mountains. This contrasts with the vast diversity of 

Diplopoda, estimated at over 80,000 species, primarily concentrated in 

tropical countries. There are few locations worldwide where the local diplopod 



population surpasses two dozen species; one such instance is a patch of 

rainforest in central Amazonia where 33 millipede species coexist. (Golovatch 

& Kime, 2009; Alagesan, 2016). 

Millipedes typically inhabit forest floors, where they can find ample food, 

shelter, and moderate moisture levels, which helps them keep their water 

balance (Bogyo et al., 2015). Noteworthy millipede species are found in 

tropical and temperate terrestrial habitats, including Epibolus pulchripes 

(Spirobolida) along the East African coast (Enghoff, 2010) and Glomeris 

connexa (Glomerida), a common species in Central Europe (Hoess & Scholl, 

2001). 

1.4 General feeding biology 

Most terrestrial millipedes feed on decomposing vegetation, faeces, or organic 

matter mixed with soil (Coulis et al., 2013). They can consume approximately 

10% to 20% of conifer litter daily, potentially accounting for up to 36% of the 

annual litter fall (Carcamo et al., 2000). Millipedes are selective feeders, 

showing a preference for specific types of leaf litter, such as litter with high 

calcium contents, while avoiding those high in polyphenols. This behaviour 

contributes to the processing of approximately 15%-20% of the calcium input 

into hardwood forest floors (Benckiser, 1997; Coleman et al., 2004). 

Assimilation efficiency varies across studies, ranging from 5% to 50% (David, 

2014). Consequently, millipedes prioritise non-structural plant compounds 

during the early stages of digestion, leading to a significant portion of the 

ingested plant material remaining undigested (Carcamo et al., 2000; Gi l lon & 

David, 2001; Rawlins et al., 2006). Millipedes break down plant litter in their 

guts and excrete it as round pellets of leaf fragments, bacteria, fungi, and 

algae, aiding in microorganism decomposition (Hopkin & Read, 1992). 



Millipedes exhibit coprophagia, which involves consuming faecal matter, 

including their own, from other species or individuals (Weiss, 2006). Certain 

millipedes are obligate coprophages, believed to be closely linked with 

essential microorganisms for food digestion, resulting in faeces with elevated 

pH, moisture content, and bacterial counts compared to un-ingested leaf litter 

(McBrayer, 1973). Coprophagy may be linked to increased microbial activity 

and decomposition (Hashimoto et al., 2004). It has been suggested that 

geophagy, the consumption of soil, contributes to coprophagy in specific 

millipede species (Mwabvu, 1998). Coprophagy is considered a survival 

strategy among millipedes; in the case of cockroaches and termites, it is 

associated with hindgut fermentation systems (Nalepa et al., 2001). 

1.5 General ecological functions 

1.5.1 Millipedes as efficient detritivores 

Millipedes play important roles in soil and litter ecosystems in tropical and 

temperate regions, contributing to the breakdown and decomposition of leaf 

litter, thus facilitating nutrient cycling in the soil (Crawford, 1992; Alagesan, 

2016). Their importance in soil processes has been acknowledged for decades. 

Notably, litter fragmentation correlates with the size and structure of 

mandibles; millipede species possessing large mandibles can graze on larger 

litter particles, whereas others can only feed on finer fragments (Kaneko, 

1988; Kheirallah, 1990). Detailed observations of millipedes' mouthparts 

reveal their capacity to mechanically break down the plant cells of the ingested 

litter, including the microorganisms associated with the litter (David, 2015). 

This process increases the surface area of the litter, providing microorganisms 

easier access to their food sources and thereby accelerating decomposition 

(Toyota et al., 2006). Furthermore, litter breakdown leads to increased 



availability of glucose and other substances, resulting in elevated early 

respiration rates of microorganisms in the soil (Suzuki et al., 2013). The leaf 

litter consumed by millipedes is digested within their gut and secreted as 

pellets containing leaf waste, bacteria, fungi, and algae, supporting 

decomposition processes carried out by microorganisms (Alagesan, 2016). 

1.5.2 The contribution of millipedes to the soil carbon cycle 

Soil carbon storage is essential to maintaining ecosystem functions and 

mitigating climate change (Bot & Benites, 2005). In millipedes, the carbon 

cycling process is influenced by the digestion, absorption, and excretion of 

substantial amounts of faecal pellets obtained from plant material 

consumption. There are two contrasting perspectives on how millipedes 

impact the soil carbon cycle (Wang et al., 2018). The conventional viewpoint 

suggests that millipedes crush plant material, transforming it into faecal 

pellets, thereby increasing the specific surface area for microbial activity. This 

was believed to accelerate the process of carbon mineralisation (Scheu & 

Wolters, 1991). However, recent research conducted over the last decade 

contradicts this notion. It revealed that this conversion does not expedite 

carbon mineralisation but contributes to soil carbon stability. Furthermore, 

observations indicate that faecal pellets' decomposition rate is slower than 

litter's (Suzuki et a l , 2013). 

Millipedes alter soil structure, organic matter, and mineral composition 

through their locomotion and burrowing activities. These actions increase soil 

permeability, improve aeration and water-retention capacity, facilitate root 

penetration, and prevent surface crusting and topsoil leaching (Chakravarthy 

& Sridhara, 2016). Additionally, millipede faecal pellets form soil aggregates 

and humus, enhancing soil quality and nutrient retention while promoting the 

mixing of mineral and organic soil fractions (Culliney, 2013). 



1.5.3 The contribution of millipedes to the soil nitrogen cycle 

Millipedes are also believed to play a role in the nitrogen cycle (Cortes et al., 

2018). They thrive on nitrogen-poor leaf litter with a high carbon-to-nitrogen 

ratio and likely struggle to obtain enough nitrogen from their diets. They are 

suggested to acquire additional nitrogen from symbiotic microbes in their 

hindguts to supplement their diet (Nardi et al., 2002). Hence, the decrease in 

the carbon-to-nitrogen ratio in faecal pellets in contrast to litter is credited to 

the decomposition and absorption of soluble compounds in the gut, alongside 

a several-hundredfold rise in bacterial (both dead and living) presence in the 

faeces compared to leaf litter (David, 2014). 

A study suggests that millipedes at different developmental stages have 

diverse effects on the nitrogen cycle. The larvae boost nitrogen leaching from 

the soil, whereas adults augment the soil's nitrogen content. This is possibly 

due to adult millipedes encouraging the integration of fragmented litter into 

the soil through gut processes linked to feeding on litter and minimal 

assimilation (Toyota & Kaneko, 2012). Millipedes return substantial nitrogen 

to the soil through ingestion and secretion, primarily as ammonia (Bocock, 

1963). They enhance soil nitrification by releasing ammonia-rich faecal 

material (Fujimaki et al., 2010). Their activities influence nitrogen 

mobilisation, especially in nitrogen-limited ecosystems (Symstad et al., 1998). 

While millipedes predominantly excrete ammonia and uric acid, the role of 

uric acid is still debated, and the potential contribution of symbiotic microbes 

to nitrogen cycling remains understudied (Nardi et al., 2002). Further research 

into millipedes' unquantified nitrogen cycle contributions could enhance our 

understanding of soil nitrification and improve nitrogen management in 

ecosystems (Cortes et al., 2018). 



1.5.4 The contribution of millipedes to the soil phosphorus cycle 

In addition to their role in litter decomposition and soil structure maintenance, 

millipedes impact the phosphorus cycle in ecosystems (Smit et al., 2001). 

However, research on the effects of millipedes on phosphorus conversion is 

relatively limited compared to their influence on the nitrogen cycle (da Silva 

et al., 2017). Notably, high population densities of millipede species like 

Glyphiulus granulatus were shown to increase soil phosphorus availability, 

thereby also accelerating the release of essential elements such as magnesium, 

potassium, nitrogen, and carbon in ecosystems, particularly in areas 

undergoing vegetation regeneration (Smit et al., 2001). 

1.5.5 Greenhouse gas emissions 

The soil fauna holds the potential to significantly impact the spatial and 

temporal variations of soil greenhouse gas sources and sinks (Sustr et al., 

2020). Studies on the contribution of millipedes to greenhouse gas emissions 

are limited. Research by Sustr et al. (2020) has shed light on the greenhouse 

gas emissions associated with millipede activities. While most millipede 

species produce C 0 2 , some are capable of C H 4 emission. This behaviour 

appears taxon-specific and is particularly common among tropical millipedes 

in Spirobolida and Spirostreptida order. According to the authors, the emission 

of these gases can be influenced by factors such as leaf quality and feeding 

regime, while C 0 2 production primarily reflects the metabolic processes of 

millipedes. Nitrous oxide (N 2 0) , a potent greenhouse gas, is emitted in trace 

amounts, mainly by members of the Glomeridae family, and its production 

appears to correlate with the nitrogen content of their food (Sustr et al., 2020). 

These findings suggest that millipedes, particularly those in tropical regions, 

may play a role in the global methane budget, but the exact contribution 



remains uncertain. For example, tropical species like Epibolus pulchripes have 

been estimated to produce substantial amounts of C H 4 . However, varying 

population densities among habitats and challenges in maintaining certain 

species under laboratory conditions make it difficult to provide precise global 

estimates of millipede-related C H 4 emissions. Consequently, any assessment 

of the overall impact of millipedes on the global methane budget remains 

somewhat speculative (Sustr & Simek, 2009). 

1.6 Gut structure 

The millipede's alimentary canal is a straight tube starting from the mouth and 

ending at the anus (Fig. 4), divided into foregut, midgut, and hindgut (Nunez 

& Crawford, 1977; Shukla & Shukla, 1980). Except for the midgut, assumed 

to be the primary site of digestion, the entire tract has an internal cuticular 

lining (Nardi, Bee, et al., 2016). The foregut is flanked by salivary glands, 

which produce lubricating secretions with digestive enzymes (Moreira-de-

Sousa et al., 2016). The junction between the midgut and hindgut features the 

malpighian tubules (Moreira De Sousa & Silvia Fontanetti, 2012). The hindgut 

is internally lined with cuticles, regionally differentiated, and potentially 

allows exchange between the millipede's hemocoel and the lumen (Nardi, Bee, 

et a l , 2016). The hindgut is basic (pH 8.0-9.0), the midgut is acidic (pH 5.0-

6.0), and the salivary glands and foregut have a slightly basic pH (6.5-7.5 and 

7.0-7.5 respectively) (Nunez & Crawford, 1976). The midgut is believed to be 

the site of digestion, with enzymes secreted by epithelial cells and possibly by 

microorganisms in the lumen (Hopkin & Read, 1992; Nunez & Crawford, 

1977). 



Salivary gland Malphigian tubule Pylorus Rectum 

I IL 

Foregut Midgut Hindgut 

Fig. 4: A typical digestive system of millipede. 

It may also play a role in synthesising compounds like protein, lipids, and 

calcium transport (Moreira-de-Sousa et al., 2016). The hindgut has a cuticular 

surface lined with polarised scales (Nardi, Bee, et al., 2016). 

1.6.1 Millipede guts as microhabitats 

The alimentary tracts of millipedes are small ecosystems that provide 

hospitable and multifaceted environments for diverse assemblages of 

microorganisms (Innsbruck, 1992). The host's enzymes, microorganisms, and 

their extracellular enzymes can intricately interact in the guts. Millipedes can 

select from their gut and breed rare soil microorganisms that differ from the 

soil and leaf litter microbiome (Nardi, Bee, et al., 2016). A microbial survey 

from the intestine has found a diverse microbiota that includes trichomycetes, 

other fungi, bacteria, yeasts, and archaea on the cuticular surface secreted by 

the hindgut epithelium (Byzov, 2006; Rosenberg, 2006). Regional variations 

in the surface topography within the hindgut of a given millipede are reflected 

in differing and diverse microbial assemblages (Nardi, Bee, et al., 2016). 

Microorganisms poorly populate the foregut of millipedes. Conversely, the 

midgut is believed to constitute the absorptive surface where the semi-



permeable peritrophic membrane is continually secreted. Lined with cuticles, 

the hindgut is highly developed and bears flat cuticular surfaces and multiple-

shaped spines that provide microbial colonisation sites (Crawford et al., 1983). 

Nardi, Bee, and Taylor (2016) observed that microorganisms in two millipede 

species they studied were found in the gut lumina along the entire digestive 

tract, with the highest microbial densities occurring in the hindguts. 

Trichomycetes inhabit only the anterior third of the hindgut, and the posterior 

third is occupied by scattered clusters of filamentous bacteria together with 

their lower adherent microbes (Wright, 2011). The densest microbial 

communities inhabit the hindgut's core region. Whereas microbial films are 

adherent to the cuticle that lines the hindgut, the foregut and midgut are 

mostly inhabited by unattached microbes (Shukla & Shukla, 1980). 

Furthermore, the identification of C O G (Clusters of Orthologous Groups) 

associated with l ipid transport and metabolism in the millipede hindgut 

(Sardar et al., 2022) suggests the presence of genes supporting the absorption 

of fat-soluble nutrients. It has been suggested that millipedes are not 

adequately equipped with specialised enzymes for digesting lignocellulose. 

Therefore, to digest their food, they are thought to depend on their gut 

microflora (Dhivya & Alagesan, 2017). Moreover, they are known to be poor 

assimilators and generate copious amounts of faecal matter rich in organic 

material with a C / N ratio lower than that in the undigested litter (Ambarish & 

Sridhar, 2016). 

1.6.2 Physicochemical factors 

The alimentary systems of millipedes are small ecosystems with a broad 

variety of microhabitats that differ in their abiotic and biotic environment 

(Dhivya & Alagesan, 2017). Many of the environmental characteristics are 



intrinsic to the gut, whereas others result from the physiological activities of 

the host or the microbial residents in the respective locations. Both the biotic 

and the abiotic environments affect the physicochemical condition i n the 

various gut compartments (Rosenberg, 2006). Studies have shown that the gut 

environment of well-studied arthropods like termites is not strictly anaerobic 

but rather characterised by moderately reduced conditions (microaerophilic) 

(Boga et al., 2003; Wertz et al., 2012). The redox potential of the various 

microhabitats in millipedes is modulated by their oxygen status, the 

production of redox-active compounds such as hydrogen or ferrous iron (as in 

soil-feeding termites), or intestinal pH variations (Byzov, 2006). The gut 

microbial communities maintain an oxic-anoxic gradient with lowered pH and 

redox potential. A low redox potential environment means that the use of 

microbe-accessible carbohydrate is via the relatively energetically inefficient 

fermentative metabolism. A t a minimum, the change in physicochemical 

conditions of gut compartments w i l l be selective for particular species 

(Paoletti et al., 2013; Šustr, Stingl, et a l , 2014). 

Measurements of the oxygen concentration or redox conditions in the gut of 

millipedes are rare. Bignell (1984) measured the mean redox potential in the 

gut of the pi l l millipede, G. marginata (temperate species; body mass 

approximately 0.2 g) from +267 to +307 m V in the midgut, and +167 to +277 

m V in the hindgut, which corresponds to oxidative conditions. Within the gut 

lumen of two tropical millipede species, Archispirostreptus gigas and Epibolus 

pulchripes, notably reducing conditions were observed (ranging between -114 

and -243 mV) throughout the entire intestinal tract. The redox potential was 

recorded as the lowest in the posterior midgut (-242 and -243 m V for E. 

pulchripes and A. gigas, respectively), steadily increasing along the hindgut 

section (Horváthova et al., 2021). 



Variations in physicochemical conditions within the lumen of different gut 

compartments can also be attributed to pH differences (Engel & Moran, 2013). 

For instance, the intestinal pH profiles of E. pulchripes and A. gigas showed 

acidity in the midgut (pH 4.4 to 6.1), shifting to a slightly alkaline state (pH 

7.3 to 7.9) in the hindgut after passing through the pyloric region (Horváthova 

et al., 2021). 

Host secretions, nutrients absorbed by the millipede midgut's epithelial cells 

and stored as glycogen in nearby hepatic cells, are believed to influence the 

microbiota in different gut compartments (Nardi, Miller, et al., 2016). For 

example, the glucose concentrations in the midgut and hindgut of Pachyiulus 

flavipes are 1.1 g/1 and 2.3 g/1, respectively. In Rossiulus kessleri, the glucose 

concentration in the midgut fluid is 1.28 g/1. Such relatively elevated glucose 

levels are similar to those of the culture media and could suggest that 

carbohydrates are actively being hydrolysed in the digestive tracts of the 

millipede (Byzov, 2006). In the anterior part of the guts, a study suggested that 

the digestive enzymes in saliva and midgut secretions not only provide sugars 

or amino acids as substrates for the resident microbiota but also digest 

microbial biomass (Byzov et al., 1998). The data on millipede digestive tract 

enzymatic activities have been reviewed (Hopkin & Read, 1992), and many 

researchers have found in millipede enzymes that can digest lipids, proteins, 

and simple carbohydrates (Guru et al., 2013; Kaplan & Hartenstein, 1978; 

Marcuzzi & Lafisca, 1975; Nunez & Crawford, 1976). 

1.7 Microorganisms 

A l l other arthropods, including millipedes, are known to host a diverse 

community of microorganisms (Degli Esposti & Martinez Romero, 2017), but 

the degree of dependency differs widely among distinct groups (Fig. 5). For 



example, a well-studied insect in the infraorder Isoptera (termite) have been 

recognised as being essentially dependent on the microorganisms in their guts, 

especially for cellulose fermentation or humus digestion, and without which 

they cannot develop or survive (Brune, 2014). On the other hand, the 

caterpillar larvae (Lepidoptera) have been reported to entirely lack gut 

microorganisms and can completely survive or develop when it is removed by 

antibiotic treatment (Hammer et al., 2017). However, millipede dependency on 

their microbiome has been understudied. 

O b N g a t u r y ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ Nonessential 

Termite Millipede Isopod Cockroach Caterpillar 

Fig. 5: Dependence of the representative arthropods on their gut microbiota. 

Understanding the potential symbiotic relationship between millipedes and 

their microbial communities is currently limited, and the specific functions of 

individual microbial species within the host (Fig. 6) remain unclear. Previous 

studies on microbial communities in millipede digestive tracts have primarily 

relied on conventional cultivation methods and microscopic observations. 

Achieving a comprehensive understanding of the structure and dynamics of 

the microbial community in the invertebrates' intestinal tract necessitates a 

holistic approach that transcends single methodologies. Consequently, it would 

be helpful to conduct cross-analyses that integrate results from various 

methods to shed light on this complex relationship (da Silva Correia et al., 

2018). 
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Fig. 6: Available information and gaps in our knowledge regarding the 
microbial communities that reside in the guts of millipedes. 

1.7.1 Bacteria 

Though millipedes are known to have diverse bacterial populations through 

culture-dependent methods, a full genetic or metagenomic approach revealing 

their activities in the gut has yet to take off. The only available reports have 

been a few microbial community surveys of the gut of millipedes (Degli 

Esposti & Martinez Romero, 2017). According to one of the surveys, the most 

dominant bacteria found dwelling in most millipede guts are members of the 

facultatively anaerobic bacteria family, Enterobacteriaceae. The genera in this 

family include Escherichia, Enterobacter, Klebsiella, Vibrio, Plesiomonas, 

Erwinia and Salmonella (Byzov, 2006; König, 2006). Other bacterial groups 

associated with the guts are the Gram-positive group of Actinobacteria and 

Firmicutes, the Spirochetes and the Flavobacterium/Bacteroides branch 

(König, 2006). Consistent with many authors, the bacterial counts (Table 1) 

have shown that bacterial growth is enhanced both in the guts and faecal 



pellets of millipedes, which act as habitats for soil bacteria (Dhivya & 

Alagesan, 2017). 

Table 1: Bacterial counts in the guts of some millipede species. 

Millipede Species Bacterial Authors 

counts (cfu/g) 

Glomeris marginata 23.4xl0 7 (Anderson & Bignell, 1980) 

Glomeris marginata 22.8xl0 8 (Ineson & Anderson, 1985) 

Spinotarsus colosseus 4.7x10" (Ramanathan & Alagesan, 2012) 

Arthrosphaera magna 3.8x10" (Ramanathan & Alagesan, 2012) 

Aulocobolus newtoni 3.1x10" (Ramanathan & Alagesan, 2012) 

Jonespeltis splendidus 153.5xl04 (Bano, Bagyaraj & Krishnamoorthy, 

1976) 

Ommatoiulus 3.84xl0 6 (Jarosz & Kania, 2000) 

sabulosus 

Xenobolus carnifex 1.4xl08 (Alagesan & Muthukrishnan, 2005) 

Spinotarsus colosseus 3.4xl0 6 (Dhivya & Alagesan, 2018) 

Table 1 shows gut bacterial counts in selected millipedes. Numerous 

researchers have successfully isolated various bacterial species from the guts 

of millipedes (Dhivya & Alagesan, 2018; Ineson & Anderson, 1985; Jarosz & 

Kania, 2000; Kania & Klapec, 2012; Oravecz, 2002; Ramanathan & Alagesan, 

2012; Soil, 2005). Since many host-associated microorganisms cannot be 

grown outside their hosts, our knowledge remains limited. Recent studies have 

reported the most prevalent taxa in the millipede species Anadenobolus 

monilicornis (Geli-Cruz et al., 2019) (only a pre-print of a metagenomic study 



available) and Telodeinopus aoutii (Sardar et al., 2022) (only transcriptome 

data). 

1.7.2 Archaea 

Only limited information about the presence of archaea in millipede guts is 

available. A s mentioned, it has been reported that certain species from the 

millipede orders Julida, Spirobolida, and Spirostreptida shelter a community 

of methanogenic archaea in their guts that may be contributing to the well-

being of these groups (Sridhar & Kadamannaya, 2011; Sustr, Chrofiakova, et 

al., 2014). The potential benefits for millipedes are yet to be fully explored. 

Untargeted microscopic examination of microbial populations cannot easily 

distinguish archaea from bacteria, but molecular techniques can discern the 

presence of archaea alongside bacteria (Nardi, Bee, et al., 2016). These 

methods encompass 16S r R N A gene ( K i m & Chun, 2014) or metagenomic 

sequencing (Liu et al., 2022), fluorescence in situ hybridization (FISH) 

(Garimberti & Tosi, 2010) or catalysed reporter deposition-fluorescence in situ 

hybridization (CARD-FISH) (Wilhartitz et a l , 2007) and P C R (B. A . White et 

al., 1999). The initial comprehensive examination of methanogenic diversity 

within millipede digestive tracts identified the presence of archaeal orders 

Methanomicrobiales, Methanosarcinales, Methanobacteriales, and some 

unclassified groups (Sustr, Chrofiakova, et al., 2014). Lang and Brune (2014) 

isolated a hydrogenotrophic methanogen, Methanoplasmatales (now referred 

to as Methanomassiliicoccales), from the hindgut of Anadenobolus sp. 

Molecular approaches for analysing hindgut endosymbiotic methanogens in 

ciliates or flagellates are very limited. However, Van Hoek et al. (2000) were 

able to identify one archaeal sequence from an undetermined millipede 

symbiotic ciliate, while Paul et al. (2012) identified Methanomassiliicoccales 



in ciliates from a tropical millipede, Anadenobolus sp. In addition to their role 

in reducing H 2 partial pressure through methane production, similar to termites 

(Brune, 2010), the specific functions of methanogens in different millipede 

species have not been thoroughly assessed. 

1.7.3 Yeasts 

The community of yeasts in the millipede guts have been poorly studied and 

has only been looked at using cultivation methods. The most commonly 

isolated strains are ascomycetes. This has been demonstrated in Pachyiulus 

flavipes where the predominating species are Pichia membranaefaciens, 

Debaryomyces hansenii, Torulaspora delbrueckii, and Williopsis californica 

(Byzov, V u Nguyen Thanh, et al., 1993). According to these researchers, these 

yeasts can be considered symbionts and have proven to be obligately 

associated with the millipede guts. The structure and composition of the 

community are constant and remain unaltered under different feeding and 

rearing conditions such as the feeding of sterile substrates, long-term 

starvation, and relatively low temperatures (Byzov, Thanh, et al., 1993). 

Research using scanning electron microscopy has revealed the distribution of 

yeast community in Megaphyllum projection, Glomeris connexa, and 

Leptoiulus polonicus. The results show that yeasts mostly colonise the hindgut 

of freshly collected diplopods with densities of about 103 cells/mm 2 (104 

cells/gut) while only a few cells could be found in the midgut (Byzov, V u 

Nguyen Thanh, et al., 1993). Also, yeast-like fungi have been isolated from 

the gut content of the millipede species, Ommatoiulus sabulosus, but they 

occurred at low population densities and the species was not identified (Jarosz 

& Kania, 2000). 



1.7.4 Other fungi 

Other fungi are believed to play a role in making available to the millipedes 

essential amino acids and vitamins that they are unable to synthesise 

themselves, particularly in species living in the desert, such as Orthoporus 

ornatus (Ambarish & Sridhar, 2016; D . Bignell, 1989). However, the 

population of yeasts and filamentous fungi in the gut tends to decline when 

compared to bacterial community (Farfan, 2010) and has been poorly 

investigated. A n example is Zygomycota (Trichomycetes), obligate fungal 

symbionts that reside in the digestive systems of millipedes and various 

arthropods ( M . M . White et al., 2000), especially in the hindgut (Lichtwardt, 

1996). The interactions between Trichomycetes and their hosts are usually 

antagonistic or commensalistic and mutualistic in some cases, depending on 

developmental and environmental circumstances (Contreras & Cafaro, 2013). 

Nardi, Bee and Taylor (2016) also confirmed the occupation of a section of the 

anterior hindgut of Cylindroiulus caeruleocinctus by Trichomycetes. A strange 

fungus showing characteristics of Antennopsis, Hormiscioideus and 

Coreomycetopsis from two species of Danish millipedes (Julida) has been 

reported (Enghoff & Reboleira, 2017). They also recorded peculiar structures, 

tentatively referred to as fungi, from several millipede orders, where they 

occur between micro-scutes of the external cuticle. 

1.7.5 Millipede gut flagellates and ciliates 

In arthropods like termites, the importance of the flagellate and ciliates is 

reflected by their high abundance in this micro-ecosystem (Brune & Dietrich, 

2015). According to Hongoh and Ohkuma (2010), one feature of microbiota is 

the cellular association of the gut flagellates with bacteria and methanogenic 

archaea. The bacterial and methanogenic symbionts are observed both inside 



and on the surface of the host flagellate cells (Tokura et al., 2000) or ciliates 

(Van Hoek et al., 2000). Several other related protozoa have been isolated 

from different millipede species (Lalpotu, 1980; Bhandari, 2010; Ganapati & 

Narasimhamurti, 1960; Paul et al., 2012; Sustr, Chrofiakova, et al., 2014). 

Eccrinales under the sub-order Ecrinaceae are another morphologically 

diverse eukaryotic genera found in Diplopoda. They include four species of 

Eccrinoides, 21 species of Enterobryus, and one species of Eccrinidus. 

Although Eccrinales have been considered members of the Trichomycetes for 

the last 50 years, ribosomal gene (18S and 28S) sequence analyses have 

shown no close relationship to the Trichomycetes or other fungi. Instead, 

Eccrinales belong to the protist class Mesomycetozoea (animal-fungi 

boundary) and share a common ancestor with the Amoebidiales (Cafaro, 

2005). 

1.7.6 Nematodes 

Nematodes exhibit surprising adaptability, forming mutualistic or commensal 

relationships with host animals in unexpected environments (Vlaar et al., 

2021). Phillips et al. (2019) reported eight nematode species coexisting in the 

same segment of millipede intestines, suggesting a commensal relationship. 

Nematodes enter millipede intestines when their eggs are ingested along with 

plant material. In the intestines, they survive and develop by feeding on pre-

digested food from their millipede hosts, without causing apparent harm. 

Apart from consuming pre-digested food, nematodes often feed on intestinal 

bacteria (Phillips et al., 2016). However, parasitic nematodes from the infra-

orders Rhigonematomorpha and Oxyuridomorpha have also been isolated 

from millipedes (Phillips, 2017). 



In Japan, a recent study identified 73 nematode species belonging to the genus 

Rhigonema in the hindguts of the millipede Riukiaria sp. It was observed that 

these nematodes harboured segmented filamentous bacteria, which were later 

identified as members of the Lachnospiraceae family (Kitagami et al., 2019). 

According to the authors, these segmented filamentous bacteria may be 

specific to Riukiaria sp., as they were not found in all millipede hindguts. 

Another report identified a Rhigonema species, R. naylae, in the hindgut of the 

polydesmid millipede Parafontaria laminata, also in Japan (Morffe & 

Hasegawa, 2017). These symbiotic nematodes found in millipedes do not pose 

any risk to other animals, including humans, as most of them play beneficial 

roles in nutrient recycling (Phillips et al., 2019). However, some nematodes, 

particularly in the genus Coronostoma, have been reported to prey on other 

nematodes (Phillips et al., 2016). Further research is needed to identify the 

millipede species hosting nematodes, determine the nematode species present 

in millipedes, and understand their precise roles. 

1.7.7 Viruses 

It is widely acknowledged that viruses, particularly those infecting 

prokaryotes and unicellular eukaryotes, represent the most prevalent type of 

biological entity on Earth (Koonin, 2010). Although some studies have 

focused on prokaryotic communities in millipede guts, our understanding of 

viruses in this context remains extremely limited. However, recent 

advancements in R N A sequencing have led to the discovery of approximately 

12 new viruses in millipedes. Among these, the Wuhan Millipede Virus 1 was 

identified in two species of Polydesmida and one unidentified species. These 

viruses exhibited similarities to phleboviruses, but their exact abundance and 

functions within millipedes are still unknown (C . -X . L i et al., 2015). 



Additionally, a virus known as millipede-associated circular virus 1 has been 

reported in the millipede species Oxidus sp. (Rosario et al., 2018). 

Prokaryotes have evolved diverse mechanisms to control the dissemination of 

viruses. Among these mechanisms, the CRISPR-Cas system (Clustered 

Regularly Interspaced Short Palindromic Repeats and CRISPR-associated 

genes) offers a unique sequence-specific defence system that can be 

dynamically updated to combat novel threats, functioning as an adaptive 

immune system (Garrett, 2021; Koonin & Makarova, 2019). However, the 

prevalence of CRISPR-Cas systems within the prokaryotic community in 

millipede guts and the potential identification of viral hosts have not yet been 

investigated. 

Viruses have also been found to play a significant role in shaping microbial 

communities in various environments. They can modulate the activity of these 

communities by influencing the relative abundance of different microbial 

members through predator-prey dynamics and lysogenic conversion (Luo et 

al., 2022; Rosenwasser et al., 2016). Moreover, viruses contribute to the 

adaptation of prokaryotes to challenging conditions by carrying a diverse 

range of auxiliary metabolic genes ( A M G s ) alongside their core viral genes. 

These A M G s are involved in central metabolic processes such as energy 

acquisition, degradation of xenobiotics, and stress tolerance (Sun et al., 2023; 

Zheng et al., 2022). However, the abundance of A M G s in arthropod-associated 

viruses has not been explored yet. Besides containing viruses affecting the 

nutrient cycling and controlling microbial community, arthropod guts can also 

contain pathogenic arthropode-borne viruses (arboviruses) infecting animals 

and humans (Mairuhu et al., 2004; Musso & Gubler, 2016) or plant-pathogens 

(N. L i et al., 2020). Due to the way millipedes interact with other arthropods, 

animals, plants and even humans, it has been suggested that millipede-



associated viruses might have clinical and economic importance (C . -X . L i et 

al., 2015). It should be given proper attention. Metagenomic and 

metatranscriptomic techniques have emerged as the gold standard for 

investigating the composition of viral communities, addressing a notable gap 

in microbial ecology research. 



2 Objectives 

The aims of this PhD study were to: 

• Identify the microbial communities that inhabit the millipede guts 

• Investigate whether and to what degree do millipedes depend on their 

microbiome 

• Resolve anaerobic processes and associated taxa that can potentially 

drive methanogenesis in the millipede guts 

• Understand the biological agents carrying out nitrogen fixation in the 

millipede guts, and determine the biological significance of N 2 fixation 

by bacteria in the guts 

• Understand the potential functional roles of the millipede gut 

microbiota 



3 Results and Discussion 

3.1 Summary of the results derived from Paper No. 1 

In this study, we used comparative metagenomics and metatranscriptomics to 

explore the hindgut microbiota of two millipede species: the tropical millipede 

Epibolus pulchripes, known for its significant methane emissions, and the 

temperate millipede Glomeris connexa, which does not emit methane (Sustr, 

Chronakova, et al., 2014). Both millipedes were subjected to the same dietary 

conditions. Our primary objective was to uncover the metabolic potential of 

these species and gain insights into the trophic niche of these critical 

detritivores. 

Our investigation unveiled notable distinctions between the two millipede 

species. E. pulchripes exhibited a considerably larger and more diverse 

microbial population in its hindgut than G. connexa. Additionally, the analysis 

of bacterial communities using 16S r R N A sequencing revealed distinct 

compositions, with Bacteroidota (Bacteroidetes) being the dominant group in 

E. pulchripes and Proteobacteria (Pseudomonadota) prevailing in G. connexa. 

The taxonomic classification of the contigs from the assembled metagenomic 

and metatranscriptomic reads closely mirrored the composition obtained from 

the amplicon sequencing. Despite equal sequencing effort, our de novo 

metagenomic assembly and binning yielded 282 metagenome-assembled 

genomes ( M A G s ) from E. pulchripes and 33 from G. connexa, including 90 

novel bacterial taxa (81 in E. pulchripes and 9 in G. connexa). As anticipated 

from both libraries, methane-producing Euryarchaeota (orders 

Methanobacteriales, Methanomassiliicoccales, and Methanosarcinales) were 

found in E. pulchripes. Still, surprisingly, they were also present in the non-

methane-emitting G. connexa. In both millipede species, the dominant fungal 



phylum was Ascomycota. E. pulchripes also hosted significant numbers of 

Nematoda and Ciliophora, while G. connexa was characterised by 

Apicomplexa and Metamonada. Eccrinales, a protist order commonly found in 

millipedes (Cafaro, 2005), were rare, with minimal representation in both 

species and absent from the metatranscriptome. The metatranscriptome profile 

closely matched the metagenome in taxonomy but with differing relative 

abundances. 

Nonetheless, even with this taxonomic divergence, most of the functions, such 

as carbohydrate hydrolysis, sulfate reduction, and nitrogen cycling, were 

shared by both species. Annotation of the predicted amino acid sequences in 

M A G s revealed a repertoire of carbohydrate-degrading enzymes (CAZymes) 

necessary to break down complex polysaccharides in plant litter. In E. 

pulchripes, members of the Bacteroidota were the primary contributors to 

complex carbon degradation, while in G. connexa, members of Proteobacteria 

dominated this process. The most abundant and expressed carbohydrate-active 

enzymes (CAZymes) were glycoside hydrolases (GHs), capable of breaking 

down various components, including fungal cell walls, hemicellulose, pectin, 

cellulose, starch, algal cell walls, and bacterial cell walls. This indicates the 

importance of fungal biomass in the millipedes' diet. Members of 

Desulfobacterota were the potential sulfate-reducing bacteria in E. pulchripes. 

Actinobacteriota (E. pulchripes) and Proteobacteria (both species) displayed 

the capacity for dissimilatory nitrate reduction, while only Proteobacteria 

possessed the capacity for denitrification (both species). However, certain 

functions were exclusive to E. pulchripes. These include reductive 

acetogenesis, acting as a sink for excess hydrogen produced during 

fermentation, and were found in members of Desulfobacterota and Firmicutes 

(Bacillota) in E. pulchripes. Considering that millipedes consume nitrogen-



deficient diets, the presence and expression of Molybdenum-dependent 

nitrogenases (nifDHK) in a Proteobacteria M A G (Pantoea cypripedii) of E. 

pulchripes suggest that diazotrophs play a role in nitrogen fixation, as 

validated by the acetylene reduction assay. These findings provide the first 

comprehensive understanding of the genomic potential of the hindgut 

microbial community in millipedes and enhance our knowledge of the 

ecophysiology of these essential detritivores. 



3.2 Summary results derived from Paper No. 2 

This addresses the previously overlooked subject of D N A and R N A viral 

diversity within the hindguts of E. pulchripes and G. connexa. In addition to 

charting the viral diversity, this study revealed the prevalence of CRISPR-Cas 

loci in the prokaryotic communities of these millipede species by using the 

two sequencing libraries and metagenome-assembled genomes (MAGs) . 

Predictive methods were employed to identify potential hosts and lifestyles for 

the detected viruses. Furthermore, the research evaluated the abundance of 

viral auxiliary metabolic genes (AMGs) . 

The findings, based on metagenomic and metatranscriptomic assembled viral 

genomes ( M A V G s ) , demonstrated significant differences in viral communities 

that exhibit preferences for infecting the most abundant prokaryotic taxa. E. 

pulchripes harboured high-quality M A V G s , consisting of 253 free viruses and 

45 proviruses, while G. connexa's metagenome-derived high-quality viral 

genomes comprise 52 free viruses and 3 proviruses. D N A viruses are 

primarily classified into Caudoviricetes (dsDNA), Cirlivirales (ssDNA), and 

Microviridae (ssDNA), while R N A viruses include Leviviricetes (ssRNA), 

Potyviridae (ssRNA), and eukaryotic viruses. 

Lifestyle predictions indicated that the majority of M A V G s from the 

metagenome and prophage from M A G s in both species are lysogenic 

(temperate), while most M A V G s from the metatranscriptome are lytic 

(virulent). The Caudoviricetes class dominates the predicted viral genomes in 

both millipede species, displaying a mixture of lysogenic and virulent 

lifestyles. Putative viral hosts are successfully assigned to 141 M A V G s from 

E. pulchripes and 28 from G. connexa, with Bacteroidota being the most 

frequently predicted host for E. pulchripes, followed by Bacillota, 



Pseudomonadota, and Desulfobacterota. In G. connexa, Pseudomonadota is 

the most commonly predicted host, followed by Bacteroidota and Bacillota. 

L o w virus-to-microbe-ratios ( m V M R ) and a prevalence of lysogenic viruses 

suggest a "Piggyback-the-Winner" dynamic in both hosts. 

The analysis of CRISPR-Cas gene abundance within M A G s revealed the 

presence of 61 arrays in E. pulchripes and 8 in G. connexa; primarily 

composed of subtypes I-C, I-B, and II-C CRISPR-Cas systems. These 

CRISPR-Cas systems were found in both species, with the main contributors 

originating from the taxonomic groups Pseudomonadota, Bacteroidota, and 

Bacillota. Additionally, 135 auxiliary metabolic genes ( A M G s ) from the class 

Caudoviricetes are identified in both millipede species, playing roles in chitin 

degradation, vitamins and amino acid biosynthesis, as well as sulfur 

metabolism. 



3.3 Summary results derived from Manuscript No. 3 

In the third manuscript, we conducted an extensive investigation to determine 

whether millipedes rely on their gut microbiota for cellulose digestion in plant 

litter through fermentation, similar to termites. We disrupted the microbiota of 

juvenile E. pulchhpes and G. connexa using inhibitors and identified the 

active prokaryotes in their hindguts with the help of 1 3C-labelled leaf litter and 

RNA-SIP. 

Feeding millipedes with either sterile feed or food treated with an antibacterial 

and antifungal mixture led to a significant reduction in faecal production and 

microbial load, with minimal weight loss and no significant impact on survival 

or overall weight. This highlights quite well that gut microbiota don't have a 

"crucial" role in cellulose digestion in the gut. A substantial reduction in 

bacterial load resulted in a significant decrease in methane ( C H 4 ) emissions in 

E. pulchripes, while no C H 4 emissions were detected in G. connexa. Feeding 

E. pulchripes with litter treated with an inhibitor for methanogenesis (Na-2-

BES) almost entirely halted C H 4 production within 14 days, with no impact on 

weight or faecal production. However, C H 4 production resumed after returning 

to normal feeding. 

The use of antibiotics revealed that bacterial diversity remained largely 

unchanged, with Bacteroidota dominant in the hindgut of E. pulchripes and 

Pseudomonadota in G. connexa, as well as in the faeces of both species. 

Multiple-pairwise analysis showed differential abundance in a few microbial 

species between treatments, with no significant differences in alpha and beta 

diversity in the hindguts or faeces. In the hindgut of E. pulchripes, various 

protists, nematodes, and rotifers were present. Surprisingly, even after C H 4 



inhibition with Na-2-BES, methanogens in the orders Methanobacteriales and 

Methanomasscilliicoccales, which are associated with protists, could still be 

detected using C A R D - F I S H . 

The labelling of microbiota during 1 3C-labelled litter feeding was limited, 

indicating suboptimal assimilation efficiency. This can be attributed to the 

digestive characteristics of millipedes, which prioritise the digestion of non

structural compounds released during the early stages of litter decomposition, 

or the fact that millipedes mostly digest fungi. The labelled microbiota 

primarily belonged to the Bacillota, Bacteroidota, and Pseudomonadota 

phyla. A noteworthy observation was the changing dominance of 

Pseudomonadota in E. pulchripes from day 3 to day 21, while Bacillota 

became increasingly prevalent in G. connexa over the same period, ultimately 

becoming the most abundant phylum by day 21. 



4 Conclusion and future prospects 

4.1 Conclusions derived from Paper No. 1 

Millipedes, important detritivores, are thought to rely on their gut microbiome 

for the digestion of plant material, similar to many other arthropods. This plant 

material is often low in nitrogen but rich in complex polysaccharides. 

However, the identity and nutritional contribution of their microbiome were 

until now largely unknown. This study represents the first effort to explore the 

metabolic diversity in millipedes, an important group of detritivores on our 

planet. 

We observed significant variations in both the abundance and diversity of the 

gut microbial community between the two millipede species. These species 

differ in size, habitat, and gut redox conditions, but they share the same diet 

and lifestyle. Many functions carried by the gut microbiota were found in the 

metagenome-assembled genomes ( M A G s ) of both species, including the 

ability to break down complex carbohydrates. While lignin-modifying 

enzymes were scarce, there was substantial gene expression related to chitin 

degradation, indicating the potential significance of fungal biomass in the 

millipede diet, which may even surpass the importance of plant polymers. 

Fermentative lineages, such as Clostridiales and Bacteroidales, were notably 

abundant in the larger E. pulchripes. However, clear evidence for reductive 

acetogenesis was lacking. Instead, we discovered strong indications of 

hydrogenotrophy, nitrogen recycling, and diazotrophy. These findings provide 

a foundation for future research to investigate these hypotheses concerning the 

trophic role of millipedes. 



4.2 Conclusions derived from Paper No. 2 

Previous research has primarily focused on prokaryotes in the millipede gut, 

leaving the virome largely unexplored. Our study marks the first 

comprehensive investigation into the D N A and R N A viral communities 

inhabiting the hindguts of millipedes. Arthropods, despite their ecological 

significance, still lack in-depth virome research, presenting substantial 

potential for discovering novel viral lineages. 

The microbiome plays a pivotal role in the ecological functions of arthropods, 

particularly detritivores. Understanding how the virome can influence 

microbial composition in arthropod guts may provide insights into the 

potential role of viruses in biogeochemical cycling. Previous studies have 

indicated that temperate phages can protect bacterial hosts from other phages 

by conferring superinfection immunity. Given that millipedes inhabit soil 

environments, their gut bacteria are likely exposed to various environmental 

phages. Investigating whether millipede gut phages offer superinfection 

immunity to safeguard the gut microbiota from environmental bacteriophages 

would be an intriguing avenue of exploration. In the future, millipedes could 

serve as a valuable model system for investigating the intricate interplay 

between bacteria, phages, and intestinal protozoa, particularly in detritivores. 

4.3 Conclusions derived from Manuscript No. 3 

Millipedes, as crucial detritivores, have not previously been demonstrated to 

rely on their gut microbiota for cellulose digestion in plant litter via 

fermentation, similar to termites. Our study provides valuable insights into the 



intricate interaction between millipedes and their gut microbiota, elucidating 

their digestion processes and methane emission dynamics. We noted a 

considerable reduction in faecal production and bacterial load, with 

insignificant changes in weight. This highlights the potential involvement of 

microbiota in breaking down fungal biomass, indicated by the prevalence of 

bacterial-derived chitinases. This might influence feeding preferences. 

Our findings emphasise the resilience of microbial communities within 

millipedes' hindguts and highlight the central role of microbiota as a primary 

food source for these arthropods. Furthermore, our research underscores the 

limited efficiency of millipedes in assimilating cellulose, revealing that a 

considerable portion of ingested litter remains undigested, aligning with their 

preference for easily digestible non-structural compounds during initial litter 

decomposition. 

The use of 1 3 C - R N A - S I P to trace active microbiota has enhanced our 

comprehension of microbial community dynamics within millipedes' guts. 

Additionally, we identified substantial differences in gut microbial 

composition between the two millipede species and identified key phyla likely 

involved in the degradation and assimilation of non-structural polysaccharides 

or structural polysaccharides with a significant microbial component. These 

findings significantly advance our understanding of the intricate relationships 

between millipedes and their gut microbiomes, offering insights into the 

ecological roles of these arthropods and their associated microorganisms. 



4.4 The millipede microbiome - future research 

directives 

Future research into the millipede gut microbiome should encompass multiple 

facets. Firstly, elucidate whether their survival depends on fungi consumption 

or exclusive feeding on fungi-associated litter, revealing preferred fungal 

classes and specific dietary habits. Secondly, efforts should focus on 

characterising metabolically important microbiota within millipede guts, 

similar to the methodologies employed in termite gut microbiome studies. 

These include targeting microbial groups involved in essential metabolic 

activities such as polysaccharide degradation, diazotrophy, nitrogen recycling, 

sulfate reduction, and detoxification, while also investigating the source of 

sulfate in the millipede gut. Simultaneously, investigating the role and 

characterising hindgut-dwelling protists, nematodes, and rotifers, akin to 

cellulolytic flagellated protists in termites, w i l l uncover their contributions to 

millipede digestive processes, along with exploring their relationships with 

endosymbionts. Furthermore, exploring the intricate interplay between 

millipede gut prokaryotes and gut phages to unravel potential superinfection 

immunity mechanisms against environmental bacteriophages remains pivotal 

for understanding gut microbiota safeguarding. Lastly, a comprehensive 

analysis of complex interactions among bacteria, phages, intestinal protozoa, 

and millipedes w i l l enrich our understanding of detritivorous ecosystem 

dynamics, offering insights into the intricate relationships shaping these 

ecosystems. 
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Abstract 
Background Many arthropods rely on their gut microbiome to digest plant material, which is often low in nitrogen 
but high in complex polysaccharides. Detritivores, such as millipedes, live on a particularly poor diet, but the iden
tity and nutritional contribution of their microbiome are largely unknown. In this study, the hindgut microbiota 
of the tropical millipede Epibolus pulchripes (large, methane emitting) and the temperate millipede Glomeris con
nexa (small, non-methane emitting), fed on an identical diet, were studied using comparative metagenomics 
and metatranscriptomics. 

Results The results showed that the microbial load in £ pulchripes is much higher and more diverse than in G. con-
nexa.The microbial communities of the two species differed significantly, with Bacteroidota dominating the hind-
guts of £pulchripes and Proteobacteria {Pseudomonadota) in G. connexa. Despite equal sequencing effort, de novo 
assembly and binning recovered 282 metagenome-assembled genomes (MAGs) from £ pulchripes and 33 from G. 
connexa, including 90 novel bacterial taxa (81 in £ pulchripes and 9 in G. connexa). However, despite this taxonomic 
divergence, most of the functions, including carbohydrate hydrolysis, sulfate reduction, and nitrogen cycling, were 
common to the two species. Members of the Bacteroidota {Bacteroidetes) were the primary agents of complex carbon 
degradation in £ pulchripes, while members of Proteobacteria dominated in G. connexa. Members of Desulfobacterota 
were the potential sulfate-reducing bacteria in £ pulchripes.Jbe capacity for dissimilatory nitrate reduction was found 
in Actinobacteriota (£. pulchripes) and Proteobacteria (both species), but only Proteobacteria possessed the capacity 
for denitrification (both species). In contrast, some functions were only found in £ pulchripes.Jbese include reductive 
acetogenesis, found in members of Desulfobacterota and Firmicutes {Bacillota) in £ pulchripes. Also, diazotrophs were 
only found in £ pulchripes, with a few members of the Firmicutes and Proteobacteria expressing the nifH gene. Interest
ingly, fungal-cell-wall-degrading glycoside hydrolases (GHs) were among the most abundant carbohydrate-active 
enzymes (CAZymes) expressed in both millipede species, suggesting that fungal biomass plays an important role 
in the millipede diet. 

Conclusions Overall, these results provide detailed insights into the genomic capabilities of the microbial commu
nity in the hindgut of millipedes and shed light on the ecophysiology of these essential detritivores. 
Keywords Polysaccharide degradation, Hindgut microbiota, Millipede holobiont, Symbiosis, Glycoside hydrolases, 
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Introduction 
Plant litter is the primary source of food and shelter for 
detritivorous animals [1], of which millipedes are one 
of the largest and most diverse members [2]. However, 
detritivores generally lack enzymes to digest complex 
polysaccharides [3, 4], which make up most of the plant 
litter biomass [5]. Instead, many rely on their gut micro
biome to break down various hydrocarbon substrates [6] 
and release simple sugars or short-chain fatty acids that 
the host can absorb [7, 8]. In arthropods, the gut micro
biome plays an important role in the development and 
adaptation of the host to its trophic niche [9-11]. Like all 
other soil arthropods, millipedes (class: Diplopoda) host 
a diverse community of microorganisms in their guts, 
which may be essential to the hosts nutrition [12, 13]. In 
millipedes, the midgut and hindgut compartments are 
colonized by a dense population of aerobic and anaerobic 
bacteria, with the highest microbial density found in the 
hindgut [12]. 

Unlike the microbiome of other important detriti
vores, primarily termites [14] and earthworms [15], the 
millipede microbiome has received little attention so far. 
Only a handful of prokaryotic surveys were conducted, 
mostly using basic culture-dependent and molecular fin
gerprinting techniques [16]. Since many host-associated 
microorganisms cannot be grown outside their hosts, our 
knowledge remains limited. Recent studies have reported 
the most prevalent taxa in the millipede species Anad-
enobolus monilicornis [12] (only a preprint of a metagen-
omic study is available) and Telodeinopus aoutii [17] 
(only transcriptome data). 

Freshly fallen leaf litter or wood bark contains mainly 
pectin, starch, cellulose, hemicellulose, and lignin [5]. 
The latter three are insoluble and chemically recalcitrant 
due to their dense structure [18] and are typically only 
hydrolyzed by microorganisms [19]. Indeed, gut extracts 
and even cultivated aerobes from several millipedes were 
shown to hydrolyze cellulose, hemicelluloses, and pec
tin [20-23]. These reports were supported by a recent 
metatranscriptomic study, where bacteria were shown to 
be the primary producers of hydrolytic enzymes in the 
tropical millipede Telodeinopus aoutii [24]. 

However, whether millipedes—like termites [25]—ben
efit directly from the lignocellulolytic activity of their gut 
microbiota or even rely on it as a primary source of nutri
tion remains an open question. Several researchers have 
hypothesized in the past that millipedes ingest litter pri
marily as a means of providing a substrate for microor
ganisms (bacteria, fungi, and lichens), which in turn serve 
as their food source [26, 27]. Accordingly, the central role 
of the millipede is to mix the litter layers, mechanically 
fragment the plant material, and inoculate the pieces 
with gut bacteria and fungi. If correct, we expect to see 

an expression of glucanase and chitinase genes related to 
fungal cell wall degradation [28]. 

Despite the progress made in understanding the eco-
physiology of the millipede holobiont, it remains unclear 
whether millipedes rely on fermentative degradation of 
cellulose to generate volatile fatty acids for their nutri
tion. Despite their common detritivorous lifestyle, some 
species were shown to be C H 4 emitters, while others 
were not, which has been attributed to differences in 
size and the resulting redox conditions in their digestive 
tracts [29, 30]. Since C H 4 is an end product of the cel
lulose degradation cascade under anaerobic conditions, a 
lack of methane production could indicate differences in 
the underlying microbial fermentations. 

In addition to providing the enzymes required for the 
digestion of lignocellulose, millipede gut bacteria may 
also play other nutritional roles, such as fixing nitrogen 
and recycling nutrients, that compensate for their nitro
gen-poor diets [31, 32]. However, it is unknown if milli
pedes can fix and recycle nitrogen, and a comprehensive 
molecular approach is needed to provide answers to 
these questions. 

In this study, we used metagenomic and metatran
scriptomic sequencing of the gut microbiome of two 
millipede model species to shed light on their metabolic 
potential and better understand the trophic niche of 
these keystone detritivores. We analyzed individuals of 
lab-maintained Epibolus pulchripes (order: Spirobolida) 
and Glomeris connexa (order: Glomerida). Both feed on 
senescent leaves but differ in size and habitat. E. pul
chripes is a fairly large (130-160 mm) tropical millipede, 
widely spread along the East African coast [33], which has 
been shown to be a strong methane emitter [29]. G. con
nexa is a small (10-17 mm) species common to Central 
Europe [34] that was shown to be a non-methane emit
ter [30]. Our analysis covered genes involved in carbon, 
sulfur, and nitrogen cycling. In particular, we focused on 
carbohydrate-active enzymes (CAZymes) with secretion 
signal peptides targeting substrates from plant, fungi, and 
microbial origin. 

Methods 
Millipede sources and rearing conditions 
Juvenile individuals of the tropical millipede Epibolus 
pulchripes were obtained from a breeding colony main
tained in our lab. The animals are kept in a plastic ter-
rarium (60 X 30 X 20 cm) on a forest floor substrate with 
peat, rotten wood, and a blend of leaf litter from maple, 
oak, Canadian poplar, and beech trees. The environ
ment was maintained at 25 °C and subjected to a 12-h 
photoperiod under controlled conditions. Moisture was 
maintained by regularly spraying with tap water. The 
temperate Glomeris connexa was collected from a forest 
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near the Helfenburk castle near Bavorov (49° 8' 10.32" 
N , 14° 0' 24.21" E) in the Czech Republic. The collection 
of this species required no special permission. Both mil
lipedes were identified down to the species level based on 
morphological features ([35, 36]; data not shown). 

The animals were maintained in the laboratory for 
25 days before dissection. Both species were kept in the 
lab in plastic terraria with aeration holes. The boxes con
tained commercial fine sand and Populus x canadensis 
(Canadian poplar) leaf litter. High humidity was main
tained by spraying with tap water every other day. Both 
species were kept at near-optimal temperatures: E. pul-
chripes was kept at 25 oC in a light-regulated room, with a 
maximum of one individual in a box (19.3 X 13.8 X 5 cm). 
For G. connexa, five individuals were kept in a box 
(15 X10 X 4 cm) at 15 °C in an incubator. 

Acetylene reduction assay 
A R A was performed as previously described [37] by 
placing a single millipede in 100 ml Schott D U R A N 
borosilicate glass bottles, with or without leaf litter and 
supplementing the headspace with 4% acetylene (final 
cone). Ethylene accumulation was measured at 0, 4, and 
6 h by directly injecting 500 ul headspace gas into a GC 
(HP 5890 Series II equipped with a Porapak N column 
and an FID detector, Hewlett Packard). 

Bacterial counts 
Three pellets of fresh feces were collected from the mil
lipede boxes at once using sterilized tweezers, suspended 
in 1 ml of phosphate buffer (pH 7.4) and plated 20 ul in 
triplicates on Lysogeny broth (LB) agar, and incubated 
at 25 °C. After 16 h, the colonies from each pellet were 
counted. 

Nucleic acid extraction 
Three replicates were analyzed for each millipede spe
cies. Because of the difference in body size, a single 
individual of E. pulchripes and five of G. connexa (from 
the same rearing box) were considered technical repli
cates. Animals were dissected, according to Sardar et al. 
[17]. The intact hindguts were separated and stored 
at —20 °C until nucleic acid extraction. The total nucleic 
acids (TNA) were extracted from the hindguts and feces, 
purified, and quantified according to Angel et al. [38]. 
Briefly, each sample (0.677-1.108 g for E. pulchripes and 
0.083-0.092 g for G. connexa) was subjected to 3-con-
secutive bead beating rounds (Lysing Matrix E tubes; M P 
Biomedicals™) in a FastPrep-24™ 5G (MP Biomedicals™) 
in the presence of CTAB, phosphate buffer (pH 8.0), and 
phenol. The extract was then purified using phenol-chlo-
roform-isoamyl alcohol (25:24:1; Thermo Scientific™), 
precipitated using a PEG solution with Invitrogen™ 

UltraPure Glycogen (Thermo Fisher Scientific) as a co-
precipitant and purified using OneStep™ PCR Inhibitor 
Removal Kit (Zymo Research). The complete protocol 
is available online [39]. The quantity and quality of the 
D N A were determined using the Quant-iT™ PicoGreen 
HS Assay Kit (Thermo Fisher Scientific™) and the Agi
lent 2100 Bioanalyzer (Agilent). RNA was purified from 
the T N A extracts using TURBO™ DNase and the Gene-
JET RNA Cleanup and Concentration Micro Kit (Thermo 
Fisher Scientific). The RNA was quantified using the 
Quant-it RiboGreen RNA Assay Kit (Thermo Fisher 
Scientific). The quality of the RNA was evaluated by 
Novogene Sequencing - Europe (Cambridge, UK) using 
agarose gel electrophoresis and Agilent 2100 Bioanalyzer. 

Amplicon library preparation, gene quantification, 
and sequencing 
The bacterial diversity in the hindgut compartments 
from the two millipede species was analyzed by paired-
end sequencing of the V4 region of the 16S rRNA genes 
on an Illumina MiniSeq platform (2 x 250 cycle configu
ration; V2 reagent kit; Illumina) at the D N A Services 
Facility at the University of Illinois, Chicago, USA (Table 
SI), following Naqib et al. [40]. After quantifying the 
D N A with PicoGreen, the samples were diluted to a final 
concentration of 10 ng u l - 1 . For PCR and library prepa
ration, the primers 515F_mod and 806R_mod [41] were 
used to amplify the V4 region of the 16S rRNA gene. For 
gene quantification, the template D N A was diluted to 
0.01 ng u l - 1 , and 2 ul was used per reaction with prim
ers 338F-805R (0.5 uM), the 516P FAM/BHQ1 probe 
(0.2 uM) together with the digital droplet PCR Supermix 
for probes (Bio-Rad), and quantified on a QX200 AutoDG 
Droplet Digital PCR System (ddPCR; Bio-Rad). The full 
protocol can be found online [42]. The copy numbers of 
16S rRNA were normalized for 1 ng of total D N A . 

Library preparation and sequencing for metagenome 
and metatranscriptome 
Library preparations, sequencing of the metagenomes 
and metatranscriptomes (see below), and quality con
trol were provided by Novogene (UK) Company Lim
ited. Metagenomic libraries were prepared using the 
same D N A preparations described above. Sequencing 
libraries were generated using NEBNext® Ultra™ D N A 
Library Prep Kit by Illumina (NEB, USA) following the 
manufacturer's recommendations, and index codes were 
added to attribute sequences to each sample. The librar
ies were pooled and sequenced on an Illumina NovaSeq 
PE 150 platform, generating an average of 50.3 G for E. 
pulchripes and 41.3 G base pairs for G. connexa. 

Metatranscriptomic libraries were prepared using 
quality-controlled R N A preparations at the Novogene 
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(UK) Company Limited. The R N A was sequenced on an 
Illumina NovaSeq PE150 platform and generated 321.8 
G reads. Briefly, three sample quality control methods 
were used: nanodrop, Agarose Gel Electrophoresis, 
and Agilent Bioanalyzer 2100. The rRNA was depleted 
using the Ribo-Zero kit (Thermo Fisher Scientific). 
Sequencing libraries were generated using the NEB-
Next® UltraTM R N A Library Prep Kit for Illumina® 
(NEB, Ipswich, M A , USA) following the manufactur
er's instructions, and index codes were added to assign 
sequences to specific samples. The quality control for 
the library preparation included quantification and 
integrity evaluation using Qubit 2.0 (Thermo), Agilent 
2100 Bioanalyzer System (Agilent Technologies), and 
qPCR to exclude D N A contamination. 

Reconstruction of metagenome-assembled genomes 
The raw sequence reads (from the metagenome and 
metatranscriptome libraries) were quality-filtered using 
Trimmomatic v0.39 [43]. Quality-filtered metagenomic 
reads from both millipede species were uploaded into 
anvi'o v7 metagenomic workflow [44], co-assembled 
(de novo) with M E G A H I T vl.2.9 [45], and assembled 
contigs<l kbp were removed. Bowtie2 V2.3.4.3 [46] 
was used for mapping the quality trimmed reads to the 
initial co-assembled contigs (before removing poten
tial eukaryotic contigs) and SAMtools v2.4.2 [47] to 
sort the output S A M files into B A M files. We used the 
anvi-display-contigs-stats function to get a summary 
of contigs statistics from the co-assembly of each mil
lipede separately and both species together. The open 
reading frames were identified with Prodigal v2.6.3 
[48] and single-copy core genes (SCG) with H M M E R 
v3.3.2 [49]. The gene-level taxonomy was predicted 
using Centrifuge vl.03-beta [50] and annotated func
tions using the NCBI's Clusters of Orthologous Groups 
(COG) [51] and K E G G Orthologs (KOs) databases [52]. 
Both Metabat2 v2.12.1 [53] and C O N C O C T V0.38 
[54] were used to create contigs clusters (bins) and the 
anvi'o interactive interface to refine the bins manually. 
Comparing the two methods, Metabat2 yielded higher 
quality M A G s , while many C O N C O C T M A G s suf
fered from high contamination levels and taxonomic 
misclassification (data not shown). Therefore, only the 
Metabat2 M A G s were kept for downstream analysis. 
We retained all prokaryotic metagenome-assembled 
genomes (MAGs) with more than 50% completion and 
redundancy in SCG below 10% based on CheckM [55]. 
The anvi-gen-phylogenomic-tree function was used to 
plot a phylogenomic tree by concatenating 39 single-
copy genes from Bacteria_71 (ribosomal proteins) from 
the recovered M A G s . 

Taxonomic classification of sequence data 
Unless mentioned otherwise, all data processing steps 
and plotting were done in R [56]. After amplicon sequenc
ing, the 16S rRNA reads were demultiplexed using cuta-
dapt V3.5 [57]. The raw reads were processed, assembled, 
and filtered using DADA2 vl.26, with the standard fil
tering parameters, according to Callahan [58]. Unique 
sequences were identified and clustered into amplicon 
sequence variants (ASV). Chimaeras were removed with 
the removeBimeraDenovo function. The quality-filtered 
pair-end reads were classified to the genus level using the 
Genome Taxonomy Database (GTDB) [59]. The resulting 
tables were merged into a Phyloseq object [60]. Decon
tamination was done using decontam vl.18 [61]. After 
rarefying the dataset without replacement, we calculated 
the Principal Coordinates Analysis (PCoA) using the 
unweighted UniFrac as distance [62]. 

To profile the prokaryotic community in the metagen
ome, the quality-filtered metagenomic reads from each 
millipede species were again co-assembled (de novo) with 
M E G A H I T vl.2.9 [45], and assembled contigs<1 kbp 
were removed. For metatranscriptome, remnant rRNA 
reads were removed using SortMeRNA v4.3.4 [63], and 
the resulting non-rRNA reads for each millipede species 
were co-assembled (de novo) using Trinity v2.13.2 [64]. 
Next, all contigs sized < 500 bp were discarded. Potential 
eukaryotic contigs from both library types were removed 
using Whokaryote [65], which does not consider contigs 
with less than two genes. The prokaryotic contigs were 
taxonomically classified using the Contig Annotation 
Tool (CAT) v5.2.3 [66] based on the GTDB. Unclassified 
clades and clades with < 200 contigs at the phylum level 
were ignored The taxonomy of the M A G s was inferred 
using GTDB-Tk v2.0.0 [67], which uses a 95% ANI cutoff 
for the species boundary to determine the phylogenetic 
placement and relative evolutionary divergence (RED) 
values of query genomes in the GTDB reference tree [58]. 
Genomes were defined as novel genera (all M A G s clus
tered at 60% A A I [68] without a genus GTDB-Tk assign
ment), novel species (GTDB-Tk A N I output < 95%), and 
novel strains (GTDB-Tk A N I output < 99%) [69]. The 
eukaryotic community structure in the metagenomes 
was determined using M E T A X A 2 [70], extracting SSU 
and LSU rRNA sequences. These were attributed to vari
ous origins. Non-bacterial rRNA sequences were vali
dated via a blast analysis [71]. Metatranscriptomic reads 
were taxonomically classified using local blastn against 
the nodes.dmp and names.dmp database files. 

Functional annotation 
The prokaryotic co-assembled reads from metagen
ome and M A G s were profiled for functional traits and 
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metabolism using the METABOLIC v4.0 pipeline with 
default parameters [72]. We predicted the genes for 
carbohydrate-active enzymes (CAZymes), such as gly
coside hydrolases (GHs), carbohydrate-binding modules 
(CBMs), polysaccharide lyases (PLs), and carbohydrate 
esterases (CEs), based on the dbCAN2 meta server. 
Along with this, signal peptide predictions were based 
on the SignalP 4.1 databases [73]. Further screening of 
CAZyme genes was performed manually, and CAZymes 
were defined as those predicted by at least two tools. 
Lastly, the putative substrates for the glycoside hydrolases 
were predicted based on information from the literature. 

The gene homologs for acetogenesis, hydrogenases, 
nitrogen, and sulphur cycling were also predicted. Six 
genes for reductive acetogenesis absent in the pipeline 
were annotated with blastp [74] at an e value of le - 30. 
Blastp [71] was also used to confirm all the predictions 
from METABOLIC (maximum of five target sequences). 
The resulting data were imported and plotted in the R 
packages ggplot2 [75], circlize [76], and iTOL [77]. 

Relative abundance of MAGs and gene families 
To determine the relative abundance of the M A G s in 
both metagenome and metatranscriptome, we mapped 
the reads from both library types to the M A G s . Each 
MAG's sample-specific mean coverage was used to calcu
late its relative abundance using CoverM vO.6.1 (https:// 
github.com/wwood/CoverM) with default parameters 
of the coverm-genome function. CoverM used Min i -
map2 [78] for mapping and calculating read coverage per 

genome (relative abundance) with a -min-read-percent-
identity of 90%. 

For the abundance of the gene families in both metage
nome and metatranscriptome, the reads from both 
library types were mapped to each gene, and the mean 
coverage was used to estimate the relative abundance in 
Transcripts per million (TPM) using CoverM within con-
tig with -min-read-percent-identity of 90% to allow com
paring the datasets. CoverM used the bwa-mem aligner 
[79]. T P M in gut metagenomes reflects the relative abun
dance of a gene in the bacterial community. Genes with a 
zero T P M value were removed, and the values were con
verted to log(TPM+l) for plotting. The quantification 
of SSU/LSU rRNA sequences in the metagenome and 
eukaryotic contigs in the metatranscriptome followed a 
similar methodology. 

Results 
Bacterial load and 16S rRNA gene diversity in the millipede 
guts 
Quantification of the 16S rRNA gene copies in the hind-
gut using ddPCR yielded 0.74 x 107 in E. pulchripes and 
0.39 X l O 7 per ng D N A in G. connexa (Fig. la; Table SI). 
The respective microbial load in the feces was 6 and 26 
times higher than in the hindguts. Comparing these 
numbers with the number of viable bacteria in the feces 
(using a number of colonies per fecal pellet) revealed 
similar differences in microbial load and that a large pro
portion of the bacteria remained uncultured (Fig. lb, 
Table SI). 
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The amplicon sequencing of the V4 region of the bac
terial and archaeal 16S rRNA gene amplified from the 
millipede hindguts yielded an average of 38,317 high-
quality reads. Of the 16 phyla represented in the dataset, 
the majority of sequences in E. pulchripes and G. con
nexa datasets were Bactewidota (54.6% and 31.6%) and 
Proteobacteria (Pseudomonadota; 18.8% and 49.2%), fol
lowed by Verrucomicrobiota (7.6% and 1.1%), Firmicutes 
(Bacillota; 9.4% and 4.0%), Desulfobacteriota (3.1% and 
6.4%), and Plancomycetota (1.8% and 4.1%; Fig. lc , Table 
S2). However, despite the many shared phyla, the com
munities differed significantly on the genus level, with 
only 14.24% shared between the species (Fig. Id). Follow
ing the trends on the phylum level, the two species dif
fered in the relative abundance of these common genera. 
In E. pulchripes, the community was highly dominated by 
Bacteroides (Bacteroidaceae, 31.1%), followed by more 
minor members such as Alistipes (Rikenellaceae, 3.7%), 
Massilibacteroides (Tannerellaceae, 3.3%), Dysgono-
monas {Dysgonomonadaceae, 3.1%), and others (Fig. le). 
In contrast, the distribution of genera in G. connexa was 
shallower and dominated by Dysogonomonas (12.9%) and 
Citwbacter (12.6%), and others. 

Quality of metagenome and metatranscriptome 
assemblies 
The six metagenomic libraries from the two millipede 
species yielded 0.63 G paired-end reads (Table S3). E. 
pulchripes samples were separately assembled with 
Megahit into 823.6 K contigs (total length - 2.9 Gb). The 
reads from G. connexa were assembled into 162.8 K con-
tigs (total length - 0.5 Gb). Meanwhile, the metatran-
scriptomes yielded an average of 0.35 G paired-end. In E. 
pulchripes, the reads were assembled into 1.3 M contigs, 
while In G. connexa, the assembled reads constituted 
136.0 K contigs (Table S4). 

Microbial abundance in metagenomic 
and metatranscriptomic reads across hindgut samples 
Filtering contigs of eukaryotic origin yielded 338,035 
(41%) prokaryotic contigs for E. pulchripes and 62,892 
(39%) for G. connexa (Table S5). For both species, 95% 
of the metagenomic contigs could be taxonomically 
assigned. In contrast, the metatranscriptomes contained 
only 17% and 7% of prokaryotes that also passed size and 
quality filtering. Of those, 58% in E. pulchripes and 74% 
in G. connexa could be taxonomically assigned, at least 
at the phylum level. The taxonomic classification of the 
contigs resembled the composition obtained from the 
amplicon sequencing, except for Firmicutes, which were 
under-represented in our amplicon library compared to 
the metagenome and metatranscriptome. Namely, in 
E. pulchripes, Bactewidota was the most abundant and 

active member of the community, with 34% of the total 
ORFs in both metagenomes and metatranscriptomes 
(Fig. le), followed by Firmicutes (30.3% and 32.1%), Pro
teobacteria (20% and 18%), Verrucomicrobiota (4.3%, 
1.9%), Desulfobacterota (3.4% and 4.7%), and Actinobac-
teriota (3.1% and 3.6%). In samples from G. connexa, 
Proteobacteria was the highest-ranked taxon with 71,847 
ORFs (37.1%) and 16,777 (47.1%) in metagenomes and 
metatranscriptomes, followed by Firmicutes (24% and 
36%), Actinobacteriota (21% and 6.4%), Bactewidota 
(16% and 7%), and Desulfobacterota (1% and 2.1%). In 
terms of non-bacterial diversity, as expected, methano-
genic Euryarchaeota (mainly orders Methanobacteriales, 
Methanomassiliicoccales, and Methanosarcinales) were 
detected in E. pulchripes, but also some in the non-CH 4 -
emitting in G. connexa (Table S5). As for fungi, the phy
lum Ascomycota was found to be the most abundant 
among eukaryotes (>90% of the fungal contigs) in both 
millipede species. In addition, E. pulchripes also hosted 
Nematoda (42.8%) and Ciliophora (12.6%) in large num
bers, while in G. connexa, Apicomplexa (74.2%), and 
Metamonada (18.2%) were the most dominant (Fig. SI; 
Table S5). The protist order Eccrinales, typically found 
microscopically in millipedes, was only represented by 
a single {E. pulchripes) or double (G. connexa) very rare 
contigs and was absent in the metatranscriptome (Table 
S5). The metatranscriptome profiling largely agreed with 
the metagenome regarding the taxonomic profile, but the 
relative abundances were significantly different, possibly 
due to the small size of the eukaryotic dataset (Fig. SI; 
Table S5). 

De novo assembly of genomes and phylogenomic 
distribution 
The metagenomic reads from both millipede species 
were co-assembled, binned, and refined, generating 
305 M A G s , each with completeness > 50% and redun
dancy < 8.5% (Fig. 2a, Table S6). Notably, 47% of these 
M A G s exhibited a completeness of 90% or more, while 
62% of the overall M A G s attained a completeness level 
of 80% or higher. One M A G was assigned to archaea 
and the rest to bacteria. The genome sizes ranged from 
0.36 to 7.76 Mbp. We concatenated the amino acid 
sequences of the bacterial single-copy core genes from 
the M A G s (Table S6) and constructed a phylogenomic 
tree (Fig. 2b). After assigning taxonomy with G T D B -
Tk (Tables S7 and S8), 108 M A G s (35.5%) were placed 
into the phylum Firmicutes, including the families of 
Lachnospiraceae, Ruminococcaceae, CAG-74 and some 
unclassified groups. The phylum Bactewidota followed 
with 79 M A G s (26%), represented mainly by the fami
lies of Tannerellaceae, UBA932, Bacteroidaceae, Azo-
bacteroidaceae, and Rikenellaceae. Thirty-two of the 
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Fig. 2 Taxonomic compos i t ion of the recovered MAGs. a Static images f rom anvi'o's interactive display for recovered MAGs from the hindguts o f f . 
pulchripes (DE2, 3, 5) and G. connexa (DG1,2, 5). The tree (dendrogram) at the central section of the anvi'o interactive image shows the hierarchica 
clustering of MAGs based on their sequence compos i t ion and their distribution across samples. From inner to outer layers: length layer (shows 
the actual length of a g e n o m e in Mbps) , GC-content, four v iew layers with information about MAGs across samples (mean coverage), comple t ion , 
redundancy, source (automatically b inned with MetaBAT2 and manual ly refined), doma in of the MAGs (archaea or bacteria), g e n o m e phy lum, 
class and species based on GTDB-Tk.The bars show the total number of reads mapped , sample source (hindgut) and sample names (E. pulchripes 
and G. connexa) (b) Phy logenomic tree based on 39 concatenated bacterial single copy gene (ribosomal proteins, see Table S8). c Potentially novel 
species f rom the h indgut of £ pulchripes and G. connexa identif ied with GTDB-Tk based on relative evolut ionary distance, d The relative abundance 
of MAGs in the metagenomic and metatranscr iptomic read samples, est imated for each sample replicate and the average was used in the plott ing. 
DE and RE indicate the relative abundance of MAGs in the metagenome and metatranscriptomes of E. pulchripes, whereas DG and RG indicate 
the relative abundance of MAGs in the metagenome and metatranscriptomes of G. connexa 

M A G s (10.5%) were placed into the Proteobacteria. 
In particular, we identified the Alphaproteobacteria, 
Rs-D84, Beijerinckiaceae, Acetobacteraceae, and the 
Gammaproteobacteria, Enterobacteriaceae, Rhodocy-
claceae, and Burkholderiaceae. Other core phyla were 
Desulfobacterota (28 M A G s , 9.2%), Verrucomicrobiota 
(17 M A G s , 6%), Planctomycetota (14 M A G s , 5%), and 
Actinobacteriota (7 M A G s , 2.30%). Notably, ninety-one 
M A G s representing potentially novel bacterial species 
(81 in E. pulchripes and 10 in G. connexa) were iden
tified based on relative evolutionary distance (RED) 
(Fig. 2c). The novel species belonged mainly to the Fir
micutes and Bacteroidota phyla. 

Distribution of MAGs in metagenomes 
and metatranscriptomes 
Of the retrieved MAGs , 272 (92%) were represented in 
E. pulchripes and only 23 in G. connexa (Fig. 2a and d). 
Ten of the M A G s were present in both species (Table 
S8). The M A G s were mapped to the quality-filtered 
metagenomic and non-rRNA pair-end reads to calcu
late the variation in abundance for each M A G across 
the samples. Additionally, the number of M A G s in each 
sample was estimated considering as "absent" those with 
abundances < 0.001% (Table S9). This analysis revealed 
that 66-75% and 36-44% of the metagenomic reads 
remained unmapped in E. pulchripes and G. connexa. In 
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metatranscriptomes, 71-86% and 82-85% of reads were 
unmapped in the samples from E. pulchripes and G. con-
nexa. Two Proteobacteria M A G s from E. pulchripes and 
six M A G s from G. connexa (3 Proteobacteria, 2 Firmi-
cutes, and 1 Actinobacteriota) remained unmapped in the 
metatranscriptomic samples. 

The repertoire of bacterial carbohydrate-degrading 
enzymes 
The degradation of plant litter requires the concerted 
work of carbohydrate-active enzymes (CAZymes), 
including glycoside hydrolases (GHs), carbohydrate-
binding modules (CBMs), carbohydrate esterases (CEs), 
glycosyltransferases (GTs), polysaccharide lyases (PLs), 
auxiliary activities (AAs), and S-layer homology modules 
(SLHs). We analyzed the M A G s for the presence of such 
CAZymes, focusing on proteins with secretion signal 
sequences (SSPs), which are secreted or targeted to other 
locations, such as the periplasmic space or bacterial cyto
plasmic membrane [80]. However, we acknowledge that 
some bacterial proteins have been found to be secreted 
without any apparent signal peptide [81]. Annotation of 
the predicted amino acid sequences revealed 24,690 and 
2042 CAZymes in the M A G s from E. pulchripes and G. 
connexa, respectively. Of these, 7721 and 352 had SSPs 
(Table S10). Among the potentially secreted CAZymes 
in E. pulchripes, GHs were the most abundant (82.3%), 
followed by CEs (8.8%), PLs (6.2%), CBMs (3.4%), GTs 
(1.1%), A A s (0.2%), and SLHs (0.03%). Also in G. con
nexa, GHs were the most abundant (73.6%) among the 
potentially secreted CAZymes. GHs were also the most 
abundant of all expressed CAZymes in E. pulchripes 
(80.3% of 6199) and G. connexa (73.4% of 215). 

GHs (glycoside hydrolases) were classified into 127 
families by the CAZyme database, and their substrate 
specificity can be predicted based on this structure (Table 
S l l ) . Our annotation results showed that some GHs are 
located on the same M A G s with one or more CBMs, 
GTs, CEs, PLs, or other GHs (Table S12), suggesting that 
the CAZymes involved in polysaccharides degradation 
are organized in clusters. 

In E. pulchripes, the majority of secreted GHs (6199) 
belonged to Bacteroidota (64%; presented in TPM), Ver-
rucomicrobiota (12.2%), and Firmicutes (9.1%) (Fig. 3a). 
These same phyla also expressed the highest amount of 
GHs (6199), with Bacteroidota contributing the most 
(64%; presented in TPM) (Fig. 3b; Table S12). Based on 
the predicted substrate specificity, the secreted GHs 
from the M A G s assigned to Bacteroidota (4153) had 
the capability for the degradation of fungal cell walls 
(25%; presented in TPM), hemicellulose (17%), pectin 
(16%), pectin-hemicellulose (13.2%), pectin-hemicellu-
lose-cellulose (13%), starch (6.5%), algal cell wall (4.2%), 

and bacterial cell wall (4.2%). The same pattern was also 
observed in the expressed GHs, although the relative 
abundance of the transcripts was lower than those in the 
metagenomes. Bacteroidota's capabilities were mainly 
contributed by the families of Bacteroidaceae (17%; pre
sented in T P M for metagenome), Azobacteroidaceae 
(9%), Rikenellaceae (16%), UBA4181 (10.1%), Tannerel-
laceae (6.1%), and UBA932 (3.9%). The same pattern was 
followed in expressing these genes (Fig. S2a and b). 

G H abundance was lower in G. connexa (259). Approx
imately 67.3% (presented in TPM) of the secreted GHs 
were encoded in Proteobacteria, followed by Bacteroi
dota (12.4%), Firmicutes (9.4%), and Actinobacteriota 
(9.9%) (Fig. 3c). The same trend was seen in the expres
sion of these GHs (215), with Proteobacteria account
ing for 62% of all GHs (Fig. 3d; Table S12). The secreted 
GHs from the M A G s assigned to Proteobacteria (142) 
had the highest capacity to degrade fungal cell-wall (36%; 
presented in TPM), bacterial cell-wall (21%), hemicel
lulose (13%), and starch (13.3%). Bacteroidota also pos
sessed the same capability. The same pattern was also 
observed in the expressed GHs. The hydrolytic activities 
of Proteobacteria stemmed from the families of Entero-
bacteriaceae (11.2%; presented in T P M for metagenome), 
Sphingomonadaceae (22%), Rhizobiaceae (13%), Micro-
bacteriaceae (10%), and Aeromonadaceae (6.6%) (Fig. 
S2c). The Bacteroidota family, Dysgonomonadaceae, also 
possessed a high G H abundance (9.2%). The same pattern 
was followed in expressing these genes (Fig. S2d). 

Figure 4 presents the top 50 GHs belonging to various 
subfamilies and their putative substrate groups. The top 
five most prevalent glycoside hydrolase families in E. pul
chripes were GH43, GH13, GH5, GH3, and GH23. The 
family GH43, with 316 GHs and 26 subfamilies, was the 
most abundant. The glycoside hydrolase families GH23, 
GH18, and GH92 for chitin degradation were among the 
most abundant GHs. Their abundance in the metatran
scriptomes was lower but showed a similar trend. Among 
the most prevalent glycoside hydrolase (GH) families in 
G. connexa were GH23 and GH18, which break down 
chitin, and GH13, which break down starch. Others were 
GH3 (hemicellulose) and GH103 (peptidoglycan). Here 
as well, the metatranscriptomes showed a similar pattern. 

The lignin-degrading CAZymes were scarcely present 
in both millipede species. The auxiliary activities group of 
CAZymes (AAs), affiliated in part with ligninolytic activ
ity, made up only about 0.18% (14) of the total CAZymes 
with SSP (Table S12) in E. pulchripes. This group com
prised ten A A 1 families multicopper oxidases (4 Bacte
roidota, 5 Proteobacteria, and 1 Verrucomicrobiota), and 
one A A 3 (cellobiose dehydrogenase; from Bacteroidota), 
one A A 5 (galactose oxidase; from Myxococcota), one 
AA10 (lytic chitin monooxygenase; from Proteobacteria), 
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Fig. 3 Relative abundance of glycoside hydrolases (GHs) with secretion signal peptides in metagenome-assembled genomes (MAGs) and their 
corresponding transcripts. The GHs were g rouped at the family level and accord ing to their putative substrates (top of the chord) and the taxa 
contr ibut ing to the GHs (bottom of the chord). Chord (a) displays the contr ibut ion of GHs f rom different phyla in metagenomes, whi le chord 
(b) shows its corresponding GH transcripts f rom the hindgut of E.pulchripes. Chord (c) shows the abundance of GHs at the phy lum level 
in metagenomes , whi le chord (d) displays its corresponding GH transcripts from the h indgut of G. connexa. The pair-end reads of both library types 
were m a p p e d to the genes to get the coverage and calculate the relative abundance in transcripts per mil l ion (TPM). The m e a n T P M was calculated 
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and one AA12 (from Bacteroidota). In terms of relative 
abundance (TPM), the majority of the A A s (42.4%) were 
sourced from Proteobacteria, with Bacteroidota (30.5%), 
Myxococcota (24.4%), and Verrucomicrobiota (2.7%) 
contributing to a lesser extent. The corresponding tran
scripts also followed a similar pattern. In G. connexa, we 
found only seven AAs: six AA1 (5 Proteobacteria, 1 Des
ulfobacterota, and 1 Firmicutes) and one AA10 from Pro
teobacteria. In terms of relative abundance, the majority 
of the A A abundance (78%) was attributed to Proteobac
teria, with Desulfobacterota (15%) and Firmicutes (8%) 
following behind in contribution. Once again, a similar 
pattern was observed for the corresponding transcripts. 

Acetogenesis in the millipede hindguts 
Acetogenesis can act as a sink for excess hydrogen pro
duced during fermentation. We analyzed the commu
nity acetogenesis in the assembled reads and found 
that the key genes for heterotrophic acetogenesis were 

present and expressed in the libraries of both millipede 
species (Fig. 5a; Tables S13 and S14). These include 
pyruvate:ferredoxin oxidoreductase (porA), phospho-
transacetylase (pta), and acetate kinase (ack). A pathway 
involving porA, pta, ack, and the proteins, acetyl-CoA 
synthetase (ADP-forming, alpha domain) (acdA) and 
acetyl-CoA synthetase (acs), plays a vital role in the pro
duction and consumption of acetate through the acetate 
switch [82, 83]. In addition, the essential genes for reduc
tive acetogenesis via the Wood Ljungdahl pathway (fhs, 
folD, metF,fdhF, and acsABCDE, ack, and pta) were also 
present and expressed in both species, except for meth-
yltransferase (acsE), a subunit of acetyl-CoA synthase 
(acsABCDE) which was absent in G. connexa. The abil
ity to perform heterotrophic acetogenesis was found in 
Proteobacteria, Actinobacteria, Desulfobacterota, and 
Firmicutes in E. pulchripes, Proteobacteria, and Fir
micutes in G. connexa. The capacity for reductive ace
togenesis was found in Desulfobacterota, Actinobacteria, 
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Fig. 4 Glycoside hydrolase families and their taxonomic origin. The heatmap shows the relative abundance of the top 50 glycoside hydrolases 
(GHs) with a secretion signal pept ide (SSP) f rom the MAGs and their corresponding transcripts. The GHs were g rouped at the family level according 
to their putative substrates. The colour scale represents the log transformation of TPM +1 .The tree was reconstructed using 39 concatenated 
bacterial single copy gene (ribosomal proteins) f rom our MAGs 

and Firmicutes from E. pulchripes. Proteobacteria from 
G. connexa had all the genes for reductive acetogenesis 
apart from the acsABCDE (Fig. S3a and b). 

In the M A G s from E. pulchripes, the genes for het
erotrophic acetogenesis were encoded by a few M A G s 
belonging to the core phyla (Fig. 5b; Tables S13 and S14). 
The three critical genes for acetate production (porA, 
pta, and ack) were possessed and expressed by two Act
inobacteriota MAGs , four Firmicutes M A G , four Desul
fobacterota M A G s , one Proteobacteria M A G , and one 

Elusimicrobiota M A G . Additionally, only two novel, 
unclassified Desulfovibrionaceae M A G s {Desulfobacte
rota) encoded and expressed the five genes for the pro
duction or consumption of acetate [83]. The Firmicutes 
M A G s from G. connexa also contained the three genes 
(porA, pta, and ack). However, these genes were not fully 
expressed in either of the M A G s . 

We searched each M A G for the presence of seven 
enzymes associated with reductive acetogenesis via 
the Wood-Ljungdahl pathway (WLP). We found that 
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Fig. 5 Abundance of gene funct ions involved in involved acetogenesis, hydrogenases and sulfur cycl ing pathways in metagenomic 
and metatranscriptomic libraries and MAGs (a) Relative abundance of genes and transcripts for acetogenesis, hydrogen sensing/evolut ion/ 
bifurcation (hydrogenases) and sulfur cycl ing in the metagenomic (MG) and metatranscr iptomic (MT) con t i gs f rom the hindguts o f f . Pulchripes 

and G.connexa. Acetogenesis includes heterotrophic acetogenesis via a combina t ion of glycolysis, pyruvateferredoxin oxidoreductase (porA), 

Phosphotransacetylase (pro) and acetate kinase (ack), and reductive acetogenesis via theWood-L jungdah l pathway (WLP). Full names of the gene 
families and their corresponding KEGG IDs are available in Table S13 (b) A heatmap showing the abundance of genes and transcripts in each M A G 
with at least four acetogenic genes or one of the sulfate-reduction genes. The tree was reconstructed using 39 concatenated bacterial single copy 
gene (ribosomal proteins) f rom the MAGs 

most of the M A G s encoded and expressed fdhF, fhs, 
and folD, ack, pta, but the metF and acsABCDE were 
present in only a few M A G s (Fig. 5b; Tables S12 and 
S13). Of those M A G s , twenty in E. pulchripes and two 
in G. connexa encoded at least five of the gene subu-
nits, but none of these M A G s contained the complete 
set of genes. In E. pulchripes, these M A G s included 

Firmicutes (11 MAGs) , Desulfobacterota (8 MAGs) , 
Bacteroidota (1 M A G ) , and Actinobacteriota (2 MAGs) . 
One additional Adiutrix M A G and two Firmicutes 
lacked only the genes metF and acsE, while another 
Adiutrix M A G was missing the genes fdhF, metF, 
and acsE. The M A G that encoded at least five of the 
genes in G. connexa belonged to Actinobacteriota and 
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Firmicutes. In both millipede species, at least five of the 
genes were also expressed. 

Hydrogen metabolism in the millipede hindguts 
Hydrogenases are required in various anaerobic path
ways or H 2 uptake. Here, we also sought the community 
genes encoding Ni-Fe hydrogenase, Fe hydrogenase, 
and FeFe hydrogenase. A l l the hydrogenase genes (14 
orthologs) identified in the community metagenomes 
were expressed in E. pulchripes, except for a [Ni-Fe] 
group 4 hydrogenase (Fig. 3a; Tables S12 and S13). The 
only subgroups present and expressed in G. connexa were 
one FeFe hydrogenase and three Ni-Fe hydrogenases. 

We identified the genes encoding hydrogenases in the 
M A G s (Fig. 5b; Tables S13 and S14). Numerous M A G s 
from E. pulchripes encoded one or more types of hydro
genases. Groups A l and A3 [FeFe] hydrogenases, which 
are common in many fermentative bacteria, were most 
prevalent in all M A G s , particularly in Firmicutes, Bac-
teroidota, Planctomycetota, Desulfobacterota, and Ver-
rucomicrobiota. [FeFe] hydrogenases of Group A2 and 
A4 were present in a few Firmicutes M A G s and Group 
B in some Firmicutes and Bacteroidota. The second most 
abundant [FeFe] hydrogenases were from Group CI and 
were found primarily in Firmicutes. [NiFe] hydrogenases 
were detected mostly in Desulfobacterota (Group 1 and 
Group 4) and a few Firmicutes (Group 4). In G. connexa, 
only two Firmicutes M A G s encoded a [FeFe] Group 
Al-hydrogenases. Other [FeFe] hydrogenases were 
absent. [NiFe] hydrogenases from Groups 1, 3 and 4 were 
found in a few M A G s of Proteobacteria, Firmicutes, and 
Desulfobacterota. [Fe] hydrogenases, which are restricted 
to methanogenic archaea, were absent from both mil
lipede species. Many M A G s expressed multiple hydro
genases, including both [FeFe] and [NiFe] hydrogenases, 
sometimes up to three paralogues. 

Sulfur metabolism in the millipede hindguts 
The prospect of sulfate as an alternative hydrogen sink 
to acetogenesis was assessed by searching the genes 
involved in dissimilatory sulfate reduction. We examined 
the occurrence and expression of key genes involved in 
sulfate reduction in metagenomes, metatranscriptomes, 
and M A G s . A l l the genes were present and expressed 
in metagenomes from both millipede species, except 
anaerobic sulfite reductase subunit B (asrB) and thiosul-
fate reductase/polysulfide reductase chain A (phsÄ) in 
G. connexa (Fig. 5a; Table S13). Genes encoding sulfate 
reductase (dsrAB) were present and expressed only in 21 
out of the 28 Desulfobacterota M A G s from E. pulchripes; 
19 of them possessed and also expressed dsrD (Fig. 5b; 
Table S14). In addition, we found that 10 M A G s pos
sessed and expressed aprA and sat. However, both dsr, 

aprA, and sat genes were absent from the three Adiutri-
caceae MAGs , which agrees with previous results [84]. 
Among the M A G s from G. connexa, only Desulfovibrion-
aceae possessed and expressed dsrABD. A thiosulfate 
reductase (phsA) gene involved in thiosulfate dispropor-
tionation was present and expressed in several M A G s 
from E. pulchripes (Desulfovibrionaceae, 3 M A G s ; Fir
micutes, 1 M A G ; Actinobacteriota, 2 MAGs) . The genes 
for anaerobic sulfite reduction (asrABQ were present 
and expressed in unclassified Synergistota (1 M A G ) and 
Planctomycetota (1 M A G ) from E. pulchripes. The asr 
genes were incomplete in the Firmicutes (2 MAGs) from 
G. connexa. 

Nitrogen cycling by millipede hindgut bacteria 
As described above, nitrogen fixation and cycling genes 
can help alleviate the nitrogen demands of detritivores 
and microbes living in litter. We investigated the presence 
and expression of key genes involved in nitrogen fixation 
and cycling in metagenomes, metatranscriptomes, and 
M A G s (Fig. 6a; Fig S4; Tables S15 and S16). The struc
tural genes of Mo-nitrogenase (nifDKH) were present 
and expressed in the metagenome from E. pulchripes. 
Genes encoding the alternative, Fe-Fe nitrogenase 
(anfDGK), were present, but only anfD was expressed. 
The second alternative, V-Fe nitrogenase (vnfDKG 
genes), was absent. Nitrogenase genes were absent from 
the metagenome of G. connexa, except nifH, which was 
detected in the assembly but was removed due to its 
short contigs. Genes for aerobic (amoABC) or anaero
bic ammonium oxidation (hzoAB) were absent from the 
metagenomes. Still, we detected a nitrite oxidoreductase 
(nxrAB) in both millipede species, which may be involved 
in nitrite oxidation or nitrate reduction. We identified 
several other genes involved in various forms of nitro
gen cycling in both species, including those for nitrate 
reduction (napAB and narGH), nitrite reduction to 
ammonia (nrfADH and nirBD), nitrite reduction (nirKS), 
nitric oxide reduction (norBC), nitrous oxide reduction 
(nosZD), and urea hydrolysis (ureABC). However, a por
tion of the nrf gene (nrfH) was absent in G. connexa. In 
addition, the urea-hydrolyzing genes {ureABC) were pre
sent and expressed in both species, except the ureA gene, 
which was not expressed in G. connexa. 

The nifDKH genes in E. pulchripes were encoded and 
expressed by a M A G assigned to Pantoea cypripedii (Pro
teobacteria; Fig. 4b and Table S15). The same M A G was 
also present in G. connexa, but the nifH gene was not 
transcribed. In addition, six unclassified Firmicutes from 
E. pulchripes (4 Lachnospiraceae, 1 Christensenellales, 
and 1 Oscillospirales (CAG-74 family)) encoded only the 
nifH gene. The occurrence of active biological nitrogen 
in E. pulchripes but not in G. connexa was corroborated 
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Fig. 6 Genes and transcripts involved in nitrogen fixation and nitrogen cycl ing pathways, a Relative abundance of genes and transcripts 
for nitrogen cycl ing in the in metagenomic (MG) and metatranscr iptomic (MT) con t i gs f rom the hindguts o f f . Pulchripes and G. connexa. Included 
are the genes involved in nitrogen fixation, nitrite oxidat ion, nitrate reduct ion, nitrite reduct ion to ammon ia , nitrite reduct ion, nitric oxide 
reduction, nitrous oxide reduct ion, and urea utilisation. Full names of the gene families and their corresponding KEGG IDs are available in Table S13 
(b) A heatmap showing the relative abundance of the genes and transcripts in each M A G with at least one of the genes. TPM+1 .The tree 
was reconstructed using 39 concatenated bacterial single copy gene (ribosomal proteins) from our MAGs 

using A R A , which showed ethylene accumulation only in 
E. pulchripes (with or without litter; Fig. S5). 

Similarly to the case with sulfate, denitrification (nitrate 
and nitrite reduction) can serve as an alternative respira
tion pathway for bacteria in the absence of oxygen. For 
nitrate reduction, the membrane-bound nitrate reduc
tases (napAB) were present and expressed in four M A G s 
assigned to Rhodocyclaceae (Proteobacteria) and one 
assigned to Cellulomonadaceae (Firmicutes) in E. pul
chripes and two Proteobacteria M A G s from G. connexa 
(Fig. 4b). The soluble nitrate reductase genes (narGH) 
were encoded and expressed in four M A G s assigned to 
Actinobacteriota and six assigned Proteobacteria in E. 
pulchripes. In G. connexa, the genes were expressed in 
M A G s assigned to Firmicutes (3), Bacteroidota (1), and 
Proteobacteria (4). The second gene, nxrAB, identified as 
the nitrate reductase gene, was found in the same M A G s 
possessing narGH. The nitrite reductase genes (nirKS) 

and nitric oxide reductases (norBQ involved in nitrite 
and nitric oxide reduction through the M r pathway were 
found to be encoded and expressed in Proteobacteria in 
both species of millipedes. Our findings showed that the 
nitrous oxidase accessory protein (nosD) was only pre
sent and expressed in the M A G s from Firmicutes and 
Proteobacteria in E. pulchripes. For the nitrous-oxide 
reductase (nosZ) gene, Proteobacteria possessed and 
expressed the gene in both species. Additionally, M A G s 
assigned to Deferribacterota (1) and Bacteroidota (2) also 
expressed the gene in E. pulchripes. 

Nitrite reduction to ammonia through the Nrf path
way {nrfAH) was present and expressed in M A G s from 
Desulfobacterota (20), Actinobacteriota (2), Verrucomi
crobiota (5), one Myxococcota (1), and Bacteroidota (23). 
The nrfAD genes were only present in one Proteobacte
ria M A G in both species. The nirBD genes were encoded 
and expressed in five Proteobacteria M A G s from E. 
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pulchripes, four Proteobacteria, and one Actinobacteriota 
MAGs from G. connexa. 

Ureolytic bacteria are often present in environments 
where urea is constantly produced, such as the milli
pede gut [16]. Therefore, we also examined the M A G s of 
both species of millipedes and identified genes that may 
be involved in using urea (ureABQ. These urease subu-
nits were only found in Proteobacteria and Firmicutes in 
the E. pulchripes M A G s . Specifically, the complete set of 
ureases was encoded by five Proteobacteria M A G s in E. 
pulchripes and two Proteobacteria M A G s in G. connexa. 
However, none of the three gene subunits was expressed 
in either species of millipedes. The ureAC subunits were 
only expressed (Fig. 4b). 

Discussion 
Although E. pulchripes and G. connexa were fed the same 
diet, they differed strongly in the composition and size 
of their microbiome. The differences in microbial load in 
the gut and feces of both species have also been reported 
for other millipede species using classical methods [85, 
86]. Our findings using cultivation and ddPCR revealed 
variations in microbial abundance between the two spe
cies, while using amplicon sequencing and metagenom-
ics, we showed differences in community composition. 
Despite similar sequencing efforts, we obtained roughly 
nine times more M A G s from E. pulchripes species than 
G. connexa. This variation in microbial concentration 
between even relatively closely related arthropod species 
has been documented before and could stem from dif
ferent morphological or physicochemical gut conditions 
(pH and oxygen availability) [87]. 

The microbial community composition was in good 
agreement between all three profiling methods (ampli
con sequencing, metagenomics, and metatranscriptom-
ics), providing mutual support for the methods. Notably, 
however, Firmicutes and Actinobacteriota were under-
represented in our amplicon-based profiling. Comparing 
the two millipede species, they resembled their taxo-
nomic composition on the phylum level, and many of the 
genera were shared. However, they differed remarkably in 
their relative abundances. While seldom tested directly, 
we assert that the redox state in the gut is one of the main 
forces shaping the community composition at higher 
taxonomic levels [also suggested in [87]. Accordingly, 
the phylum-level composition in E. pulchripes, whose 
gut redox potential is highly negative and hence reduc
ing [29], was dominated by phyla representing many 
bacteria capable of anaerobic metabolism, such as Bac-
teroidota, Firmicutes, and Verrucomicrobia. In contrast, 
the much smaller G. connexa, with a typical positive and 
hence oxidative gut [16], comprised nearly 50% Proteo
bacteria. Similar taxonomic composition, dominated by 

Proteobacteria with low proportions of Bacteroidota, is 
common to many arthropods [87], including other mil
lipedes [88], terrestrial isopods [89, 90], beetles [91, 92], 
and in many bamboo-feeding Hemiptera, Orthoptera, 
Lepidoptera, and Coleoptera [11], where the redox con
ditions in the gut are expected to be positive. Conversely, 
termites and cockroaches, with typical anoxic guts and 
active fermentation, typically have lower proportions of 
Proteobacteria and are dominated by Bacteroidota and 
Firmicutes, similar to E. pulchripes [93-95]. However, 
three major phyla in termites, with significant impor
tance to their metabolism, namely, Spirochaetota, Fibro-
bacterota, and Elusimicrobiota, were rare phyla in our 
datasets. Spirochaetota and Fibrobacterota are associ
ated with wood-feeding termites and play an important 
role in cellulose degradation [96, 97]. At the genus level, 
Bacteroides {Bacteroidota) dominated in E. pulchripes. 
In contrast, Dysgonomonas {Bacteroidota) and Citro-
bacter {Proteobacteria) dominated in G. connexa. Simi
lar to our results, the hindguts of cockroaches harbored 
mostly representatives of Bacteroidaceae, many of which 
remained unclassified at the genus level [95]. Dysgono
monas dominated in dung beetle larvae and pupa [92, 
98]. 

Following taxonomy classification using GTDB-Tk, we 
identified potentially novel bacteria, primarily assigned 
to Firmicutes and Bacteroidota. Only 11% of the M A G s 
were classified to the species level, while the remaining 
88% were not assigned to any known genera. Among the 
novel M A G s assigned to Firmicutes, only 12 were clas
sified to the family level, and none were assigned to the 
genus level, except for one M A G assigned to Holdemania 
from the family Erysipelotrichaceae, which has only three 
published genomes in NCBI. We had only two M A G s 
assigned to the Erysipelotrichaceae family. Addition
ally, M A G s assigned to the families Butyricicoccaceae, 
Ruminococcaceae, and Acutalibacteraceae have no pub
lished genomes in NCBI. In Bacteroidota, we classified 
12 M A G s to the family level and 3 M A G s to the genus 
level. Among these were the genera Rikenella and Tan-
nerella, with only three published genomes in NCBI. Fur
thermore, the family Azobacteroidaceae has no published 
genomes in NCBI. Our findings suggest that a substan
tial number of novel genera or higher taxonomic ranks 
were detected in these millipede species. The detection of 
methanogenic archaea in both millipedes was expected. 
While only E. pulchripes is considered CH 4-emitting, 
molecular evidence for the presence of methanogenic 
D N A was also reported for G. connexa [30]. 

The most dominant fungal group, Ascomycota, is com
mon in invertebrate gut microbiomes [85, 99], including 
other millipedes [17]. Since Ascomycota are dominant in 
leaf litter (especially in its early stages of decomposition 
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[100]), they are probably ingested with the leaves and 
are not residents of the gut microbiome. Rhabditid 
nematodes, another abundant eukaryote found in E. 
pulchripes, have been reported in the gut of various mil
lipedes [101,102]. However, their role in the gut microbi
ome remains unclear. Different protists were also among 
the dominant eukaryotic groups in both millipede spe
cies, though their abundance varied. Protists of the phy
lum Ciliophora (ciliates) are known to host and support 
symbiotic methanogens in termites thanks to their abil
ity to generate hydrogen [103, 104]. It is therefore likely, 
though not yet shown, that this is also their role in mil
lipedes. Lastly, Eccrinales, a protist order formally con
sidered fungi and grouped together as Trichomycetes, are 
commonly found in many (but not all) millipedes and 
are considered a regular, non-pathogenic part of the gut 
microbiome [105]. In our dataset, they were only found 
as single or double very rare contigs (under 0.2% of the 
Eukaryotic abundance) and were absent in the metatran-
scriptome. Therefore, their role in millipedes remains 
elusive. 

Plant material comprises structural components, 
including cellulose, hemicellulose, pectin, and lignin 
[106]. In many herbivores, the genomes of individual 
gut bacteria often encode hundreds of enzymes that 
help degrade complex plant polysaccharides [6]. Differ
ent substrates require different digestive enzymes, which 
occasionally work in concert [107]. Since polysaccharides 
typically cannot pass through the cell membrane, we 
focused only on the CAZymes possessing secretion signal 
peptides (SSP) that could be released into extracellular 
space and act on substrates outside the cells [80]. Most 
CAZymes with SSP were glycoside hydrolases (GHs), 
the primary enzyme families responsible for polysaccha
ride degradation [108]. Analysis of GHs with SSP in our 
M A G s showed that numerous predicted proteins were 
encoded and expressed. The majority of recent studies on 
millipedes [24] and other arthropods [14, 109, 110] also 
revealed significant levels of microbial GHs. However, 
these studies did not differentiate between GHs with and 
without signal peptides. 

Both E. pulchripes and G. connexa possessed an abun
dance of secreted GHs that can degrade pectin (GH28, 
GH78, GH105, GH106, GH127, and GH88) and hemi
cellulose (GH2 and GH3), with pectin methylesterases 
(GH78, GH105, GH106, GH127, and GH88) being par
ticularly prevalent. This could be because of the need to 
de-esterify homogalacturonan, a common component 
of plant cell walls [111]. The GH2 enzyme has multiple 
functions, such as B-galactosidases, B-glucuronidases, 
B-mannosidases, and exo-B-glucosaminidases, which 
assist in the degradation of hemicellulose. Similarly, the 

GH3 enzyme aids in plant and bacterial cell wall remod
eling, cellulosic biomass degradation, energy metabo
lism, and pathogen defense [112]. Other abundant GHs 
include those that can degrade fungal cell walls, which 
comprise chitin, beta-glucans, and glycoproteins [28]. 
These were the most abundant GHs in G. connexa and 
the third most abundant in E. pulchripes. In addition 
to chitin, millipedes may also obtain macronutrients, 
including calcium (present as calcium oxalate), from 
feeding on fungi and thus support their diet [113]. Addi
tionally, we found a high abundance of some G H families 
responsible for breaking down the carbohydrate back
bone of bacterial peptidoglycans (GH73) and algal cell 
walls (GH29 and GH50). This suggests that leaf litter-
colonizing microorganisms (primarily fungi and bacte
ria, and maybe also algae) are ingested with the food and 
serve as a carbon source. Both structural compounds and 
microorganisms are used as carbon and energy sources 
in some macroarthropods [114]. 

The secreted GHs were expressed by different taxa, 
reflecting the overall differences in community compo
sition. In E. pulchripes, the dominant phylum was Bac-
teroidota, which had the highest abundance of GHs for 
complex carbon degradation at the genome-resolved lev
els. Bacteroidota is known for its ability to break down 
various complex polysaccharides [115] and is the most 
polysaccharolytic phylum in cockroaches [116]. On the 
other hand, Proteobacteria were the main source of GHs 
in G. connexa, similar to beetles (Coleoptera) [117]. Both 
Bacteroidota and Proteobacteria are agents of complex 
polysaccharide degradation in isopods [89]. There was 
also a high level of contributions from Verrucomicro-
biota, Firmicutes, Planctomycetota, and Proteobacteria 
in E. pulchripes and Bacteroidota and Firmicutes in G. 
connexa. The success of Bacteroidota as a major polysac
charide degrader in E. pulchripes was linked to families 
of Rikenellaceae, Bacteroidaceae, UBA4181, Azobacte-
roidaceae, Tannerellaceae, and UBA932. Meanwhile, the 
families of Sphingomonadaceae, Aeromonadaceae, Enter-
obacteriaceae, and Rhizobiaceae significantly contributed 
to the hydrolytic activities of Proteobacteria in G. con
nexa. Similar families with such capabilities were present 
in omnivorous American cockroaches [116]. However, in 
contrast to past termite studies, we could not identify any 
contributions from the rare millipede phyla Spirochae-
tota and Fibrobacterota [14, 93]. 

In animals that rely on symbiotic digestion of (ligno) 
cellulose, the fermentation products of the bacterial sym-
bionts fuel the carbon and energy metabolism of the host 
[25]. The hydrogen formed in the fermentations is either 
converted to methane or—in the case of termites—used 
for reductive acetogenesis [118]. In some large millipede 
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species, Archispirostreptus gigas and Epibolus pulchripes, 
acetate, and formate have been shown to accumulate in 
the gut, indicating bacterial fermentation activities in the 
digestive tracts [29]. In heterotrophic metabolism, the 
enzyme pyruvate:ferredoxin oxidoreductase (porA) oxi-
datively decarboxylates pyruvate to form acetyl-CoA and 
C 0 2 [119]. Two molecules of acetyl-CoA are converted 
to two acetate molecules through phosphotransacetylase 
(pta) and acetate kinase (ack). In our study, we identified 
heterotrophic metabolism in some phyla from E. pul
chripes that possessed and expressed theporA\\pta\\ack 
genes. The activity of porA has been identified as the 
sole site of energy conservation in the model acetogen, 
Acetobacterium woodii [118, 119]. However, it is worth 
noting that while acetate production is often used as 
a marker for acetogens, it is not definitive proof of ace-
togenesis, as other bacteria may also produce acetate. To 
be considered a true acetogen, a bacterium must be able 
to perform reductive acetogenesis, which involves using 
the Wood Ljungdahl Pathway (WLP) to convert two 
molecules of C 0 2 produced by the oxidative decarboxy
lation of pyruvate into additional acetate [120]. Based 
on the seven key enzymes of reductive acetogenesis, we 
identified formate dehydrogenase H (fdhF), formate-tet-
rahydrofolate ligase/formyl tetrahydrofolate synthetase 
(fhs), methenyltetrahydrofolate cyclohydrolase (folD), 
methylenetetrahydrofolate reductase (metF), acetyl-CoA 
synthase (acsABCDE), phosphotransacetylase (pta), and 
acetate kinase {ack) [121] in our M A G s . In E. pulchripes, 
putative acetogens with near-complete pathways were 
found in M A G s assigned to Firmicutes (Clostridaceae) 
and Desulfobacterota (Adiutricaceae). The expression of 
fdhF and acsABCDE in these two phyla is a strong pre
dictor for reductive acetogenesis. Two or three miss
ing reductive acetogenic genes in E. pulchripes could be 
related to the incompleteness of our M A G s . The com
plete acsABCDE genes were lacking in M A G s from G. 
connexa, and other genes may not be sufficient to suggest 
that reductive acetogenesis is present in this species. 

Some members of the family Clostridaceae {Firmicutes) 
are well-studied acetogens [121]. Microbiota studies 
have identified acetogenic bacteria belonging to Firmi
cutes [122, 123] from termites and particularly Rumino-
coccaceae in the rumen [120]. Similarly, Adiutricaceae 
in the phylum Desulfobacterota from termite guts have 
also been postulated to be putative acetogens [94, 124]. 
However, similar to our data, Arora et al. also reported a 
dominant Adiutricaceae M A G with an incomplete path
way [124]. In addition, although belonging to the phy
lum Desulfobacterota [108], which includes many sulfate 
reducers, none of the M A G s classified as Adiutricaceae 
encoded for the dsrAB genes required for dissimilatory 
sulfate reduction. Therefore, these organisms could also 

be scavenging hydrogen. A similar observation was made 
in termites [84,124]. 

In addition to genes involved in reductive acetogen
esis found in the M A G s from E. pulchripes, the puta
tive acetogens possessed and expressed one or more 
[FeFe] or [NiFe] hydrogenase subgroups. These FeFe 
hydrogenase subgroups [FeFe] in the Group A - C series 
are used for H 2-evolution reaction/electron-bifurcation 
(fefe-group-al,3), H2-uptake/electron-bifurcation (fefe-
group-a4), H2-uptake (fefe-group-b), and H2-sensing (fefe-
group-cl-3). The [NiFe] hydrogenase group found in the 
putative acetogens is for H2-uptake (nife-group-1) and 
evolution (nife-group-4a-g) [125]. 

Sulfate-reducing bacteria in the gut of millipedes have 
not been reported, but their consistent presence in the 
intestinal tract of many arthropods [126, 127] suggests 
that they may play a role either in the consumption 
of hydrogen produced by fermenting bacteria (which 
requires the presence of sulfate) or the production of 
hydrogen through fermentation [126, 128]. Although 
sulfate concentrations in millipede guts are most likely 
minuscule, similar to those in termites [129], the expres
sion of the sat, aprA, and dsrABD genes and [NiFe] 
hydrogenases of Group 1 that are involved in H 2 uptake 
[126] indicate that the M A G s of Desulfovibrionaceae 
possess the ability to reduce sulfate. Another piece of evi
dence is the expression of the acdA and acs genes, which 
shows that Desulfovibrionaceae can use acetate to reduce 
sulfate since acetate is a competitive substrate for sulfate-
reducing bacteria [130]. The expression of the phsA gene 
for thiosulfate disproportionation suggests that at least 
some of the sulfide produced in this process is reoxidized 
by the same organisms in the microoxic gut periphery 
[131], which likely provides the same microoxic condi
tions as in other arthropods [25]. 

Leaf litter has a notoriously high C:N ratio, and mil
lipedes and their microbiome are likely permanently 
nitrogen-starved. Several arthropods living on an N-poor 
diet have been demonstrated to fix atmospheric nitro
gen [132]. The presence and expression of Molybdenum-
dependent nitrogenases (nifDHK) by Pantoea cypripedii 
(Proteobacteria) indicate that the gut microbiota of E. 
pulchripes contributes to dinitrogen reduction. Members 
of the genus Pantoea frequently form associations with 
various hosts, such as insects, plants, and humans, and 
are well known for their ability to fix nitrogen [133, 134]. 
The positive results from the A R A experiment demon
strate that biological nitrogen fixation is occurring in E. 
pulchripes. 

As in termites, the gut microbiota of millipedes may 
also contribute to nitrogen metabolism by recycling uric 
acid or urea, which are waste products of the host [135, 
136] or by reducing dietary nitrate [137]. We found that 
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the gut microbiota of both E. pulchripes and G. connexa 
expresses genes involved in urea oxidation, denitrifica-
tion, and dissimilatory nitrate reduction to ammonia 
(DNRA). Denitrification is an important process in 
various soil fauna, including earthworms [138] and ter
mites [137]. The most important contributors to these 
activities in E. pulchripes (Spirobolida) and G. connexa 
(Glomeridae) are Actinobacteria, Firmicutes, and Proteo-
bacteria. Assuming that denitrification produces traces 
of N 2 0 , the production of this greenhouse gas may not 
be restricted to the Glomeridae family, as previously 
thought [139]. D N R A activities have been documented 
by stable-isotope analyses in soil-feeding termites [137, 
140] and several freshwater insects [140]. Key genes of 
D N R A are the nitrite reductases nrfA and nirB [141]. 
They were expressed by members of Cellulomonadaceae 
{Actinobacteriota) from E. pulchripes and members of 
Proteobacteria from E. pulchripes and G. connexa. Like
wise, the presence of the nrfAH genes has been estab
lished in the gut microbiota of termites [124, 142] and 
aquatic insects [140]. 

Several M A G s of Proteobacteria from E. pulchripes and 
G. connexa also expressed ureases (ureABQ, suggest
ing they contribute to ammonia production from urea. 
Urease activity is common in many bacteria from host-
associated environments [143, 144]. Proteobacteria and 
Actinobacteria with urease activity have been isolated 
from millipede guts [86,145]. 

Conclusions 
The data presented here is a comprehensive chart of the 
metabolic diversity in two millipede model species; one 
of Earths most important groups of detritivores. We 
found substantial differences in both abundance and 
diversity of the gut microbial community between two 
millipede species that differ in their size, habitat, and gut 
redox conditions but share the same diet and lifestyle. 
Many functions encoded by the gut microbiota were pre
sent in the M A G s of both species, including the capac
ity to degrade complex carbohydrates. Lignin-modifying 
enzymes were very few, but a high expression of genes 
for chitin degradation indicates that fungal biomass may 
play an important role in the millipede diet, perhaps 
exceeding that of plant polymers. Fermentative line
ages (Clostridiales and Bacteroidales) were particularly 
abundant in the large E. pulchripes, but clear evidence 
for reductive acetogenesis was lacking. Instead, we found 
strong evidence for hydrogenotrophy, nitrogen recycling, 
and diazotrophy. The results should serve as a roadmap 
for further studies to test these hypotheses regarding the 
trophic role of millipedes. 
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Additional file 1: Fig. SI .The relative abundance of eukaryotes in assem
bled metagenomic and metatranscriptomic reads from hindguts of f . 
pulchripes and 6. connexa. (a) Abundance of fungi in (a) metagenome and 
(b) metatranscriptome. Abundance of algae and protists in (a) metage
nome and (b) metatranscriptome. The paired-end reads of both library 
types were mapped to the genes/contigs to obtain the coverage and 
calculate the relative abundance in Transcript Per Million (TPM).The mean 
TPM was calculated from the three replicate samples and aggregated for 
each taxonomic level. Fig. S2. Relative abundance of glycoside hydrolases 
(GHs) with signal peptides in metagenome-assembled genomes (MAGs) 
and their corresponding transcripts.The GHs were grouped at the family 
level and according to their putative substrates (top of each chord) and 
the top 3 taxa (at the family level) contributing the GHs (bottom of each 
chord). Chord (a) displays the contribution of GHs from different families 
in metagenomes, while chord (b) shows its corresponding GH transcripts 
from the hindgut of f . pulchripes. Chord (c) shows the abundance of 
GHs at the family level in metagenomes, while chord (d) displays its cor
responding GH transcripts from the hindgut of 6. connexa. The pair-end 
reads of both library types were mapped to the genes to get the coverage 
and calculate the relative abundance in Transcript Per Million (TPM). The 
mean TPM was calculated from the three replicate samples and summed 
for each taxonomic level. Fig. S3. Relative abundance and taxonomic 
distribution of genes involved in acetogenesis, hydrogen sensing/evolu-
tion/bifurcation (hydrogenases) and sulfur cycling in the metagenomic 
(MG) and metatranscriptomic (MT) contigs from the hindguts of f . 
Pulchripes and 6. connexa. (a) Boxplots showing the relative abundance 
of the bacterial genes for a function within a phylum, (b) Taxonomic 
distribution of genes and transcripts at the phylum level. The pair-end 
reads from metagenomes and metatranscriptomes were mapped to all 
the genes to get their coverages and averaged to estimate their relative 
abundance in transcript per kilobase million (TPM). Fig. S4. Relative abun
dance and taxonomic distribution of genes involved in nitrogen fixation 
and recycling, and their corresponding transcripts, (a) Boxplots showing 
the relative abundance of the genes for a function within a phylum, (b) 
Taxonomic distribution of the genes and transcripts at the phylum level. 
The pair-end reads from metagenomes and metatranscriptomes were 
mapped to all the genes to get their coverages and averaged to estimate 
their relative abundance in transcript per kilobase million (TPM). Fig. S5. 
Functional assay for the activity of the N2-fixing nitrogenase enzyme in the 
reduction of acetylene to ethylene in f. pulchripes. 

Additional file 2: Table SI. Mean values for colony counts and 16S rRNA 
copies. Table S2. Read counts and taxonomic classification of 16S rRNA 
amplicon sequence. Table S3. Sample information for metagenomic 
and metatranscriptomic sequencing. Table S4. Contig stats for de novo 
co-assembled reads from E. pulchripes. Table S5. Removal of potential 
eukaryotic and unknown contigs with Whokaryote. Table S6. Contig 
stat for de novo co-assembled reads from E. pulchripes and G. connexa. 
Table S7. Taxonomic classification of MAGs with GTDB-Tk. Table S8. 
Taxonomic classification of MAGs from E. pulchripes and G . connexa. 
Table S9. MAG coverage in quality-filtered metagenomic pair-end reads 
Table S10. Distributions of all CAZymes with or without signal peptides in 
bacterial MAGs from E. pulchripes and G. connexa. Table SI 1. Group
ing of glycoside hydrolases at the family level. Table S12. Annotated 
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Fig. S3. Relative abundance and taxonomic distribution of genes involved in 
acetogenesis, hydrogen sensing/evolution/bifurcation (hydrogenases) and sulfur 
cycling in the metagenomic (MG) and metatranscriptomic (MT) contigs from the 
hindguts of E. Pulchripes and G. connexa. (a) Boxplots showing the relative 
abundance of the bacterial genes for a function within a phylum, (b) Taxonomic 
distribution of genes and transcripts at the phylum level. The pair-end reads from 
metagenomes and metatranscriptomes were mapped to all the genes to get their 
coverages and averaged to estimate their relative abundance in transcript per kilobase 
million (TPM). 
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Fig. S5. Functional assay for the activity of the N2-fixing nitrogenase enzyme in the 
reduction of acetylene to ethylene in E. pulchripes. 

74 





5.2 Paper No. 2 

Julius Eyiuche Nweze, Johannes Sergej Schweichhart, Roey Angel (2024). 

Viral communities in millipede guts: Insights into the diversity and potential 

role in modulating the microbiome. Environmental Microbiology, 

26(2),el6586. https://doi.org/10.llll/1462-2920.16586 (IF 5.5) 

7 5 

https://doi.org/10.llll/1462-2920.16586


Check for updates 

Received: 8 September 2023 Accepted: 22 January 2024 

DOI: 10.1111/1462-2920.16586 

ENVIRONMENTAL 
R E S E A R C H A R T I C L E MICROBIOLOGY S 

Viral communities in millipede guts: Insights into the 
diversity and potential role in modulating the microbiome 

Julius Eyiuche Nweze 1 , 2 | Johannes Sergej Schweichhart 1 2 | Roey Angel 1 

institute of Soil Biology and Biogeochemistry, 
Biology Centre C A S , České Budějovice, 
Czechia 

depar tment of Ecosystem Biology, Faculty of 
Science, University of South Bohemia in 
České Budějovice, České Budějovice, 
Czechia 

Correspondence 
Roey Angel , Institute of Soil Biology and 
Biogeochemistry, Biology Centre C A S , České 
Budějovice, Czechia . 
Email: roey.angel@bc.cas.cz 

Funding information 
Czech Science Foundation (GA ČR), 
Grant/Award Number: 21-04987S; Grantová 
Agentura České Republiky, Grant/Award 
Number: 19-24309Y 

A b s t r a c t 
Millipedes are important detritivores harbouring a diverse microbiome. Pre
vious research focused on bacterial and archaeal diversity, while the virome 
remained neglected. We elucidated the DNA and RNA viral diversity in the 
hindguts of two model millipede species with distinct microbiomes: the tropi
cal Epibolus pulchripes (methanogenic, dominated by Bacillota) and the 
temperate Glomeris connexa (non-methanogenic, dominated by Pseudo-
monadota). Based on metagenomic and metatranscriptomic assembled 
viral genomes, the viral communities differed markedly and preferentially 
infected the most abundant prokaryotic taxa. The majority of DNA viruses 
were Caudoviricetes (dsDNA), Cirlivirales (ssDNA) and Microviridae 
(ssDNA), while RNA viruses consisted of Leviviricetes (ssRNA), Potyviridae 
(ssRNA) and Eukaryotic viruses. A high abundance of subtypes l-C, l-B and 
ll-C CRISPR-Cas systems was found, primarily from Pseudomonadota, 
Bacteroidota and Bacillota. In addition, auxiliary metabolic genes that modu
late chitin degradation, vitamins and amino acid biosynthesis and sulphur 
metabolism were also detected. Lastly, we found low virus-to-microbe-ratios 
and a prevalence of lysogenic viruses, supporting a Piggyback-the-Winner 
dynamic in both hosts. 

INTRODUCTION 

With over 13,000 known species, millipedes are crucial 
detritivores that play a significant role in tropical and 
temperate ecosystems (Byzov, 2006; Crawford, 1992). 
Millipedes support the cycling of organic matter in terres
trial ecosystems by consuming large amounts of recalci
trant plant litter (Joly et al., 2020; Wang et al., 2018). 
Millipedes host a diverse array of intestinal organisms, 
including bacteria, archaea, fungi, nematodes, protists 
and viruses; many of which have unknown functions 
(Byzov, 2006). Among these, bacteria are implicated as 
the primary contributors to polysaccharide degradation, 
essential amino acid biosynthesis, short-chain fatty 
acid metabolism and fermentation in millipede guts 
(Koubová et al., 2023; Nweze et al., 2024; Sardar, 
Šustr, Chroňáková, & Lorenc, 2022; Sardar, Šustr, 
Chroňáková, Lorenc, & Faktorová, 2022; Taylor, 1982). 

In most ecosystems, including animal guts, bacteria 
are the main hosts of viruses (phages) (Kirsch 
et al., 2021). Phages affect bacterial communities by 
changing their composition in a predator-prey dynamic, 
stimulating nutrient cycling, conferring immunity against 
other phages through superinfection exclusion, hori
zontally transferring genetic material, and modulating 
their host's metabolism via auxiliary metabolic genes 
(AMGs) (Diaz-Muhoz & Koskella, 2014; Mirzaei & Mau
rice, 2017; Quistad et al., 2017; Shkoporov & Hill, 2019). 
AMGs are notably prevalent in viral genomes, and 
metagenomic and viromic analyses have revealed a 
multitude of new AMGs over time (Chen et al., 2020; 
Emerson et al., 2018). Examining the viral A M G com
positions in the millipede gut would provide us with 
valuable insights into the ecological roles of viruses. 

Prokaryotes defend themselves against viruses by 
storing segments of viral DNA called spacers in the 

This is an open access article under the terms of the Creative Commons Attribution-Noncommercial License, which permits use, distribution and reproduction in any 
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CRISPR locus. This system, known as clustered regu
larly interspaced short palindromic repeats associated 
proteins (CRISPR-Cas), acts as a memory of past 
infections. When a virus returns, it uses these spacers 
to produce guide RNAs (gRNAs) for precise targeting 
(Hille & Charpentier, 2016; Koonin & Makarova, 2009). 
Diverse cas gene variations and distinct CRISPR locus 
arrangements lead to multiple types of CRISPR-Cas 
systems, which can target DNA or RNA viruses (Wat
son et al., 2021). Understanding which hosts are abun
dant with CRISPR-Cas systems and what their target 
viral types are can inform us about the viral-host 
dynamics. 

Two major models were proposed to explain virus-
host dynamics in the environment: 'Kill-the-Winner' 
(KtW) predicts that lytic viruses will support high host 
diversity by suppressing the most abundant hosts 
(Thingstad, 2000; Winter et al., 2010), while 'Piggy-
back-the-Winner' (PtW) suggests that decreasing 
virus-to-microbe-ratio (VMR) with higher host densities 
is due to selection favouring a lysogenic lifestyle 
(Knowles et al., 2016; Silveira & Rohwer, 2016). VMR 
is traditionally determined by counting virus-like parti
cles and cells (Parikka et al., 2017), but this method 
has limitations (Danovaro & Middelboe, 2010; Holm-
feldt et al., 2012; Kaletta et al., 2020). Metagenomics 
VMR (mVMR) offers an alternative and is effective, 
especially in complex environments like soils and gut 
ecosystems with prevalent lysogenic phages (Lopez-
Garcia et al., 2023). Predicting the VMR in the millipede 
gut is important because it holds significance for both 
millipede health and ecology, serving as an indicator of 
interactions between viruses and bacteria. 

Thus far, only a few studies on millipede viruses 
have been published. In a July 2023 Scopus database 
search for 'millipede' and 'virus' or 'phages', only 
10 results were found, with just one relevant to milli
pede-associated viruses. This is surprising in light of 
several works (Li, Shi, et al., 2015), which revealed that 
arthropods, including millipedes, can host evolutionary 
predecessors of significant pathogenic RNA viruses in 
vertebrates, such as Influenza and Ebola, and even 
discovered entirely new RNA virus families (Li, Shi, 
et al., 2015; Kirsch et al., 2021; Shi et al., 2016). In 
addition to RNA viruses, a high diversity of ssDNA 
Cressdnaviricota was also seen in millipedes (Kirsch 
et al.,2021). 

Recent advances in metagenomics, metatranscrip-
tomics, and bioinformatic tools provide increasingly 
insightful means to study phages in the environment. 
These include assembly and analysis of phage and 
host genomes, inferring phage-host interactions (e. 
g., through CRISPR-Cas systems), potential effects of 
viral infection on the host metabolism through AMGs, 
and the detection of lysogenic phages (Coutinho 
et al., 2018; Puxty et al., 2018; Watson et al., 2021; 
Zhang etal.,2018). 
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Using a previously published metagenomics and 
metatranscriptomics dataset, we investigated the DNA 
and RNA virus diversity in the hindguts of two model 
millipede species: Epibolus pulchripes (order: Spirobo-
lida) from the tropical East African coast (Enghoff, 2011) 
and Glomeris connexa (order: Glomerida) from temper
ate Central Europe. Despite sharing a similar detritivor-
ous lifestyle, these species differ in size and gut redox 
conditions, with G. connexa being smaller (10-17 mm) 
compared to E. pulchripes (130-160 mm). As a result, 
G. connexa possesses a mostly oxic gut, which is over
whelmingly dominated by Pseudomonadota (Proteo-
bacteria), while E. pulchripes has an anoxic, highly-
reduced, and CH4-emitting gut, which is dominated by 
Bactroidota and hosts many Bacillota (Firmicutes). In 
addition, we investigated the abundance of CRISPR-
Cas loci in the prokaryotic community using both librar
ies and metagenome-assembled genomes (MAGs) 
from both millipede species. We also employed 
predictive methods to identify potential hosts for the 
detected viruses. Lastly, we evaluated the abundance 
of viral AMGs. 

EXPERIMENTAL PROCEDURES 

Collection of metagenomic and 
metatranscriptomic data 

Quality-filtered metagenomic and metatranscriptomic 
data from the hindguts of E. pulchripes and G. connexa 
were obtained from our previous study (NCBI BioPro-
ject PRJNA948469) (Nweze et al., 2024). The datasets 
were produced from the gut content of dissected milli
pedes. Juvenile individuals of the tropical millipede 
E. pulchripes were obtained from a breeding colony 
maintained in our lab. The temperate millipede 
G. connexa was collected from the wild. The animals 
were maintained in terraria in the laboratory for 25 days 
before dissection (Nweze et al., 2024). For each set of 
libraries, we used three replicates of paired-end reads 
for each millipede species. From the metagenomic 
dataset, 305 metagenome-assembled genomes recov
ered from the hindguts of both millipede species were 
recruited. 

De novo assembly of reads and viral 
identification 

Quality-filtered metagenomic reads from three replicated 
samples of each millipede species were co-assembled 
using MEGAHIT vl.2.9 (Li, Liu, etal., 2015) with default 
settings. For each millipede species, the non-rRNA 
metatranscriptomic reads were also co-assembled 
using Trinity v2.13.2 (Grabherr et al., 2011). The contig 
information for both assemblies was retrieved by 
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creating a contig database in anvi'o-7.1 and running 
anvi-display-contigs-stats (Eren et al., 2021). 

Viral sequences were retrieved from both libraries 
using VirSorter2, which is a multi-classifier that detects 
diverse dsDNA viruses, ssDNA viruses, dsDNA 
phages, RNA viruses, Nucleocytoviricota (NCLDV) and 
virophages (Lavidaviridae) (Guo et al., 2021). Following 
recent advances in the discovery of viruses with small 
genome sizes (see Discussion), the minimum contig 
length was set to 1 kb. To reduce the impact of false 
positives, identified viral contigs were further confirmed 
and classified using geNomad v1.5.0 (Camargo 
et al., 2023). The identified viruses are assigned to tax-
onomic lineages according to the International Commit
tee on Taxonomy of Viruses (ICTV) (Lefkowitz 
et al., 2018). This software serves to distinguish viruses 
from plasmid genomes and subsequently assigns tax
onomy to identified viral genomes. It predicts genes in 
input sequences via Pyrodigal-gv (Larralde, 2022) and 
assigns these predicted genes to specific marker pro
tein families from a dataset of 227,897 profiles. This 
differentiation is achieved using MMseqs2 (Steineg-
ger & Soding, 2017), which is specific to chromosomes, 
plasmids or viruses. As post-classification filters, 
sequences were classified as a plasmid or virus with a 
score of at least 0.7, and sequences shorter than 
2.5 kb were required to encode at least one hallmark 
gene. Additionally, the potential host regions in any 
identified proviruses were retained. 

Quality of single-contig viral genomes 

CheckV v1.0.1 (Nayfach et al., 2021) was used to eval
uate the quality of single-contig viral genomes from 
geNomad. This included the identification and removal 
of the host (prokaryotes, eukaryotes or millipedes) con
tamination for integrated proviruses, estimation of com
pleteness for genome fragments and identification of 
closed genomes. Based on these three criteria, the sin
gle-contig viral genomes were categorised into one of 
the five quality tiers, which conform to and extend the 
Minimum Information about an Uncultivated Virus 
Genome (MIUViG) quality standards: complete, high-
quality (>90% completeness), medium-quality (50%-
9 0 % completeness), low-quality (<50% completeness) 
and undetermined quality (Roux, Adriaenssens, 
et al., 2019). We selected all genomes with >50% esti
mated completeness for further analysis. 

Relative abundance calculations 

To determine the abundance of the identified viruses, 
the quality-filtered reads from both libraries were 
aligned to these sequences. The mean coverage 
obtained from the alignment was then used to estimate 

the relative abundance, expressed in transcripts per 
million (TPM), using the CoverM tool, with a minimum 
read percent identity threshold of 9 0 % (https://github. 
com/wwood/CoverM). The alignment process was con
ducted using the bwa-mem aligner (Li & Durbin, 2010). 
The relative abundances of the major capsid proteins 
(MCP), RNA-dependent RNA polymerases (RdRP) and 
cellular universal single-copy (USCG) in the metage-
nomic and metatranscriptomic reads were estimated 
using the same tool and were plotted using the R 
ggplot2 package (Wickham, 2016), visualising the dif
ferent viral taxa. 

Lifestyles and host prediction 

The lifestyles (virulent or lysogenic) of the identified 
viral genomes were predicted using the Phage TYPe 
prediction tool (PhaTYP) with default settings (Shang 
et al., 2023). Host prediction was done using the inte
grated Phage Host Prediction (iPHoP) tool with default 
settings, as described by Roux et al. (2023). The host 
database was based on MAGs and the iPHoP data
base composed of the GTDB release 202 (47,894 
genomes), Public IMG genomes not already in GTDB, 
as of 7 July 2021 (21,372 genomes), and from the 
GEM dataset (https://portal.nersc.gov/GEM/, 52,515 
genomes). The taxonomic annotations for the 
305 MAGs in our database were performed using 
GTDB-Tk vl .7.0 (GTDB release 202) (Chaumeil 
et al., 2020). The predicted host is determined based 
on the prokaryotic genomes with the highest 
probability. 

From the 304 retrieved MAGs obtained from the 
hindguts of both millipede species, putative prophages 
were detected and annotated using DBSCAN-SWA 
(Gan et al., 2022). This tool efficiently predicts pro
phage regions within bacterial genomes, exhibiting 
quicker processing times compared to previous tools 
and demonstrating significant detection capability vali
dated through an analysis involving 184 manually 
curated prophages. CheckV v1.0.1 was used to check 
the completeness of the identified prophages. 

The viral proteomic tree 

For constructing the viral proteomic tree, we used ViP-
Tree v3.6 (Nishimura et al., 2017), a tool that calculates 
global genome-wide similarities between viruses using 
tBLASTx after selecting a preset reference viral 
genomes stored in Virus-Host DB classified into six cat
egories mainly based on their nucleic acid types: 
dsDNA, ssDNA, dsRNA, ssRNA, ssRNA-RT and 
dsRNA-RT. The S G computation method follows 
Bhunchoth et al. (2016), employing phytogenies via the 
ETE3 toolkit package v3.0.0b33 (Huerta-Cepas 
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et al., 2016). Sequences were aligned using MAFFT 
v6.861b (Katoh & Toh, 2008) and trimmed with trimAI 
v1.4.rev6 (Capella-Gutierrez et al., 2009) for improved 
trees, and ProtTest (Abascal et al., 2005) in pmodeltest 
v1.4 to select protein evolution models (WAG, VT, LG). 
Tree reconstruction used RaxML v8.1.20 (Stamata-
kis, 2014) with the chosen model and PROTGAMMA 
parameter, drawing branch supports from 100 bootstrap 
replicates. R package phangorn's midpoint function 
rooted the trees (Schliep, 2011). The reference viruses' 
genome and host information are based on the Virus-
Host DB (Mihara et al., 2016). The scaling of branch 
lengths was performed using a log transformation. 

Identification of CRISPR systems 

CRISPRCasTyper v1.8.0 (Russel et al., 2020) was 
used to detect CRISPR-Cas genes and arrays in the 
metagenome, MAGs and metatranscriptome. The pre
diction probability was set at 0.95. Predictions were 
based on the CRISPR-Cas, Cas Operons, Cas Operons 
orphan (those not in CRISPR_Cas.tab), CRISPR, 
CRISPR near Cas and CRISPR orphan. Those desig
nated as putative CRISPR-Cas, Cas Operons and 
CRISPR were not included in the final plots. 

Identification of potential AMGs 

The viral AMGs within the quality viral contigs were 
identified using geNomad (Camargo et al., 2023) and 
VIBRANT (Kieft et al., 2020). The Carbohydrate Active 
EnZyme (CAZy) annotation was further performed 
using the dbCAN2 server (https://bcb.unl.edu/dbCAN2/ 
) with default settings. We manually examined the 
genomic context to validate the functional annotation of 
the candidate AMGs . Based on this, a gene was con
sidered a high-confidence viral A M G if it was located 
between two viral hallmark genes or virus-like genes or 
positioned adjacent to a viral hallmark gene or a virus
like gene. A genomic map of single-viral contigs con
taining AMGs of interest was visualised using the 
gggenes R package (Wilkins, 2023). 

Virus-microbe ratio 

Metagenomics virus-to-microbe ratios (mVMR) were 
calculated by searching for the MCP, RdRP and 
cUSCG genes as proxies for DNA viruses, RNA viruses 
and cell counts, respectively (Löpez-Garcia et al., 
2023). Based on that, we considered an mVMR below 
1 to be 'low', between 1 and 3 to be 'medium', and 
above that to be 'high'. USCGs classified as Strepto-
phyta, Arthropoda and other invertebrates were not 
considered. The metagenome assembly was screened 
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for 132 MCPs against hidden Markov models (HMMs) 
using hmmsearch v3.3 (Wheeler & Eddy, 2013) with a 
significance threshold (E-value = -5), using the pre
formed MK_Selection.hmm profiles provided by the 
authors. The HMM recognises MCPs from virtually all 
known families of DNA viruses infecting bacteria, 
archaea and eukaryotes. For RdRPs in the metatran
scriptome, a comprehensive dataset of HMM profiles of 
RdRp domains called NeoRdRp was used (Sakaguchi 
et al., 2022). In both library types, a similar hmmsearch 
was conducted for 40 universal single-copy genes 
(USCGs) from fetchMGs (https://github.com/motu-tool/ 
fetchMGs). To reduce the variation in ribosomal protein 
genes, the average relative abundances of USCGs at 
the class level were used as proxies for cell counts. 
The mVMR was calculated by selecting the top 15 most 
abundant USCGs , following Lopez-Garcia et al. (2023). 
For MCPs and RdRp gene identification and taxonomy 
assignment, geNomad-annotate (Camargo et al., 2023) 
was used, employing a marker database for viral classi
fication. USCGs were assigned to taxa via BLAST 
search against the NCBI nucleotide collection. 

RESULTS 

The quality of metagenomic and 
metatranscriptomic assembled reads 

Each millipede species was represented by three 
replicates of metagenomic and metatranscriptomic 
paired-end reads from their hindguts. Detailed assem
bly information for these libraries from E. pulchripes 
and G. connexa can be found in Nweze et al. (2024), 
which is summarised in Table S1. 

Identification of viral contigs and quality 
assessment 

In total, we identified 4693 viruses (sequences with 
virus identity) in E. pulchripes from the metagenomic 
library and 1257 viruses from the metatranscriptomic 
library (Figure 1A; Table S2). Among the identified 
metagenome-assembled viral genomes (MAVGs) from 
the metagenomic library, three were determined to be 
complete, 89 were high quality and 206 were medium 
quality. The lengths ranged from 2.4 to 248 kb 
(Figure 1B; Table S2). Additionally, 3871 MAVGs were 
classified as low-quality, and 524 MAVGs were unde
termined (no viral genes detected by CheckV). From 
the metatranscriptomic library, 21 MAVGs were high 
quality, 21 were medium quality, 1049 were classified 
as low quality, and 166 MAVGs were undetermined. 
The viral genome lengths ranged from 2.4 to 59 kb. 

In G. connexa, we identified a total of 1048 MAVGs 
from the metagenomic library, with 1 classified as 
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F I G U R E 1 The quality of DNA and RNA viruses (MAVGs) in the assembled sequence reads. (A) The number of MAVGs (complete, high-
quality and medium-quality) identified in metagenomes and metatranscriptomes from the hindgut of Epibolus pulchripes and Glomeris connexa 
and assessed by CheckV. (B) The average length of the MAVGs. (C) The number of viral genomes classified as free or provirus with evidence of 
host integration. (D) The relative abundance of the MAVGs (bottom arch) identified in metagenomes (MG) and metatranscriptomes (MT) from the 
hindgut of E. pulchripes and G. connexa. The pair-end metagenomic reads were mapped to the identified AVGs to get the coverage and 
calculate the relative abundance in transcript per million (TPM; top arch). The mean TPM was calculated from the three replicate samples and 
totalled for each taxonomic level (TPM x 105). 

complete, 24 as high-quality, and 30 as medium-quality 
(Figure 1A). Like in E. pulchripes, none of the MAVGs 
in the metatranscriptomic library were classified as 
complete. Instead, 26 high-quality viruses and 
15 medium-quality viruses were identified. Eight hun
dred and forty-six MAVGs in the metagenomic library 
and 133 in the metatranscriptomic library were of low 
quality (Table S3). Additionally, 147 MAVGs from the 
metagenomic library and 51 MAVGs from the metatran
scriptomic library could not be determined or classified. 
The lengths of the complete, high-quality and medium-
quality viral genomes ranged from 2.2 to 129.2 kb 
(metagenome) and 2.1 to 128.9 kb (metatranscrip-
tome), respectively (Figure 1B). 

Viral diversity and abundance in millipede 
hindguts 

The viral genomes analysed in this study using geNo-
mad showed no significant gene similarities with 

previously deposited reference viruses, making it chal
lenging to assign them to specific families with confi
dence. In E. pulchripes, high-quality MAVGs grouped 
into 253 free viruses and 45 proviruses (i.e., the host 
region was found on both ends of viral genomes). Con
versely, metagenome-derived high-quality viral 
genomes from G. connexa comprised 52 free viruses 
and 3 proviruses (Figure 1C). Following the ICTV 
guidelines for taxonomic classification of viruses from 
metagenomes (Simmonds et al., 2023), the viral 
genomes in the metagenome from E. pulchripes were 
classified into three realms (Table S4): Duplodnaviria 
(281), Monodnaviria (13) and Varidnaviria (2). In the 
metatranscriptome, two realms were found: Riboviria 
(27) and Duplodnaviria (15). Upon initial examination of 
their abundances, the class Caudoviricetes (98.1%) 
(Uroviricota) dominated the metagenome (Figure 1D), 
followed by Phixviricota (0.4%) and Preplasmiviricota 
(0.2%). The phylum Lenarviricota (98.9%) dominated 
the metatranscriptome, followed by Pisuviricota (0.7%). 
In the metagenome from G. connexa, 50 Duplodnaviria, 
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and 5 Monodnaviria MAVGs were the only realms 
found. It is worth noting that while the majority of 
MAVGs from this host species belonged to Duplodna-
viria, a single Monodnaviria class (Arfiviricetes) made 
up nearly 9 7 % of the relative abundance (TPN; 
Figure 1D). From the metatranscriptome, we identified 
Riboviria (32), classified into five phyla, and Duplodna-
viria (9). The phylum Cressdnaviricota (96.6%) had the 
highest relative abundance in the metagenome, fol
lowed by Caudoviricetes (2.8%) and Cossaviricota 
(0.6%). In the metatranscriptome, Caudoviricetes 
(53.5%) was the most prevalent, followed by Pisuviri-
cota (36.6%), Duplornaviricota (7.1%) and Lenarviricota 
(2.1%). 

Lifestyles and virus-host linkage 
prediction 

Successful lifestyle predictions were made for 289 DNA 
MAVGs and 7 RNA MAVGs, while in G. connexa, it 
was 50 and 14 for DNA and RNA MAVGs, respectively 
(Figure 2A; Table S5). In E. pulchripes, 5 7 % of viral 
genomes from the metagenome were lysogenic (tem
perate), while 8 6 % from the metatranscriptome were 
lytic (virulent). Similarly, 5 8 % of viral genomes from the 
metagenome in G. connexa were lysogenic, while 9 3 % 
from the metatranscriptome were virulent. The class 
Caudoviricetes predominated among the predicted viral 
genomes in both millipede species, displaying a mix of 
lysogenic and virulent lifestyles (Figure 2B). 

Putative viral hosts were successfully assigned to 
141 viral genomes from E. pulchripes (ca. 42%) and 
28 from G. connexa (ca. 2 9 % ; Table S6). The most fre
quently predicted host for the viral genomes from 
E. pulchripes was Bacteroidota (32.1%), followed by 
Bacillota (29.3%), Pseudomonadota (18.6%) and 
Desulfobacterota (8.57%; Figure 2C). In the case of 
G. connexa, the most commonly predicted host was 
Pseudomonadota (57.1%), followed by Bacteroidota 
(21.4%) and Bacillota (10.7%; Figure 2D). Additionally, 
other viruses with predicted hosts included Phixviricota 
(two Bacteroidota) and Cressdnaviricota (one Bacillota) 
in E. pulchripes, as well as Cossaviricota (one Bacteroi
dota) in G. connexa. 

Within the MAGs from E. pulchripes, we identified 
374 prophages (Figure 2E; Table S5), categorised as 
high-quality (4), medium-quality (20), low-quality (236) 
and not-determined (114). Similarly, in G. connexa, 
89 prophages were identified, categorised as high-qual
ity (4), low-quality (49), medium-quality (13) and not-
determined (23). All prophages classified as high- and 
medium-quality were assigned to the class Caudoviri
cetes, comprising 24 prophages from E. pulchripes and 
17 from G. connexa. These prophages originated from 
bacterial phyla, including Bacillota, Pseudomonadota, 
Desulfobacterota, Actinomycetota and Spirochaetota in 
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E. pulchripes, and Pseudomonadota and Bacillota in 
G. connexa. 

Amino-acid-based viral phylogeny 

Viruses lack universal genes that can be used to con
struct a unified phylogeny into which all viruses can be 
classified (Holmes, 2011; Rohwer & Edwards, 2002). 
We, therefore, reconstructed a proteomic tree based on 
translated nucleic acid sequence according to virus 
types (dsDNA/ssDNA/dsRNA/ssRNA). 

For E. pulchripes, within the DNA viruses, the domi
nant class Caudoviricetes had MAVGs clustered with 
the family Autographiviridae, whose host groups were 
Cyanobacteria (1) and Pseudomonadota (3). The rest 
were clustered into unclassified viral families associ
ated with hosts such as Pseudomonadota (19), Bacter-
iodiota (15), Actinomycetota (10), Bacillota (33), 
Cyanobacteria (4) (Figure 3A; Table S7). Two MAVGs 
clustered in the phylum Preplasmiviricota within the 
family Tectiviridae. The host for this reference family 
was Pseudomonadota (Figure 3B; Table S8). 

In the Cressdnaviricota, eight MAVGs clustered with 
the family Plectroviridae, whose host is Mycoplasma-
tota (Figure 3C; Table S8). One quality MAVG in the 
phylum Hofneiviricota was recovered and clustered as 
a distant clade of the Inoviridae family, whose host is 
Pseudomonadota (Figure 3D; Table S9). Two closely 
related and two distantly related Phixviricota MAVGs 
were assigned to the family Microviridae from the refer
ence genomes (Figure 3E; Table S8), with Pseudomo
nadota and Bacteroidota as possible hosts. 

In the RNA pool, we identified 15 MAVGs in the 
class Caudoviricetes. The majority of these MAVGs 
(9) were assigned to the Autographiviridae family with 
Pseudomonadota as hosts (Supplementary Figure 1A; 
Table S9). The remaining MAVGs (6) clustered with 
unclassified families, with Pseudomonadota (4) and 
Bacillota (2) as host groups. The three Kitrinoviricota 
MAVGs did not cluster with any known phages or 
viruses (Supplementary Figure 1B; Table S10). In the 
Lenarviricota, six MAVGs formed a distinct cluster sep
arate from the reference phages and could not be 
assigned a family or host, while two MAVGs clustered 
with phages in the family Fiersviridae, with Pseudomo
nadota as the hosts (Supplementary Figure 1C; 
Table S10). Three MAVGs assigned to Duplornaviri
cota were found within a cluster of the viral family 
Cystoviridae, with Pseudomonadota as the host (Sup
plementary Figure 1F; Table S10). As for eukaryotic 
viruses, we found several MAVGs associated with the 
phyla Lenarviricota, Pisuviricota, Picornaviridae and 
Negarnaviricota, many of which are from unclassified 
viral families. The hosts for these viruses included 
Ascomycota (fungi) and Arthropoda (Supplementary 
Figure 1D,E,G; Table S10). 
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F I G U R E 2 Lifestyles and putative host assignment to viral genomes from the hindguts of Epibolus pulchripes and Glomeris connexa. 
(A) Predicted lifestyles of the identified viral genomes. (B) Taxonomie origin of the viral genomes with predicted lifestyles. Predicted host for the 
identified viral genomes from the hindguts of (C) E. pulchripes and (D) G. connexa. (E) Putative prophages recovered from metagenome-
assembled genomes with their colour-coded bacterial and viral taxonomie origins. 

In the DNA pool from G. connexa, proteomic analy
sis of 50 MAVGs belonging to Caudoviricetes revealed 
clustering in various unclassified families. The host 

groups associated with these clusters included Pseu
domonadota (16), Actinomycetota (14), Bacillota 
(9) and unknown (11) (Supplementary Figure 2A; 
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Vibrio phage "s2(NC 331353: |3 351 n:| 
Vihn::. |-.h3fif VA 1 (NC 373753: |S 117 n:| 
Vibrio phage KSF1 (NC_BB623 I: |7 137 n:| 
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Vibrio phage VGJ (NC 33I73G: |75I2 n:| 
Vibrio phage Vühh (A 152 I 13: |S 33 I n:| 
Vibrio phage ND1-fs1 (NC_055051) |6,856 nt] 
Vibrio phage VbJ (NC 312757: |6 812 n:| 
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Enterobacteria phage WA11 (DQB79B95) |5,367 nt] 
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c_000000981473 |5,972 lit] 
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Spiroplasma phage 1 (NC 333138: |1 121 ntl 
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+ c_000007686540 [2,517 nt] 
1 Chlamydia phage I (NC 337IG1: |l 533 n:| 

Chlamydia phage phiCPAH33 (NC 332133: | I 532 n:| 
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F I G U R E 3 Proteomic tree of viral genomes (MAVGs) in metagenome from Epibolus pulchripes. (A) Genome similarity in the dsDNA viruses 
between the putative viral genome classified in the class Caudoviricetes (89) and related reference viral genomes. (B) Genome similarity in the 
dsDNA viruses between the putative viral MAVGs classified in the phylum Preplasmiviricota (2) and related reference viral genomes. 
(C) Genome similarity in the ssDNA viruses between the putative viral single-genome classified in the phylum Cressdnaviricota (8) and related 
reference viral genomes. (D) Genome similarity in the ssDNA viruses between the putative viral single-genome classified in the phylum 
Hofneiviricota (1) and related reference viral genomes. (E) Genome similarity in the ssDNA viruses between the putative viral single-genome 
classified in the phylum Phixviricota (4) and related reference viral genomes. The red stars represent each MAVG in different phyla. 

Table S11). Within the phylum Cressdnaviricota, two 
MAVGs were identified. One MAVG clustered with the 
family Circoviridae, with Mollusca as the host. The 
other MAVG clustered with an unclassified family, with 
Arthropoda identified as the host. (Supplementary 
Figure 2B; Table S12). The three MAVGs assigned to 
the phylum Cossaviricota formed a cluster with the fam
ily Parvoviridae, and the identified host for the refer
ence family was Arthropoda. In the RNA pool, nine 
MAVGs were assigned to the order Caudoviricetes. Six 
of them clustered with the family Autographiviridae, and 
the remaining three clustered with unknown families 
(Supplementary Figure 3A; Table S12). Pseudomona-
dota served as their potential host. Within the phylum 
Lenarviricota, five MAVGs clustered with the family 
Fiersviridae, while three MAVGs clustered with the fam
ily Steitzviridae (Supplementary Figure 3C; Table S12). 
The identified host group for both families was 

Pseudomonadota. However, the remaining five MAVGs 
did not form clusters with phages. Instead, they formed 
clusters with unclassified viral families with fungal hosts 
(Supplementary Figure 3D; Table S12). 

The remaining viral phyla were classified as eukary-
otic viruses. The three MAVGs within the phylum Kitri-
noviricota could also not be assigned to any known 
family but were identified as plant pathogens (Strepto-
phyta) (Supplementary Figure 3B; Table S12). The five 
MAVGs assigned to the phylum Duplornaviricota clus
tered with the different viral groups within the family 
Totiviridae with different fungal hosts (Supplementary 
Figure 3E). Within the phylum Pisuviricota, six MAVGs 
clustered with the family Picornaviridae, with Chordata 
identified as the host group. The remaining four MAVGs 
formed a separate cluster with no clear hosts (Supple
mentary Figure 3F and Table S12). In the phylum 
Negarnaviricota, the MAVG clustered within the family 
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Rhabdoviridae, with Chordata identified as the host 
group (Supplementary Figure 3G; Table S12). 

Community abundance of CRISPR-Cas 
genes and transcripts 

In the metagenomic analysis, a total of 110 CRISPR-
Cas loci were identified in the gut of E. pulchripes, 
accompanied by additional 126 orphan cas operons 
and 445 orphan CRISPR arrays (those not present in 
CRISPR-Cas loci) (Supplementary Figure 4A, 
Table S13). In the metatranscriptome, only 19 
CRISPR-Cas loci were observed, along with 83 orphan 
cas operons and 852 CRISPR arrays. Additionally, we 
found 24 putative CRISPR-Cas loci in the metagenome 
and 6 putative CRISPR-Cas loci in the metatranscrip
tome. These putative loci were classified as such 
because they consisted of lonely Cas genes adjacent 
to a CRISPR array. For G. connexa, 13 CRISPR-Cas 
loci were identified in the metagenome, along 
with 21 orphan cas operons and 99 CRISPRs. In the 
metatranscriptome, 2 orphan cas operons and 
38 CRISPRs were found. Four putative CRISPR-Cas 
loci were also observed in the metagenome, while one 
putative CRISPR-Cas locus was identified in the 
metatranscriptome. 

CRISPR-Cas systems use either multiple proteins 
(Class I systems) or a single multifunctional and multi-
domain protein to target non-self genetic material 
(Class II systems) and are further divided into six types 
and over 30 subtypes (Makarova et al., 2018). Type 
1 was the most abundant in both library types, followed 
by Type II (Supplementary Figure 4B). In the DNA pool 
of E. pulchripes, Class 1 subtype l-C was the most 
abundant (35), followed by subtype l-B (16), Class 
2 subtype ll-C (15), Class 1 subtype l-E (8) and 
Class 2 subtype 111—EE (8) (Supplementary Figure 4C). In 
the RNA pool, the CRISPR-Cas system was predomi
nantly represented by subtype l-B (8) and subtype l-C 
(5). For G. connexa, the CRISPR-Cas system was only 
predicted in the RNA pool (13) but not in the DNA. The 
most abundant subtypes in the metagenome were sub
types ll-C (4), l-E(3) and l-C (2). The arrangements of 
genes in the CRISPR-Cas system and the array direc
tion are depicted in Supplementary Figure 5. The 
orphan cas operons (Supplementary Figure 4D) and 
orphan CRISPR arrays (Supplementary Figure 4E) 
were found in both millipede species. 

Abundance and phylogenetic origins of 
CRISPR-Cas arrays and associated genes 
in MAGs 

Since CRISPR-Cas arrays cannot be taxonomically 
affiliated by themselves, we also investigated the abun
dance of CRISPR-Cas genes in MAGs to identify which 

bacterial taxa possessed them (see Tables S14 and 
S15). From E. pulchripes MAGs, we identified a total of 
61 CRISPR-Cas systems, along with 28 cas operons-
orphans and 71 CRISPR orphans (Figure 4A). Among 
the MAGs, Bacteroidota (18) and Bacillota (18) exhib
ited the highest abundance of CRISPR-Cas arrays. 
Bacillota (15) had the highest number of orphan cas 
operons, while Bacteroidota (20) and Bacillota (17) pos
sessed the highest number of orphan CRISPR arrays. 
Type I was the most abundant in most of the phyla, with 
the highest contribution from Bacillota, followed by 
Type II, with the highest contribution from Bacteroidota 
(Figure 4B). At the subtype level (Supplementary 
Figure 6A), Class 1 l-C was the most prevalent 
CRISPR-Cas system, followed by Class 2 ll-C and 
Class 1 l-B. Bacillota and Desulfobacterota predomi
nantly possessed subtype l-C, while Bacteroidota had 
a higher abundance of subtype ll-C. Subtype l-B was 
found in Bacillota and Bacteroidota. 

Different subtypes of (f) CRISPR-Cas loci, orphan 
cas genes and orphan CRISPR arrays were found in 
MAGs from E. pulchripes (Supplementary Figure 
6B,C). 

In the MAGs obtained from G. connexa, we identi
fied a total of eight CRISPR-Cas systems, three cas 
operons-orphan, and 11 CRISPR orphans (Figure 4C). 
Type I was the most prevalent, mostly contributed by 
Pseudomonadota (Figure 4D). These CRISPR-Cas 
systems included subtypes l-C from Pseudomonadota 
and Bacillota, ll-C from Bacteroidota and Pseudomona
dota, and lll-A and VI-B1 from Bacillota and Bacteroi
dota (Figure 6D). Similarly, these phyla also possessed 
a few orphan cas operons and CRISPR arrays 
(Figure 6E and F). The arrangements of genes in the 
CRISPR-Cas system and the array direction are 
depicted in Supplementary Figure 7. 

Metabolic pathways 

A total of 135 AMGs were identified in both millipede 
species (Tables S17 and S18). These AMGs were 
composed of 32 distinct AMGs within 75 distinct 
MAVGs. In the metagenome libraries from E. pul
chripes, 27 distinct AMGs (out of a total of 103) were 
found in 55 distinct MAVGs, while in the metagenome 
libraries from G. connexa, 12 distinct AMGs (out of a 
total of 14) were found in 9 distinct MAVGs. In the 
metatranscriptome from E. pulchripes, three distinct 
AMGs (out of a total of 11) were detected in eight dis
tinct MAVGs. Similarly, in the metatranscriptome from 
G. connexa, four distinct AMGs (out of a total of seven) 
were found in three distinct MAVGs. Except for two 
MAVGs that were assigned to the phyla Phixviricota 
and Cressdnaviricota, which represent ssDNA viruses, 
the remaining MAVGs containing AMGs were assigned 
to the class Caudoviricetes (dsDNA viruses; 
Tables S16-S18). These AMGs participate in various 
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F I G U R E 4 Phylogenetic origins of CRISPR-Cas systems and associated genes in the metagenome-assembled genomes (MAGs) from 
Epibolus pulchripes and Glomeris connexa. (A) The total number of CRISPR-Cas loci, orphan cas genes, and CRISPR arrays in MAGs from 
E. pulchripes with colour-coded phyla. (B) Different types of all CRISPR-Cas systems in MAGs recovered from E. pulchripes. (C) A total number 
of CRISPR-Cas loci, orphan cas genes, and CRISPR arrays in MAGs from G. connexa with colour-coded phyla, (b) Different types of all 
CRISPR-Cas systems in MAGs recovered from G. connexa. 

pathways associated with amino acid metabolism 
(55 AMGs), carbohydrate metabolism (46), 
metabolism of cofactors and vitamins (13), energy 
metabolism (10), sulphur relay system (7), glycan bio
synthesis and metabolism (3), biosynthesis of other 
secondary metabolites (1) and lipid metabolism (1). 

For carbohydrate metabolism, 42 AMGs were clas
sified as Carbohydrate-Active enzymes (CAZymes), 
which included five carbohydrate-binding modules 
(CBMs) from the CBM32 (1) and CBM50 (4) families, 
as well as 40 glycosyl hydrolases (GHs) from the GH23 
(15), GH19 (8), GH18 (5), GH25 (1) and GH108 (7) fam
ilies (Figure 5A and Table S16). Most of these 
CAZymes (30) were obtained from the metagenomic 
MAVGs of E. pulchripes. Among them, 10 GHs (GH18 
and GH19) were found to potentially target chitin, while 
32 other CAZymes were associated with chitin or pepti-
doglycan as their potential substrates. CAZymes exclu
sively involved in peptidoglycan degradation were 

excluded since they are viral hallmark genes. In addi
tion, AMGs identified in carbohydrate metabolism 
included 2,3-bisphosphoglycerate-dependent phospho-
glycerate mutase (gpmB), lactoylglutathione lyase 
(gloA), phospholipase C (pic) and 2-oxoglutarate ferre-
doxin oxidoreductase subunit delta (korD). Among 
these, gpmB, gloA and pic AMGs were derived from 
metagenomic MAVGs of E. pulchripes (Figure 5B), 
while the korD A M G belonged to metagenomic MAVGs 
of G. connexa (Figure 5C). 

The most abundant AMGs were primarily involved 
in amino acid metabolism. Among them, the dcm, 
DNMT3A, and me fKAMGs , which are involved in cys
teine and methionine metabolism, were particularly 
abundant in metagenomic MAVGs from E. pulchripes. 
Only a few of these AMGs were found in the metatran-
scriptomic MAVGs of both millipede species 
(Figure 5B,C). The identification of four phnP indicated 
that these genes might contribute to phosphate 
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F I G U R E 5 Distribution of virus auxiliary metabolic genes (AMGs) in the metagenome-assembled viral genomes (MAVGs) from the hindguts 
of Epibolus pulchripes and Glomeris connexa. (A) The AMGs in the form of Carbohydrate-Active enZYmes (CAZymes) recovered in the 
metagenome and metatranscriptome from E. pulchripes and G. connexa. These CAZymes were annotated using the dbCAN3 server. The AMGs 
involved in various metabolisms and biosynthesis recovered in the metagenome and metatranscriptome from E. pulchripes (B) and G. connexa 

(C). (D) Representative arrow maps of the detected AMGs from MAVGs recovered. Annotation was done using geNomad and VIBRANT. 

solubilisation by their host. The presence of seven dis
tinct genes for the metabolism of eofactors and vita
mins indicated the potential role of viruses in the 
biosynthesis of cobalamin (cobS, cobT and bchE), 
folate (folA) and niacin (nadE, nadV and pncA). Addi
tionally, we also identified two AMGs that are likely 
involved in the sulphur relay system (mec and moeB). 
Figure 5D, Supplementary Figures 8-10 depict the 
genomic arrangement of the detected AMGs in differ
ent MAVGs. 

DNA and RNA virus-microbe ratio 

The estimated viral-microbial ratio (mVMR) in both 
types of libraries was low for the two millipede species, 
ranging from 0.120 to 0.619 for DNA viruses and only 
0.0163 to 0.0198 for RNA viruses (Figure 6A,B, 
Tables S19 and S20). When the relative abundance of 
USCGs was averaged at a lower taxonomie level, the 
estimated mVMR decreased by approximately twofold. 
As expected, most of the MCPs in the metagenome 
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F I G U R E 6 Virus-to-microbe ratio and the frequency of viral taxa and major microbes from the hindguts of Epibolus pulchripes and Glomeris 
connexa. (A) Normalised counts (TPM) of DNA viruses (MCPs), RNA viruses (RdRPs) and cells (USCGs) from the cellular domains (bacteria, 
archaea, fungi, algae, protists and gut worms). (B) The virus-to-microbe ratio was calculated by averaging the identified USCGs at the class 
level. (C) Taxa of DNA viruses based on phylogenetic assignment of MCPs. (D) Taxa of RNA viruses based on the phylogenetic assignment of 
RdRPs. (E) Bacteria cells based on the phylogenetic assignment of USCGs. (F) Eukaryotic cells based on the phylogenetic assignment of 
USCGs. Normalised counts (TPM) of DNA viruses (MCPs) were obtained from the metagenome, while RNA viruses (RdRPs) were obtained 
from the metatranscriptome. Cells (USCGs) were obtained from both the metagenomic and metatranscriptomic libraries to normalise with MCPs 
and RdRPs, respectively. 

were classified as Caudoviricetes in both millipedes 
(Figure 6C). In contrast, the RdRP for RNA viruses 
showed higher diversity, with Duplornaviricota dominat
ing E. pulchripes and Pisuviricota dominating 
G. connexa (Figure 6D). The bacterial taxa identified 
through USCGs were in agreement with the microbial 
composition obtained from the MAGs (Figure 6E). 
Archaea (Figure 6E) and microbial eukaryotes were 
also present (Figure 6F). 

DISCUSSION 

Previous research on millipedes concentrated primarily 
on RNA viruses and on ssDNA viruses of the 

Cressdnaviricota phylum (Li, Shi et al., 2015; Kirsch 
et al., 2021; Shi et al., 2016), partly due to the potential 
role of arthropods as carriers of plant and animal 
viruses. Conversely, phages, which constitute the large 
majority of DNA viruses in many environments (Kirsch 
et al., 2021), remain unexplored in millipedes. Based 
on MAVGs, we report on both DNA and RNA viruses 
and provide a detailed analysis of phage-host interac
tions and their suspected impact on millipede gut 
functioning. 

Overall, we assembled over five times more MAVGs 
from E. pulchripes metagenomes than from 
G. connexa, although we encountered challenges in 
assembling complete viral genomes. This was not sur
prising, considering that the bacterial load and diversity 
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in E. pulchripes are much higher (Koubova 
et al., 2023). In contrast, the number of RNA MAVGs in 
both millipede species was on par. Overall, the differ
ences in viral diversity between the two millipede spe
cies reflected the bacterial diversity found in each host 
species and matched it well according to host and 
AMG predictions in the viral MAVG dataset, 
and CRISPR-Cas classifications in the bacterial MAG 
dataset. Naturally, at this point, it cannot be excluded 
that some of those differences reflect the hosts' rearing 
conditions or stochastic colonisation processes rather 
than being part of the species' core gut virome. 

Largely consistent with our classification of MCP 
sequences, >90% of DNA MAVGs belonged to the 
Caudoviricetes (previously Caudovirales). These 
viruses can be lytic or lysogenic and make up more 
than 8 5 % of sequences in public genomic databases, 
dominating most metaviromes, including those found in 
termite guts (Dion et al., 2020; Li, Shi, et al., 2015; 
Kirsch et al., 2021). Existing reference datasets mainly 
contain members of the Caudoviricetes with genome 
sizes of 16-500 kb. This stems from their predomi
nance in nature but also from previous recommenda
tions to filter out genomes smaller than 10 kb (Eren 
et al., 2021). Other frequently overlooked viruses that 
have smaller genomes: Microviridae (starting from 
4.4 kb; Ackermann, 1998), Leviviricetes (from 3.7 kb; 
Tikhe & Husseneder, 2018), Circoviridae (from 1.7 kb; 
Kirsch et al., 2021), Totiviridae (from 4.6 kb; Ghabrial 
et al., 2015), Potyviridae (from 8 kb; Pasin et al., 2022). 
These viruses were prominent members of the viral 
community in our dataset. Previous studies demon
strated that current procedures in viral ecology are 
biased towards Caudoviricetes and that size thresholds 
below 10 kb might be needed for the discovery of previ
ously overlooked viruses (e.g., Kauffman et al., 2018; 
Roux, Krupovic, etal., 2019). 

Moreover, similar to termite guts (Marynowska 
et al., 2020), we found that nearly all CRISPR 
sequences originated from Caudoviricetes, further 
demonstrating their dominance in this system. Based 
on this and the general importance of bacteria in milli
pede guts, we assume these viruses are the main viral 
players impacting the millipede gut functioning. How
ever, we also recovered Microviridae (ssDNA) and Tec-
tiviridae (linear dsDNA) MAVGs from metagenomes of 
both millipede species. While generally low in abun
dance based on RdRP estimates, we found evidence 
that positive-sense RNA viruses of the class Leviviri
cetes play a role in G. connexa. Before 2021, 
Leviviricetes contained only four viruses, and these 
MAVGs represent a valuable addition to sequence 
repositories (Callanan et al., 2021). Concerning viruses 
infecting eukaryotes, it is most likely that fungal and 
protozoan viruses have the potential to influence milli
pede gut functioning. Interestingly, in G. connexa, the 
most prominent DNA MAVG belongs to the circular, 

Rep-encoding single-stranded (CRESS) DNA viruses 
of the order Cirlivirales, which contains two families: 
Circoviridae, known to infect animals, and Vilyaviridae 
infecting Giardia (Krupovic et al., 2020). In G. connexa, 
this MAVG had about 150 times higher TPM value than 
the most abundant Caudoviricetes MAVG. At the level 
of RNA viruses and based on RdRP genes, viruses of 
the Partitiviridae, Endornaviridae and Totiviridae consti
tuted the most abundant members of the RNA virus 
community, potentially infecting fungi and protozoa. 
These viral families were also well represented among 
the RNA MAVGs. Nweze et al. (2024) postulated that 
fungal biomass plays an important role in the diet of the 
millipede and its microbiome. Additional support for this 
comes from the high fraction of AMGs predicted to 
encode glycoside hydrolases involved in chitin degra
dation. Potyviridae (class Pisuviricota) encompasses 
over 3 0 % of known plant viruses, many of which hold 
significant agricultural importance (Pasin et al., 2022; 
Riechmann et al., 1992). Whether they are resident 
members of the gut virome, or simply transiently intro
duced with the ingested plant material, remains to be 
studied. However, their presence in both species sug
gests that millipedes might be important vectors for 
plant viruses. 

Except for two MAVGs, all predicted AMGs in this 
study were derived from Caudoviricetes. When actively 
reproducing, these phages are hypothesised to affect 
the metabolic functioning of their hosts. To which 
degree this is happening remains difficult to predict. 
The main hosts of phage MAVGs belong to the Bacter-
oidota and Pseudomonadota, which have recently 
been identified as the primary bacterial agents of com
plex polysaccharide degradation in E. pulchripes and 
G. connexa (Nweze et al., 2024; Winter et al., 2010). 
Our low mVMR estimates, combined with the preva
lence of lysogenic viruses and the finding of a high pro
portion of type I and a low proportion of type III 
CRISPR-Cas systems, especially in E. pulchripes, sug
gests that the millipede guts follow a PtW dynamic 
(Goldberg et al., 2018; Nobrega et al., 2020; Rollie 
et al., 2020; Touchon et al., 2016; Watson et al., 2021). 
This would bring active viral reproduction and lysis (and 
thus A M G activity) under the governance of yet insuffi
ciently understood controls of lysogenic to lytic switch
ing (Howard-Varona et al., 2017; Knowles et al., 2016). 
However, the ecological framework of phage life strate
gies, like KtW and PtW, is still debated. The transition 
between strategies depends on factors such as nutrient 
availability, host physiology and phage type (Zhang 
etal., 2017). 

Lysogenic phages can have subtle yet significant 
impacts on millipede hosts, affecting their immune 
responses, nutrition and microbial communities (Keen & 
Dantas, 2018). These phages can make non-patho
genic bacteria virulent (Wagner & Waldor, 2002), 
potentially influencing the millipede's immunity. Altered 
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bacterial metabolism due to lysogeny can indirectly 
affect millipede nutrition. Additionally, lysogenic phages 
can modify the gut microbiota, impacting food diges
tion. Some lysogenic phages carry resistance genes, 
potentially safeguarding millipedes from harmful patho
gens and contributing to their overall health. Six out of 
the 10 most abundant Caudoviricetes DNA MAVGs in 
E. pulchripes were predicted to be lysogenic and, 
according to our metatranscriptomic data, were not 
actively reproducing at a high level. In G. connexa, 
Caudoviricetes DNA MAVGs were much less promi
nent (ca. 10 times less abundant than their counter
parts in E. pulchripes) but, following our 
metatranscriptomic data, were actively reproducing at a 
high rate. The observed prophages from MAGs were 
predominantly defective or incomplete. While incom
plete prophages may not enter the lytic cycle, poten
tially rendering their host susceptible to competition 
from related strains for space and nutrients, they can 
still provide crucial remnant genetic material to the host 
(Nepal et al., 2022). Nevertheless, it is important to 
acknowledge that the incompleteness of our MAVGs 
could have impacted our predictions regarding viral life
styles and may have limited our ability to detect lyso
genic genes. 

Based on AMGs identified in this study, we hypothe
sise that during active replication, viruses in the hindgut 
of millipedes influence important metabolic functionali
ties, including chitin degradation, vitamin biosynthesis, 
amino acid and sulphur metabolism. However, the 
lower number of AMGs due to the absence of viral hall
mark or viral-like genes, particularly in G. connexa, 
might stem from the incompleteness of our MAVGs. 

Not surprisingly, the composition of bacteria har
bouring CRISPR-Cas systems reflected the general 
microbial composition in the guts. Similar results were 
observed in an in-depth survey of the CRISPR-Cas 
systems of the human microbiome (Munch et al., 
2021). Moreover, as in termite guts (Marynowska 
et al., 2020), we found that nearly all CRISPR 
sequences originated from Caudoviricetes, further dem
onstrating their dominance in this and other arthropod 
systems. Almost only CRISPR-Cas subsystems effec
tive against DNA viruses (namely, I, II) were detected. 
While these are typically the more dominant ones in 
nature (Watson et al., 2021), the higher-than-expected 
proportion of subtype II CRISPR-Cas is in agreement 
with the recent claim regarding their prevalence in host-
associated systems (Weissman et al., 2019). 

CONCLUSIONS 

Our study represents the first comprehensive investiga
tion of DNA and RNA viral communities in the hindguts 
of millipedes. Despite their importance, arthropods are 

N W E Z E ET AL. 

still understudied concerning their virome and bear con
siderable potential for discovering novel viral lineages. 
Many of the ecological functions of arthropods, detriti-
vores, and others depend on their microbiome. Learn
ing how the virome can modulate the microbial 
composition in arthropod guts may help us uncover the 
potential role of viruses in biogeochemical cycling. Ear
lier research (Hunter & Fusco, 2022) suggested that 
lysogenic phages can protect their bacterial hosts from 
other phages through superinfection immunity. Since 
millipedes inhabit soil, their gut bacteria likely encoun
ter various environmental phages. It would be intriguing 
to explore whether millipede gut phages offer superin
fection immunity to safeguard the gut microbiota from 
environmental bacteriophages. In the future, millipedes 
may serve as a model system to investigate the inter
play between bacteria, phages and intestinal protozoa 
in detritivores. 
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pulchripes. (a) Proteomic similarity in the dsDNA viruses between the metagenome-assembled 

viral genomes (MAVGs; 15) classified in the phylum Urovihcota (order Caudovihcetes) and 

related reference viral genomes, (b) Genome similarity in the ssRNA viruses between the MAVGs 

classified in the phylum Kitrinoviricota (3) and related reference viral genomes, (c) Genome 
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similarity in the ssRNA viruses between the M A V G s classified in the phylum Lenarviricota (8), 

prokaryotic and (d) eukaryotic reference viral genomes, (e) Genome similarity in the ssRNA viruses 

between the M A V G s classified in the phylum Pisuviricota (12) and related eukaryotic reference 

viral genomes, (f) Genome similarity in the dsRNA viruses between the M A V G s classified in the 

phylum Duplornaviricota (3) and related prokaryotic reference viral genomes, (g) Genome 

similarity in the dsRNA viruses between the M A V G s classified in the phylum Negarnaviricota (1) 

and related eukaryotic reference viral genomes. See Fig. 2 and the Materials and Methods for how 

the tree was generated. The red stars represent each M A V G from our metatranscriptome. 
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Supplementary Fig. 2. Proteomic tree of viral genomes in metagenome from G. connexa. (a) 
Genomic similarity in the dsDNA viruses between the metagenome-assembled viral genomes (55 
MAVGs) classified in the phylum Urovihcota (class Caudovihcetes) and 4463 related reference 
viral genomes, (b) Genomic similarity in the ssDNA viruses between the M A V G s classified in the 
phyla Cossaviricota and Cressdnaviricota, and related reference viral genomes. See Fig. 2 and the 
Materials and Methods for how the tree was generated. The red stars represent each M A V G from 
our metagenome. 
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Supplementary Fig. 3. Proteomic tree of viral genomes in the metatranscriptome from G. 

connexa. (a) Genomic similarity in the dsDNA viruses between the M A V G s classified in the 

phylum Uroviricota (9) and 4463 related reference viral genomes, (b) Genome similarity in the 

ssRNA viruses between the M A V G s classified in the phylum Kitrinoviricota (3) and 203 related 

reference viral genomes, (c) Genome similarity in the ssRNA viruses between the M A V G s 

classified in the phylum Lenarviricota (13) and 20 prokaryotic and (d) 59 eukaryotic reference viral 

genomes, (e) Genome similarity in the ssRNA viruses between the M A V G s classified in the phylum 

Duplornaviricota (5) and 108 related eukaryotic reference viral genomes, (f) Genome similarity in 
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the dsRNA viruses between the M A V G s classified in the phylum Pisuviricota (10) and 54 related 

eukaryotic reference viral genomes, (g) Genome similarity in the dsRNA viruses between the 

MAVGs classified in the phylum Negarnaviricota (1) and 44 related eukaryotic reference viral 

genomes. See Fig. 2 and the Materials and Methods for how the tree was generated. The red stars 

represent each M A V G from our metatranscriptome. 
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Supplementary Fig. 4 CRISPR-Cas loci and the associated genes in the metagenomic and 

metatranscriptomic libraries from the hindguts of E. pulchripes and G. connexa. (a) Total 

number of CRISPR-Cas loci, orphan Cas-genes and CRISPR arrays in both library types from the 

two millipede species, (b) Number of different type of CRISPR-Cas systems from both library from 

E. pulchripes and G. connexa. (c) The number of subtypes of CRISPR-Cas loci in both library types 

(lacking in the metatranscriptome from G. connexa). (d) The number of orphan Cas-operons (those 

not present in CRISPR-Cas loci) and (e) orphan CRISPR arrays in both library type. 
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Supplementary Fig. 5. Arrangements and directions of the CRISPR-Cas systems identified in 

the metagenomes and metatranscriptomes from E. pulchripes and G. connexa. (a) The 

CRISPR-Cas systems in the metagenome and (b) metatranscriptome from E. pulchripes. (c) The 

CRISPR-Cas systems in the metagenome from G. connexa. 
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Supplementary Fig. 6. Phylogenetic origins of CRISPR-Cas systems and associated genes in 

the MAGs from E. pulchripes and G. connexa. (a) Total number of CRISPR-Cas loci, orphan Cas 

genes and CRISPR arrays in M A G s from E. pulchripes with colour-coded phyla. Different subtypes 

of (b) CRISPR-Cas loci (c) orphan Cas genes (d) orphan CRISPR arrays found in M A G s from E. 

pulchripes. (e) Total number of CRISPR-Cas loci, orphan Cas genes and CRISPR arrays in M A G s 

from G. connexa. Different subtypes of (f) CRISPR-Cas loci (g) orphan Cas genes (h) orphan 
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CRISPR arrays found in M A G s from G. connexa. Top arch - CRISPR-Cas subtypes. Bottom arch -

phyla. 
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Supplementary Fig. 7. Arrangements and 

directions of the CRISPR-Cas systems 

identified in the MAGs from E. pulchripes 

and G. connexa. Each CRISPR-Cas system 

identified in our study was labelled with the 

specific phylum of the metagenome-assembled 

genomes (MAGs) from which it originated in 

each millipede species. 
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Supplementary Fig. 8. Arrow maps of the detected virus auxiliary metabolic genes (AMGs) 

from the metagenome-assembled viral genomes (MAVGs) recovered in metagenome from the 

hindgut of E. pulchripes. 
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Supplementary Fig. 9. Arrow maps of the detected virus auxiliary metabolic genes (AMGs) 

from metagenome-assembled viral genomes (MAVGs) recovered in metatranscriptome from 

the hindgut of E. pulchripes. 
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Supplementary Fig. 10. Arrow maps of the detected virus auxiliary metabolic genes (AMGs) 

from metagenome-assembled viral genomes (MAVGs) recovered in metagenome and 

metatranscriptome from the hindgut of G. connexa. 
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Abstract 

Millipedes are believed to rely on their gut microbiome to process plant-litter-

cellulose via fermentation, like many other arthropods. However, this belief 

needs more evidence. To examine this, we disrupted the gut microbiota of 

juvenile Epibolus pulchripes (tropical, methane-emitting) and Glomeris 

connexa (temperate, non-methane-emitting) using inhibitors and isotopic 

labelling. Feeding them sterile or antibiotics-treated litter notably reduced 

faecal production and microbial load without major impacts on survival or 

weight. Bacterial diversity stayed similar, with Bacteriodota dominant in E. 

pulchripes and Pseudomonadota in G. connexa. Sodium-2-

bromoethanesulfonate treatment halted C H 4 emissions in E. pulchripes after 14 

days, but it resumed after returning to normal feeding. Employing 1 3C-labelled 

leaf litter and R N A - S I P showed a slow and gradual prokaryote labelling, 
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indicating a significant density shift only by day 21. Surprisingly, labelling of 

the fungal biomass was somewhat quicker. Our results suggest that the gut 

microbiota might not be essential for cellulose digestion. 

Introduction 

Like most animals, invertebrates build complex partnerships with diverse 

microbial communities (Petersen & Osvatic 2018), contributing to their 

evolutionary and ecological success (Moran et al. 2019). The host-associated 

microorganisms serve multiple roles, such as supporting the host's nutritional 

needs (Douglas 2009), influencing sexual development (Perlmutter & 

Bordenstein 2020), and modulating the immune system (Hurst & Darby 2009). 

This concept gave rise to the notion of animals as "holobionts", where the host 

and its microbiota are considered a single ecological entity (Bordenstein & 

Theis 2015; Zilber-Rosenberg & Rosenberg 2008). Recent studies on 

microbiomes support the widespread prevalence of microbial partnerships 

across the animal kingdom (Russell et al. 2014; Vavre & Kremer 2014). 

While most invertebrates have microbial associations, their reliance on them 

varies widely. Termites, for instance, depend entirely on their gut microbiota 

for nutrition (Brune 2014). Conversely, many other arthropods may lack a 

resident gut microbiota and develop fully even germ-free (Hammer et al. 2019). 

Most arthropods generally fall between these extremes, relying on their 

microbiota for some form of support (e.g. cockroaches (Mikaelyan et al. 2016; 

Tinker & Ottesen 2016) or isopods(Bouchon et al. 2016; Mattila et al. 2014). 

Detritivorous and xylophagous animals typically rely on gut microorganisms 

for cellulose digestion. Although animal cellulases are found in some gut 

systems (Watanabe & Tokuda 2001), (ligno)cellulolytic bacteria and fungi are 
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generally deemed necessary for hydrolysis and fermentation, releasing short-

chain fatty acids, which get absorbed by the host (Schmidt & Engel 2021). 

Millipedes (Diplopoda) are important detritivores widely distributed and 

abundant in many temperate and tropical ecosystems (Kime & Golovatch 

2000). Despite their status as keystone species in tropical and temperate forests 

(Crawford 1992), they have been understudied compared to other detritivores, 

with little focus on their microbiome. Because of the nutrient-poor nature of 

plant litter, millipedes contend with low assimilation efficiencies through high 

ingestion rates to compensate (David 2014). Like other arthropods, millipedes 

host diverse gut microorganisms (Byzov 2006). In particular, the central 

hindgut was shown to host the highest density of microorganisms, which attach 

to its cuticle, while the foregut and midgut contain mostly transient inhabitants 

(Nardi et al. 2016). Various studies suggest that certain millipede gut bacteria 

possess enzymes for breaking down plant polysaccharides (Alagesan 2003; 

Koubova et al. 2023; Nweze et al. 2024; Ramanathan & Alagesan 2012; Sardar 

et al. 2022a; Taylor 1982). If millipedes rely on cellulose for their nutrition, 

then fermentation followed by methanogenesis should occur extensively in their 

guts, similar to ruminants or wood-feeding termites (Brune 2014). However, 

methanogenesis has only been observed in some millipede species, but not 

others, and its occurrence correlated to the millipede's size (Sustr et al. 2014a). 

Despite these findings, direct proof of gut microorganisms supporting the 

millipede's nutritional needs has not been demonstrated. A n alternative 

hypothesis suggests millipedes foster microbial growth in litter, potentially 

digesting the resulting fungal and bacterial biomass (Bignell 1989). 

To assess the role of the millipede gut microbiota, we conducted experiments 

using two model species: the CH 4-emitting Epibolus pulchripes (Spirobolida) 

and the non-CH 4-emitting Glomeris connexa (Glomerida), which do not emit 
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C H 4 . E. pulchripes is a large millipede (130-160 mm) common along the East 

African coast (Enghoff 2011), while G. connexa is smaller (10-17 mm) and 

native to Central Europe (Hoess & Scholl 2001). We examined the effects of 

inhibitors on body weight, survival, faecal bacterial load, gut bacterial 

composition, and C H 4 production. Additionally, we identified metabolically 

active hindgut prokaryotes using 1 3 C - R N A - S I P . 

Materials and Methods 

Animal collection and maintenance 

We used juvenile E. pulchripes from our lab breeding colony and wild-caught 

G. connexa from Czechia (forest locality of Helfenburk near Bavorova; 

49°8'10.32"N, 14°0'24.21"E). No specific permit was required for the 

collection. Species identification relied on morphological features (Gerstaecker 

1873; Kocourek et al. 2017); data not shown). Before use, the animals were 

kept in the lab for several weeks. Both species were housed in perforated plastic 

terraria, filled with commercial sand as a substrate, broken terracotta pots for 

shelter, and locally collected or purchased (see below) Canadian poplar 

(Populus x canadensis) leaf litter (see below). Moisture was maintained by 

spraying with tap water every other day. Both species experienced a 12-hour 

photoperiod. E. pulchripes was housed individually in a box (19.3 x 13.8 x 5 

cm) at 25 °C and in a climate-controlled room. Meanwhile, five G. connexa 

individuals were kept in each box (15 x 10 x 4 cm) in an incubator 

( T E R M O B O X L B T 165, Vanellus s.r.o.) at a temperature of 15 °C. 

Antibiotic curing 

Each millipede species comprised 40 individuals split into four groups of ten: 

Control, Sterile, diluted antibiotics (2X-Diluted in E. pulchripes and 5X-Diluted 
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in G. connexa) and undiluted antibiotics (Undiluted in E. pulchripes and 2X-

Diluted in G. connexa). Briefly, the Control group was fed untreated, senesced 

leaves, the Sterile group was fed autoclaved leaves, and the antibiotics-treated 

groups were fed autoclaved leaves treated with antibiotics. E. pulchripes groups 

were fed around 2.4 g of litter, while G. connexa groups received 0.5 g. Just 

before feeding, the leaf litter was sprayed with 500 u l of tap water (Control), 

sterile distilled water (Sterile), or antibiotics solution containing penicillin G : 

10,000 units ml" 1, streptomycin sulfate: 10 ug ml" 1 and amphotericin B : 25 ug 

ml" 1 (Thermo Fisher Scientific), following Zimmer and Bartholme (2003). The 

terraria, sand, and litter were replaced every 7 days to maintain hygiene. 

The animal fitness was followed for 42 days by aseptically measuring their 

weights on a Sartorius digital scale with an accuracy of O.Olg. During feeding, 

three pellets of fresh faeces (0.15-0.19 g for E. pulchripes and 0.01-0.02 g for 

G. connexa) were sampled from the millipede boxes, suspended in phosphate 

buffer (2mL; pH 7.4), plated in triplicates on Lysogeny broth (LB) agar plates 

and incubated at 25 °C. After 16 h, the colonies were counted and used to 

quantify the bacterial load. The remaining faecal material was counted and kept 

at -20 °C for D N A extraction. Methane emission was also monitored (see 

below). 

Inhibition of methanogenesis 

Thirty E. pulchripes individuals were divided into three groups of ten. The 

Control group was fed on untreated litter, while the other two groups were fed 

litter treated with 5 m M (5mM-Na-BES) and 10 m M ( lOmM-Na-BES) of 

sodium 2-bromoethanesulfonate (Na-BES; Sigma-Aldrich) to inhibit 

methanogenesis. Moisture was maintained by spraying with sterile tap water or 

Na-BES solution every other day. The animals' weight and C H 4 production 
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were regularly monitored for 64 days. Methane emission measurements were 

conducted by placing the millipedes in sealed glass bottles, with wet filter paper 

pieces, to maintain humidity (volume 130 ml for E. pulchhpes; 30 ml for G. 

connexa; Thermo Fisher Scientific) for 4 h at 20 °C. The control was glass 

vessels without animals. Headspace samples (0.5 ml) were collected at the start 

and the end of incubation using a gas-tight syringe and analysed on a gas 

chromatograph (HP 5890 series II; Hewlett Packard, Palo Alto, C A , U S A ) 

equipped with a 2 m Porapak N column at 75 °C and an FID detector. The 

difference in C H 4 concentration between the two time points was used to 

calculate the production rate (in nmol mg-1 d-1). 

Identification and enumeration of protists and 

symbiotic methanogens 

Fourteen days post-CH 4-inhibition, fresh E. pulchripes faecal pellets were 

crushed using a sterilised mortar and pestle, vortexed in 5 ml of I X phosphate 

buffer saline (PBS) solution (pH 7.2), and then incubated at room temperature 

for 2-6 h to dissolve the aggregates. After spin-down, 2 u l of the supernatant 

was examined under a bright-field microscope using a Neubauer chamber 

(Sigma-Aldrich). Protists were identified and enumerated. Part of the 

supernatant was also fixed at 4 °C for 1.5 hours with 2% paraformaldehyde 

(PFA; Sigma-Aldrich), subjected to sequential vacuum filtration through 10 um 

and 0.2 um white polycarbonate filters (Sigma-Aldrich). These filters were air-

dried and stored at -20 °C for Catalysed Reporter Deposition Fluorescence in 

situ Hybridization (CARD-FISH) analysis. 

For C A R D - F I S H , specific H R P rRNA-targeting oligonucleotide probes were 

used (biomers.net). These included a universal probe for archaea 

(ARC915;Stahl 1991), Methanobactehales (MB311; (Crocetti et al. 2006)) and 
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Methanomascilliicoccales (RC281r_mod; modified from (lino et al 2013). A 

nonsense probe (NON-EUB338; (Wallner et al 1993)) served as a negative 

control (Table SI). Probe coverage and specificity were assessed with 

TestProbe on A R B Silva (Quast et al. 2013). Hybridisation stringency was 

evaluated in silico using the Mathfish platform (Yilmaz et al, 2011) and 

confirmed with optimised formamide concentration (Sigma-Aldrich; Table SI). 

The filters were prepared following the Piwosz et al (Piwosz et al. 2021). See 

Supplementary material for further details. Filters were mounted on a glass 

slide and visualised using an O L Y M P U S B X 5 3 epifluorescence microscope 

(Olympus Optical Ltd.). Methanogens per ciliate were manually counted. 

Positive (using a general archaeal probe) and negative (no probe and a nonsense 

probe) control filters were also analysed. 

Stable isotope labelling of RNA 
For the SIP experiment, three replicates from separate terraria were used for 

each species. E. pulchripes had one individual per replicate, while G. connexa 

had five to adjust for size differences. Millipedes were fed 99.9% 1 3C-labelled 

Canadian-poplar leaves (IsoLife, Netherlands). Control groups were fed 

unlabelled leaves. Temperature (25 °C and 15 °C) and humidity (50-60%) were 

consistently maintained. Before the main experiment, a preliminary feeding test 

determined the ideal labelling duration and sampling intervals. Two individuals 

per species received 0.5 g and 0.05 g of labelled litter weekly for 14 days. 

Faecal samples were collected every 2 days for isotopic labelling analysis. 

To quantify isotopic labelling before D N A sequencing, 1.9 g of faeces from 

each millipede species were dried in a SpeedVac D N A 1 3 0 (Thermo Fisher 

Scientific) at 45 °C for 3 h. Dried samples were weighed, and 25 ug were 

transferred into triplicate tin capsules. Isotopic labelling was assessed at the 
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Stable Isotope Facility, Biology Centre C A S , using a Thermo Scientific™ 253 

Plus™ 10 k V I R M S equipped with a SmartEA Isolink and GasBench II 

(Thermo Fisher Scientific). The 1 3 C at% was calculated following Hayes 

(2004). Animals were sacrificed on days 3, 7, 14, and 21, dissected following 

Sardar et al. (2022b) and stored at -20 °C for subsequent analysis. 

Nucleic acid extraction and quantification 
D N A and R N A were immediately extracted from fresh hindgut and faeces 

samples, purified and quantified according to Angel et al. (2021). Hindgut 

samples from the SIP experiment measured 0.677-1.108 g for E. pulchripes and 

0.083-0.092 g for G. connexa. Pooled faecal pellet samples from the antibiotics 

curing and inhibition of methanogenesis experiments were 0.43-0.59 g for E. 

pulchripes and 0.2-0.4 for G. connexa. See Supplementary material for further 

details. 

Isopycnic ultra-centrifugation of 1 3 C labelled RNA 
Following R N A purification, density gradient centrifugation was performed in 

caesium trifluoroacetate (CsTFA) density gradients following a previously 

published protocol (Angel et al, 2020). See Supplementary material for further 

details. 

Gene quantification, amplicon library construction and 
sequencing 
D N A extracts from the antibiotics treatment experiment (24 samples per 

species) were subjected to 16S-rRNA-gene quantification using the QX200 

AutoDG Droplet Digital P C R System (ddPCR; Bio-Rad), primers 338F—805R 

and the 516P F A M / B H Q 1 probe (Yu et al. 2005). D N A extracts from the 

methanogenesis inhibition experiment were used for quantifying the mcrA gene 

as a marker for methanogens using primers mlas_mod and mcrA-rev, according 
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to Angel et ah (Angel et ah 2011). Before sequencing, the c D N A from the SIP 

fractions (160 samples for each millipede species) was used for quantifying the 

16S-rRNA of bacteria using the same method as mentioned above and the 18S 

copies of fungi using the FungiQuant system (Liu et ah 2012). For amplicon 

sequencing, the V 4 region of the 16S r R N A gene was amplified and sequenced 

in a two-step protocol on an Illumina MiniSeq platform (2 x 250 cycle 

configuration; V 2 reagent kit; Illumina) according to Naqib et ah (Naqib et ah 

2019). P C R amplification was performed on 10 ng of D N A or 2 u l of c D N A 

with primers 515F_mod and 806R (Walters et ah 2016), synthesised with the 

Fluidigm linkers CS1 and CS2 on their 5' end. Sequencing was performed at the 

D N A Services Facility at the University of Illinois, Chicago, U S A . 

Bioinformatic and statistical analyses 
Unless mentioned otherwise, all bioinformatic and statistical analyses were 

done in R V4.1.1 (RCore 2016). A linear mixed-effects model (Bates et ah 

2015) was fitted to determine the effect of treatments and time on the millipede 

weight and microbial load. Differences between treatments in terms of total 

faecal pellet production, methane emission, mcrA and 16S r R N A copies were 

evaluated using an A N O V A model (Girden 1992) followed by Tukey's H S D 

test for pairwise comparisons (Keselman & Rogan 1977)or a linear regression 

model (Zou et ah 2003). Survival analysis of the animals was also computed 

using the Kaplan-Meier estimates (Goel et ah 2010). 

Sequencing data was analysed as follows: primer and linker regions were 

removed from the raw amplicon reads using Cutadapt (V3.5; (Martin 2011)). 

The raw reads were processed, assembled and filtered using the R package 

D A D A 2 (VI.28) with the following non-standard filtering parameters: maxEE 

= c(2, 2) in the filterAndTrim function and pseudo pooling in the dada function 
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(Callahan et al. 2016). Chimaeras were removed with the 

removeBimeraDenovo option. The quality-filtered pair-end reads were 

classified to the genus level using S I L V A (Quast et al. 2013), and those not 

classified as bacteria or archaea were filtered out. Heuristic decontamination 

was done using the decontam R package (Davis et al. 2018), and unique 

sequences were identified and clustered in an amplicon sequence variant ( A S V ) 

table. The resulting tables were imported into the R package Phyloseq 

(McMurdie & Holmes 2013). Read counts were normalised using median 

sequencing depth before plotting taxa abundance and after excluding A S V s 

without taxonomic assignments at the phylum level and those below a 5% 

prevalence threshold. Alpha diversity indices were computed using the vegan 

package on unfiltered and non-normalised data (Dixon 2003) and evaluated 

using the Kruskal-Wallis test (McKight & Najab 2010) and Dunn's test (Dinno 

& Dinno 2017). Corrections for multiple testing were made using the 

Benjamini-Hochberg ( B H ; (Benjamini & Hochberg 1995)) method. Values 

were compared and converted to a compact letter using the cldList function in 

the rcompanion package (Mangiafico & Mangiafico 2017). Beta diversity was 

calculated with a constrained analysis of principal coordinates ( C A P ; Anderson 

& Wil l i s 2003). Lastly, a permutational multivariate A N O V A (Anderson 2001; 

function vegan::adonis) was conducted using the Bray-Curtis distance matrix 

and the pairwise.adonis2 function (Martinez Arbizu 2020) to assess combined 

treatment and pairwise effects on the microbial community. 

Differentially abundant genera were identified after sterile feeding or antibiotic 

treatment using A N C O M - B C 2 (Lin & Peddada 2020). Before analysis, all 

A S V s not present in at least two samples or had an abundance of less than 2 

were filtered. Only genera with adjusted P-values < 0.05 were plotted. 
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Differentially abundant A S V s were subjected to a pseudo-count-addition 

sensitivity analysis. 

Identification of isotopically labelled A S V s in the SIP experiment using 

differential abundance analysis followed Angel (Angel 2019). After 

decontaminating R N A - S I P reads, rare taxa (with <100 total reads, present in <2 

fractions in a specific SIP gradient and its unlabelled counterpart). The D A D A 2 

output sequences were aligned using mafft v7.505 (Katoh et al. 2002), and a 

maximum-likelihood ( M L ) phylogenetic tree was constructed using IQ-TREE 

V2.1.1 (Minh et al. 2020) using the '-fast' option. The 16S r R N A copies were 

plotted against the density (g ml"1) and used to calculate absolute A S V 

abundances. Fractions with densities >1.795 g ml" 1 ('heavy' fractions) from 

each labelled sample at each time point were compared against their unlabelled 

counterparts using DESeq2 Vl .40 .1 (Love et al. 2014), using the parametric fit 

type and the Wald significance test. L o g 2 fold change (LFC) shrinkage was 

applied using the function lfcShrink (Zhu et al. 2019), and the results were 

filtered to include only A S V s with a positive log 2 fold change and a p-value 

<0.1 (one-sided test). 

Results 
Antibiotic curing 
Feeding millipedes with either sterile or treated feed (antibacterial and 

antifungal mixture) led to only negligible weight change in both species (Fig 

l a ; Table S2). In E. pulchripes, the control group showed a 5% increase over 

time, while the other treatments showed a 4-9% decrease in average weight 

with no significant trend. In contrast, G. connexa even showed a 3-8% increase 

in the treated groups but was also insignificant (Fig. l b ; Table S2). The 

treatment also did not significantly impact the millipedes' survival based on 
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Kaplan-Meier estimates (Fig. SI). Despite maintaining stable weight, faecal 

production decreased over time in response to antibiotics or sterile feed (Fig. l c 

and d). While the number of faecal pellets generally declined in both species, 

there was a significant reduction under all treatments except for sterile feed in 

G. connexa. However, the differences between the treated groups were not 

statistically significant (P = <10" 7- 0.046; Table S3). 

Total faecal colony counts in both millipede species were consistently higher in 

the control group compared to the antibiotic-treated or sterile feeding groups at 

all time points (Fig. l e and f; Table S4). After 35 days for E . pulchripes and 16 

days for G . connexa, most animals in the treatment groups ceased faecal 

production, leading to cessation of plate count.. On day 35 in E. pulchripes, the 

control group significantly differed from the other treatments (P = 5.6 x 10 ~4), 

but no significant differences existed between the sterile-fed group and the 

antibiotics-treated groups (Fig. le) . For G. connexa, significant differences 

were noted on day 16 between the control and antibiotic-treated groups and 

between the sterile-fed and 2X-diluted groups (Fig. If; P = 2.4 x 10"4). Faecal 

16S r R N A gene copies in E. pulchripes were reduced by 46%-70% in the 

treated groups compared to the control group (Fig. l g ; Table S5). In G. 

connexa, 33.9%^10.6% reductions were observed in the sterile, 5X-diluted, and 

2X-diluted groups, but these differences were not statistically significant. 

After noting a substantial decrease in bacterial load, we measured C H 4 emission 

on day 35 (Fig. l h ; Table S6). A s anticipated, C H 4 was present in E. pulchripes 

but absent in G. connexa (data not shown). The control groups displayed a 

significantly higher C H 4 production rate (284.1 ± 58 nmol mg"1 d"1) than the 

other treatments (P = 0.0008). However, the treated groups saw a 57-74% 

reduction in C H 4 production without significant differences between them. 
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Fig. 1: Effect of antibiotic treatment on E. pulchripes and G. connexa. Time series of 
mean weight loss (mean ± SE ribbon) in (a) E. pulchripes and (b) G. connexa; faecal 
counts in (c) E. pulchripes and (d) G. connexa; total colony forming units in (e) E. 
pulchripes and (f) G. connexa; (g) 16S rRNA gene copy numbers in the faeces; and (h) 
CH4 production rate after 35 days of antibiotics treatment in E. pulchripes. 'High 
Cone' and 'Low Cone' refer to the concentration of applied antibiotics (see Materials 
and Methods for more details). Different lower case letters in panels g and h denote 
statistical significance. See Results for a detailed description of the statistical tests 
performed on the time series (panels a-f). 
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Prokaryotic community compositions after treatment 
We sequenced 48 samples of E. pulchhpes and G. connexa, consisting of 12 

hindguts and 12 faecal samples for each species. The average sequencing depth 

stood at ca. 40K reads per sample, post-processing of reads and 

decontamination (Table S7 and S8). The two millipede species differed 

remarkably in their microbial composition, with the phylum Bacteroidota 

dominating the hindgut of E. pulchripes and Pseudomonadota that of G. 

connexa. In each case, these phyla comprised over 50% of the abundance 

regardless of treatment (Fig. 2a and b; Table S9). 

Pseudomonadota dominated both species' faecal pellets, and Actinobacteriota, 

although rare in the gut, were prominent. (Fig. 2c and d). On the genus level, E. 

pulchripes' hindgut and faecal samples were primarily dominated by 

Citrobacter, Bacteroides, and Pseudomonas (Fig. 2e-h; Table S9). In contrast, 

G. connexa showed differences between hindgut and faecal sample 

compositions, with faecal samples appearing more diverse (Fig. 2h). 
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Impact of treatment on prokaryotic community 
structures 
Overall, no significant differences were found in alpha diversity within or 

between treatment groups in the hindguts (Fig. 3a & b; Table S10) or faeces 

(Fig. 3c & d; Table S10) of E. pulchripes and G. connexa. E. pulchripes' 

hindgut groups displayed greater bacterial diversity and richness than G. 

connexa. In comparison, G. connexa's faecal samples showed higher diversity 

and richness compared to E. pulchripes (also see Fig. S2). 

Constrained analysis of principal coordinates (CAP) revealed significant 

differences in microbial community composition among sterile feeding or 

antibiotics treatments in both hindguts and faeces of both species (Fig. 3e, f, g 

& h). A N C O M - B C 2 analysis identified only a handful of microbial genera with 

differential abundance between treatments (Table S l l ; F ig . S3), indicating that 

the antibiotic treatment worked relatively non-selective. The few taxa with a 

decrease in the mean absolute abundance (e.g. Streptomycetaceae and 

Mucilaginibacter from the E. pulchripes' faeces) are known to often posses 

antibiotic resistance genes. 
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Fig. 3. Effect of antibiotic treatment on the alpha and beta diversity indices of the 
microbial communities in the hindgut and faeces in E. pulchripes (left) and G. connexa 
(right). Alpha diversity values for each species, stratified by treatment groups for 
hindgut (a and b) and faeces samples (c and d) from E. pulchripes and G. connexa. 
The statistical test was based on Kruskal-Wallis (identical letters denote p >0.05 ). 
Dissimilarity between hindgut (e and f) and faeces (g and h) microbial communities in 
the different treatments using constrained principal coordinates analysis (PcoA) with 
the model Dist.Mat ~ Treatment for each species and sample type separately. 
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Influence of BES inhibition on methanogenesis in E. 
pulchripes 

A diet of Na-BES-treated litter was provided to investigate the importance of 

methanogenesis in CH 4-emitting E. pulchripes. Methane emissions showed no 

significant differences on days 0 (P = 0.19) and day 7 (P = 0.08; Fig . 4A; Table 

S12). However, by day 14, C H 4 production was nearly fully inhibited and 

remained so for an additional 21 days, with significant inhibition on day 14 (P = 

2.7 x 10"4) and day 21 (P = 2.2 x 10"5). Upon switching to untreated litter on day 

35, methane emissions began recovering after 14 days (on day 49). Despite 

some average weight increase in treated groups, no significant difference was 

detected at any time (Fig. 4b). 

After inhibiting methane production for 21 days, a suspension made from fresh 

faeces was examined under a bright-field microscope, revealing various 

protists, nematodes, and rotifers ranging from 12 to 100 | im in size (Fig. S4). 

The ciliate abundance averaged 3 x 10 5 ml" 1, regardless of treatment (Fig. 4c; 

Table S13). Quantification of the mcrA gene, pivotal in methane production 

(Hedderich & Whitman 2006), showed a significant reduction in the two Na-

BES-treated groups compared to the control (P = 0.02; Fig. 4d). C A R D - F I S H 

was used to detect the presence of free-living (Fig. S5) and symbiotic archaea 

(Fig. S6), primarily methanogens, in protists from faecal samples. The amplicon 

sequencing data indicated that members of the Methanomassciillicoccales and 

Methanobacteriales were the dominant methanogens in E. pulchripes, and these 

orders were accordingly targeted. Although mcrA copy numbers declined, 

positive hybridisation signals for these methanogen orders were observed in 

both Na-BES treatments. Methanogens were detected on the 0.2 um filter (Fig. 

S5) and associated with protists as endosymbionts (Fig. 4e; Fig. S6), with no 

significant changes in its count per ciliate (Fig. 4f). 
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followed by recommence of methane production after the switch to untreated litters 
(indicated by the arrow), (b) Change in the weight of E. pulchripes over time, (c) 
Enumeration of symbiotic ciliates found in the faeces following BES treatment, (d) 
mcrA gene copy numbers in the faecal samples following BES treatment, (e) 
Fluorescence microscopy images of ciliates and the two most-abundant endosymbiotic 
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ARC915: general archaea, RC281r_mod: Methanomassciillicoccales, and MB311: 
Methanobacteriales in the WmM-Na-BES-treated group, (f) Enumeration of the 
methanogens associated with ciliates using FISH signals. 
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Detection of active microbiota with 13C-RNA-SIP 
R N A - S I P was used to identify the active microorganisms in the millipedes' gut 

on a temporal scale (Table S14). The shift in peak of 16S r R N A towards the 

denser gradient fractions, indicating label incorporation, was evident by day 3 

and more prominently by day 7 for E. pulchripes and day 14 for G. connexa 

(Fig. 5). Nevertheless, Despite feeding on fully-labelled litter for 21 days, a 

significant portion of R N A remained unlabelled. Surprisingly, the labelling of 

the fungal biomass, represented by the 18S r R N A peak, shifted earlier towards 

denser gradient fractions compared to 16S r R N A in both millipede species (Fig. 

S7). However, the lack of pronounced peak deviation compared to the control 

in some replicates and days does not necessarily imply unsuccessful labelling 

since the labelled fraction of the community might still be too small. Indeed, 

there was a noticeable and significant change in community composition in the 

heavy fractions of labelled gradients compared to unlabelled ones already by 

day 3 (Fig. S8; Table S15). 

For comparing heavy fractions in labelled versus unlabelled gradients of 16S 

R N A , an average of 1305 ± 59 and 579 ± 41 A S V s were used for E. pulchripes 

and G. connexa per time point after filtering (Table S16). Surprisingly, the 

model identified only around 22% of A S V s in E. pulchripes and 24% in G. 

connexa, on average, as labelled. Moreover, this proportion of labelled A S V s 

remained consistent over time in both species. Therefore, the shift in copy-

number peaks towards denser fractions, as observed in Fig . 5, was due to 

increased labelling in already labelled A S V s rather than a change in the 

proportion of labelled A S V s . 
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3 7 14 2 1 

Dens i ty (g m l " 1 ) 

Fig. 5. Bacterial 16S rRNA copies recovered from each fraction in the SIP gradients. 
rRNA copies relative to the total number of rRNA copies obtained from the entire 
gradient against the buoyant density of each fraction. Labelled RNA is expected to be 
found in fractions with density > 1.795 g ml'1. 

Diversity of active microbiota in a heavy fraction of 1 3 C-
RNA-SIP 
In agreement with the general bacterial diversity in the gut, the major phyla 

whose members were flagged as labelled were Actinobacteriota, Bacillota, 

Bacteroidota, and Pseudomonadota (Fig. 6; Table S16). In E. pulchripes, 

Bacillota comprised 35 to 55.3%, Bacteroidota 13.1 to 15.1% and 

Pseudomonadota from 13.8 to 23% of the total labelled A S V s . In G. connexa, 
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Bacillota comprised 20.4 to 45.9% of total significant A S V s , Pseudomonadota 

ranged from 20 to 51.6%, Actinobacteriota from 15.1% to 22.6%, and 

Bacteroidota from 3.2 to 10.8%. Fig. S9-15 show the phylogenetic distribution 

of the labelled A S V s across the samples in each of the major bacterial classes. 

Despite our expectation for a gradual labelling of the microorganisms with 

time, we see the same A S V s consistently labelled throughout the incubation. 

Mean abundance (%) • 1.0 • 1.9 # 2.9 # 3.s Significance at Fail pass 
p < 0.1 

Fig. 6. Differentially abundant ASVs between the labelled and unlabelled gradients of 
the SIP experiments. Comparison of the relative abundance of each ASV from E. 
pulchripes and G. connexa. Each subfigure represents a triplicate. The plot shows the 
most abundant phyla in the dataset in decreasing abundance. The differential 
abundance of any particular ASV is given in Log2 fold change. "Rare" indicates phyla 
with mean relative abundance below 0.45%. 
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E. pulchripes displayed consistent order across multiple time points. 

Enterobacterales and Bacteroidales remained prominent, with base mean 

values of almost 5 on day 3 and 7, 4 on day 14, and 5.1 and 6.1 on day 21. 

Other prevalent orders included Burkholderiales, Aeromonadales, and 

Oscillospirales. In G. connexa, Burkholderiales and Lachnospirales were 

present at all time points with a base mean value ranging from 2.2 to 6.2 and 1.1 

to 4.8. Additionally, the base mean value for Enterobacterales rose from 0.9 on 

day 3 to a range of 5.0 to 8.9 from day 7 to day 21. 

Discussion 
The gut microbiota plays a vital role in the ecophysiology of many animals, 

specifically arthropods. This is particularly true for detritivores because they 

rely on food rich in recalcitrant plant polymers and poor in nitrogen. In 

consistency with earlier reviewed culture-based research (Dhivya & Alagesan 

2017) and recent molecular studies (Nweze et al. 2024; Sardar et ah 2022a, b), 

the results highlight a generally stable and species-specific millipede gut 

microbiota, even in response to inhibitors. The difference in microbiota 

between millipede species has been shown before (Nweze et ah 2024). 

Variances among closely related arthropods may stem from gut conditions like 

pH and oxygen availability (Engel & Moran 2013)and gut topography (Nardi et 

ah 2016). Specifically for millipedes, it was hypothesised that much of the 

discrepancy in gut microbiota stems from the volume of the hindgut, which in 

turn directly affects its redox potential, favouring fermentation and 

methanogenesis in larger species, like E. pulchripes, but not in smaller ones, 

like G. connexa (Nweze et ah 2024; Sustr et ah 2014b). 

Curing or sterilising arthropods to evaluate the degree of dependence on their 

gut microbiota has been performed on several arthropods. Not surprisingly, if 
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wood-feeding termites are exposed to high oxygen levels, their flagellates 

disappear, and they die of starvation (Brune 2014; Ebert & Brune 1997). This is 

because wood-feeding termites rely on short-chain fatty acids, which are the 

products of cellulose fermentation, for their nutrition. Other studies on cured 

arthropods showed a more moderate response like a decrease in feeding and 

altered microbiota, such as in two desert millipedes (Taylor 1982), members of 

the Carabidae (Lundgren & Lehman 2010) or egg-hatching cockroaches 

(Tegtmeier et al. 2016). In contrast, larval Lepidoptera, which feed on fresh 

leaves exclusively and likely rely on simple sugars, showed no physiological 

response to antibiotic curing (Hammer et al. 2017). Both millipede species 

studied here maintained a stable weight throughout the experiment, 

demonstrating that they might not require fermentation products for their 

nutrition. However, the marked decrease in faecal production and the fact that, 

with some exceptions, the taxonomic composition remained intact indicated 

that the microbiota might nevertheless have an important role. However, we 

note some shift in abundance towards bacterial strains known for harbouring 

antibiotic resistance, such as Citrobacter, Bacteroides (Jabeen et al. 2023; 

Rasmussen et al. 1993) in the case of E. pulchripes and Pseudomonas and 

Achromobacter in G. connexa (Abbott & Peleg 2015; Pang et al. 2019). 

This study confirmed C H 4 release in E. pulchripes but not in G. connexa, 

aligning with earlier findings (Horváthova et al. 2021; Šustr et al. 2014a). 

Antibiotics reduced C H 4 emission, probably by disrupting bacterial 

fermentation. A similar observation was made in cockroaches targeting bacteria 

and flagellates (Gijzen 1991). Not surprisingly, the application of B E S , an 

effective and specific methanogenesis inhibitor (Zhou et al. 2011), reduced C H 4 

production to below the detection limit. However, this suppression had no 

apparent effect on the fitness of E. pulchripes. Since C H 4 production is needed 
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as a sink for hydrogen in anaerobic systems to drive syntrophic fermentation 

processes (Pereira et ah 2022), this serves as an additional indication that gut 

fermentation is not essential for the millipede's nutrition. The dominant 

methanogens in our millipedes, namely members of the Methanobacteriales 

and Methanomassiliicoccales, are known inhabitants of millipede guts 

(Horváthova et ah 2021). Surprisingly, though, while C H 4 production was 

suppressed and mcrA gene copy numbers dropped about 10-fold, this did not 

affect the observed density of methanogens in the gut. Since the gut is a 

dynamic system where members must continue to proliferate to avoid being 

flushed out, this indicates that much like in termites, methanogens live as 

symbionts of protists and likely directly benefit from their fermentation 

products (Husseneder 2010; Messer & Lee 1989). 

Labelling of the R N A in the SIP experiment was slow and gradual, leaving a 

significant part of the R N A unlabelled even after a full 21 days. This indicates 

that the millipede gut system is inefficient in degrading leaf litter and 

assimilating carbon. In contrast, fungal biomass was labelled quicker, 

producing higher labelling (esp. in G. connexa). Previous research on soil litter 

decomposition indicates that fungi thrive first on recalcitrant and nutrient-poor 

litter, with bacteria flourishing later on nutrient-rich litter where carbon is 

readily available (Schneider et ah 2012; Tláskal et ah 2016). In the soil, 

Ascomycota prevails at early decomposition stages (Schneider et ah 2012) and 

is later replaced by Basidiomycota (Purahong et ah 2016; Voříšková & Baldrian 

2013). These phyla dominate the hindgut of both millipede species (Nweze et 

ah 2024; Sardar et ah 2022b). Although detritivores like millipedes may not 

exclusively depend on microbial symbiont enzymes for nutrition, salivary gland 

studies indicate the presence of enzymes that hydrolyse various 

polysaccharides, lipids, and proteins (Nunez & Crawford 1976), complemented 
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by resident microbes (Geib et al. 2008). Despite indications of cellulose-rich 

plant material consumption and anoxic conditions in the digestive tract 

(Horváthova et al. 2021) and methanogenesis (Hackstein & Stumm 1994; Šustr 

et al. 2014a), current quantitative data fall short of establishing the significance 

of cellulose digestion in millipede metabolism, as studies on millipedes fed pure 

cellulose showed low metabolic rates, suggesting an inability to maintain a 

positive energy balance (Šustr et al. 2020). 

The labelled microbiota, mainly Bacillota, Bacteroidota, and Pseudomonadota, 

exhibit distinct patterns in E . pulchripes and G . connexa, suggesting their 

involvement in polysaccharide degradation, aligning with recent studies in 

millipedes (Sardar et al, 2022a; Nweze et al, 2023b). Members of these phyla 

were labelled in a similar study in scarab beetles using 1 3cellulose (Alonso-

Pernas et al. 2017). Moreover, while many of the labelled taxa (e.g. 

Bacteroidales, Burkholderiales and Enterobacterales) are known to be involved 

in (ligno)cellulose fermentation in millipedes (Nweze et al. 2024; Sardar et al. 

2022a, b), many others (e.g. members of the Desulfovibrionales and the two 

archaeal orders) are hindgut microorganisms involved different processes such 

as sulfate reduction and methanogenesis, and are likely not involved in this 

particular fermentation process. Accordingly, we conclude that while 

cellulolytic fermentation certainly occurs in the millipede gut, it likely makes 

little to no contribution to the host's diet. 

If fermentation products are not a (significant) nutritional source for the 

millipede, what is it then? Classical studies using 1 4C-labelling suggested that 

the assimilation of bacteria into the millipede's biomass exceeded that of the 

plant but included lab-grown strains only and failed to include fungi (Bignell 

1989). However, the preference for fungi- or bacteria-colonised leaf tissues 

over natural fresh litter has been demonstrated for woodlice, which is also a 
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common detritivore (Ihnen & Zimmer 2008). Evidence for the capacity of the 

millipede gut microbiome to digest plant biomass effectively comes from a 

recent genomic and transcriptomic screening of the millipede species studied 

here (Nweze et al. 2024). In this work, glycoside hydrolases (GH) capable of 

degrading chitin and peptidoglycan were as, or even more abundant than 

cellulose-degrading GHs. The significant decrease in ergosterol levels in the 

faeces of some millipedes post-digestion (Maraun & Scheu 1996) further 

supports the notion that substantial fungal digestion is occurring within the 

millipede gut. While millipedes typically feed on litter and bark, some 

researchers observed a preference for fungal fruiting bodies, algae, and lichen 

films among certain species (Semenyuk & Tiunov 2019). In addition to 

digesting fungi, the millipede midgut fluid has also been shown to k i l l bacteria 

effectively in a species-specific manner (Byzov et al. 1998). The importance of 

coprophagy in millipedes has long been debated (Farfan 2010). In light of these 

results, it may be hypothesised that coprophagy allows millipedes to access 

fresh microbial and fungal biomass that proliferated thanks to the partial 

mechanical and chemical breakdown of the recalcitrant plant material (Joly et 

al. 2020). In addition to consuming fungal and microbial biomass, millipedes 

also produce a variety of endogenous GHs in their salivary glands and midgut 

that can help them digest non-structural plant material (Nunez & Crawford 

1976; Sardar et al. 2022a, b). Recently, fluid feeding was described in 

millipedes of the clade Colobognatha, which enables feeding on fresh plant 

material (Moritz et al. 2022). Naturally, these findings do not exclude other 

beneficial roles of the millipede gut microbiota, such as detoxification of plant 

toxins (Hammer & Bowers, 2015), protection against pathogens (Nweze et al. 

2023, 2024)and even as a source for acquiring new genes through horizontal 

transfer (So et al. 2022). 
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Conclusions 
Millipedes are keystone detritivores that harbour species-unique and stable 

microbiota. This work demonstrates that cellulose fermentation likely plays a 

minor role, at best, in the millipede's nutrition. Further work is needed to 

decipher their exact trophic function in nature and the potential role their 

microbiota plays in their survival and modulating greenhouse gas emissions. 
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Supplementary methods 

Identification and enumeration of protists and symbiotic 
methanogens 
The polycarbonate filters were embedded in warm, 0.2% low-melting agarose (Thermo 

Fisher Scientific) and dried at 37 °C in an oven. Cells on the filters were permeabilised 

with a lysozyme solution (10 mg ml"1; Sigma-Aldrich) at 37 °C for 45 minutes, then 

incubated in achromopeptidase solution (2 pi of 30 K U achromopeptidase in 1 ml of 

NaCl Tris buffer; Sigma-Aldrich Co) for 15 minutes at 37 °C. For hybridisation, filters 

were cut, labelled, and hybridised using 300 | i l hybridisation buffer and 2 | i l probe for 

2 hours at 35 °C, followed by 20-30 min wash in a 37 °C washing buffer and 

incubation in phosphate-buffered saline with Tween-20 for 45 minutes at 37 °C. The 

signal from the probe was amplified by incubating blot-paper-dabbed filters with 

fluorescently labelled tyramide (Sigma-Aldrich Co) and 0.15% H 2 0 2 for 30 min in the 

dark. Subsequently, fluorescein isothiocyanate (FITC; Sigma-Aldrich) was used as a 

fluorochrome, and 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) as a sample 

counterstain. 

Nucleic acid extraction and quantification 

Nucleic acids were extracted as follows: the samples were subjected to three 

consecutive bead beating rounds (Lysing Matrix E tubes; MP Biomedicals™) in a 

FastPrep-24™ 5G (MP Biomedicals™) in the presence of CTAB, phosphate buffer (pH 

8.0) and E-saturated phenol, followed by phenol-chloroform-isoamyl alcohol (25:24:1; 

all from Thermo Fisher Scientific) purification, precipitation using Invitrogen™ 

UltraPure™ Glycogen (Thermo Fisher Scientific) and then purification with the 

OneStep™ PCR Inhibitor Removal Kit (Zymo Research). The resulting D N A was then 

quantified using the Quant-it™ PicoGreen D N A Assay Kit (Thermo Fisher Scientific). 

The RNA was purified from the D N A / R N A hindgut extract using TURBO™ DNase 

and GeneJET R N A Cleanup and Concentration Micro Kit (Thermo Fisher Scientific) 

for the SIP experiment. The quantity and quality of the R N A were determined using 
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Quant-it™ RiboGreen R N A Assay Kit (Thermo Fisher Scientific) and the Agilent 2100 

bioanalyzer (Agilent Technologies). 

Isopycnic ultra-centrifugation of 1 3 C labelled RNA 
Each gradient was prepared with 4.848 ml of CsFTA solution (GE Healthcare), 1.083 

ml of gradient buffer (0.1 M Tris-HCl, 0.1 M K C l , 1 mM EDTA; Sigma Aldrich) and 

211 pi of Hi-Di Formamide (3.56 % v/v; Thermo Fisher Scientific). The density was 

confirmed using an AR200 Automatic Digital Refractometer (Reichert) against a 

calibration curve, and occasionally, adjustments were made using CsTFA or gradient 

buffer until a final density of 1.79 g ml" 1 was reached. Finally, each 6 ml Ultracrimp PA 

centrifugation tube (Thermo Fisher Scientific) contained approximately 5.8 ml of the 

density gradient solution and ca. 500 ng of RNA. Additionally, a control tube 

containing no RNA was used to exclude the presence of D N A or RNA contamination. 

Tubes were centrifuged in a TV-1665 vertical rotor in a Sorvall W X Ultra 100 

Ultracentrifuge (Thermo Fisher Scientific) at 20 °C and 130,000 x g for 72 h. Twelve 

fractions of ca. 500 pi were collected into 2.0 ml low-binding collection tubes 

(Eppendorf) using a NE-300 Just Infusion™ Syringe Pump (NEW E R A PumpSystem 

Inc.), and the buoyant density (BD) of each fraction from the control tube was 

determined using a refractometer. R N A was then precipitated from the gradient 

fractions using 2 pi of GlycoBlue (Thermo Fisher Scientific), 47 pi of 3M Na-Acetate 

(pH 5.5) (Thermo Fisher Scientific) and 1.175 ml ethanol (absolute), and dissolved in 

10 pi of RNA Storage solution (Thermo Fisher Scientific). Lastly, RNA from the 

gradient fractions 2-11 was converted into cDNA in 20 pi reactions using SuperScript 

IV RT (Thermo Fisher Scientific). The resulting cDNA was then stored at -20 °C until 

further processing. 
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Supplementary figures 
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Fig. SI Kaplan-Meier survival curves based on treatment for E., pulchripes and G., 
connexa. The study involved a total of 40 individuals, evenly distributed across four 
groups. The term 'High Cone.' indicates the group fed litter-treated antibiotics diluted 
at a ratio of 1:2 (2X-diluted), whereas 'Low Cone'pertains to antibiotics diluted at a 
ratio of 1:5 (2X-diluted). The term 'Undiluted' denotes the original antibiotics solution 
containing penicillin G: 10,000 units ml'1, streptomycin sulfate: 10 mg ml'1, and 
amphotericin B: 25 pg pi-1. 
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Fz'g. S2 Alpha diversity indices of the microbial communities in the hindgut and faeces 
after antibiotics treatment in E. pulchripes and G. connexa. Additional alpha diversity 
values for each species to those shown in Fig. 3, stratified by treatment groups of 
hindguts and faeces from E. pulchripes and G. connexa. The statistical test was based 
on Kruskal-Wallis (identical letters indicate p > 0.05). Refer to Fig. SI for details 
regarding the treated groups. 
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Fig. S3 Heatmaps of the ANCOM-BC2 pairwise analysis for the effect of antibiotics or 
sterile feeding on the microbial relative abundances in the hindgut and faecal samples 
from E. pulchripes and G. connexa. The heatmaps show multiple pairwise comparisons 
on the genus level among the four groups: control, sterile-fed, low-conc. antibiotics 
and high-conc. antibiotics. The X-axis represents treatment comparison, while the Y-
axis displays significant genera and their phylum, identified by ANC0M-BC2. Each 
cell is colour-coded with blue representing reduced abundance and red representing 
increased abundance in response to the treatment. The numbers in each cell indicate 
the log fold-change. The Benjamini-Hochberg method was used to correct for multiple 
testing, and taxa with log fold-change values marked in green have successfully passed 
the sensitivity analysis for pseudo-count addition. Refer to Fig. SI for details regarding 
the treated groups. 
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Fig. S4 Light-microscopy crop images of symbiotic ciliates, rotifer and nematode 
found in the faeces of E. pulchripes. "L" represents the length of the organisms as 
measured from the image. 
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p r o b e 

Fig. S5 CARD-FISH images of filtered cells from faecal samples of Na-BES-fed E. 
pulchripes. The free-living or detached methanogens were captured from faecal 
samples using a 0.2 jjm filter and labelled with the following probes: ARC915 for 
general archaea, MB311 for Methanobacteriales, and RC281r_mod for 
Methanomassciillicoccales. Each FITC-probe image has a parallel DAPI-stained 
image. The treatments were represented by control (group fed with untreated litters); 
lOmM-Na-BES-treated litters (group fed with lOmM-Na-BES-treated litters); and 
5mM-Na-BES-treated litters (group fed with 5mM-Na-BES-treated litters). 
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Fig. S6. CARD-FISH images of ciliate-associated cells from faecal samples of Na-
BES-fed E. pulchripes. Ciliates were captured from faecal samples using a 10 pm filter 
and labelled with the following probes: ARC915 for general archaea, MB311 for 
Methanobacteriales, and RC281r_mod for Methanomassciillicoccales. Each FITC-
probe image has a parallel DAPI-stained image. 
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Fig. S7. Fungal 18S rRNA copies recovered from each fraction in the SIP gradients. 
Values on the y-axis are the rRNA copies relative to the total number of rRNA copies 
obtained from the entire gradient in %. Values on the x-axis show the buoyant density 
of each fraction. Labelled RNA is expected to be found in fractions with density 
>1.795g ml1. 
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Fig. S8. Constrained principal coordinates analysis (PCoA) of Morisita-Horn 
dissimilarities in community composition ofrRNA sequences from the SIP fractions. An 
ordination model using the formula: Dist.Mat ~ Day + Density.zone was calculated for 
each millipede species separately. 
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Bacteroidia 
Epibolus putchripes Glomeris connexa 

Fig. S9. A heatmap and a phylogenetic tree of ASVs from the class Bacteriodia 
(phylum: Bacteroidota). Each tip in the tree represents an ASV, and its circle size is 
proportional to the combined abundance. The tips are also colour-coded according to 
the order to which they are classified. Each heatmap column represents a time point, 
and cells of labelled ASVs are filled to represent their Log2~fold change in abundance 

compared to the unlabelled controls. 
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Fz'g. S10. A heatmap and a phylogenetic tree ofASVs from the phylum Bacillota. Each 
tip in the tree represents an ASV, and its circle size is proportional to the combined 
abundance. The tips are also colour-coded according to the class to which they are 
classified. Each heatmap column represents a time point, and cells of labelled ASVs 
are filled to represent their Log2~fold change in abundance compared to the unlabelled 
controls. 
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Fig. Sll. A heatmap and a phylogenetic tree of ASVs from the classes 
Alphaproteobacteria and Gammaproteobacteria (phylum: Pseudomonadota). Each tip 
in the tree represents an ASV, and its circle size is proportional to the combined 
abundance. The tips are also colour-coded according to the order to which they are 
classified. Each heatmap column represents a time point, and cells of labelled ASVs 
are filled to represent their Log2~fold change in abundance compared to the unlabelled 

controls. 
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Fz'g. S12. A heatmap and a phylogenetic tree ofASVs from the class Actinobacteria 
(Actinomycetia; phylum Actinomycetota). Each tip in the tree represents an ASV, and 
its circle size is proportional to the combined abundance. The tips are also colour-
coded according to the order to which they are classified. Each heatmap column 
represents a time point, and cells of labelled ASVs are filled to represent their Log2-
fold change in abundance compared to the unlabelled controls. 
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Fig. S13. A heatmap and a phylogenetic tree of ASVs from the phylum 
Desulfobacterota. Each tip in the tree represents an ASV, and its circle size is 
proportional to the combined abundance. The tips are also colour-coded according to 
the class to which they are classified. Each heatmap column represents a time point, 
and cells of labelled ASVs are filled to represent their Log2~fold change in abundance 
compared to the unlabelled controls. 

156 



Ptanctomyce tota 
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Fz'g. S14. A heatmap and a phylogenetic tree of ASVs from the phylum 
Planctomycetota. Each tip in the tree represents an ASV, and its circle size is 
proportional to the combined abundance. The tips are also colour-coded according to 
the class to which they are classified. Each heatmap column represents a time point, 
and cells of labelled ASVs are filled to represent their Log2~fold change in abundance 

compared to the unlabelled controls. 
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Verrucomicrobiota 
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Fig. S15. A heatmap and a phylogenetic tree of ASVs from the phylum 
Verrucomicrobiota. Each tip in the tree represents an ASV, and its circle size is 
proportional to the combined abundance. The tips are also colour-coded according to 
the class to which they are classified. Each heatmap column represents a time point, 
and cells of labelled ASVs are filled to represent their Log2~fold change in abundance 

compared to the unlabelled controls. 
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01/2022 - 04/2022: ERASMUS+ Mobility Grant (CZ CESKE01) 

2022: Grant from Incorporation of the Biology Centre of the CAS into the European Research 
Area (IBERA) 

11/2016: Outstanding poster award for a masters' student for a poster presented at the Ag-ESD 
International Symposium held at Tsukuba University, Japan 

11/2016: Certificate of participation at Ag-ESD International Symposium held at Tsukuba 
University, Japan 

03/2016 - 02/2017: Japan Student Services Organization (JASSO) scholarship 

International Conference/Symposium 
14/08 - 19/08/2022: Bacteroidota and Proteobacteria are the major complex polysaccharide 
degraders in the hindguts of tropical and temperate millipedes. A poster presentation at the 
International Society for Microbial Ecology (ISME) held in Lausanne, Switzerland 

19/06 - 23/06/2022: Tropical and temperate millipedes share their diet but host a very different gut 
microbiome. A short-talk and poster presentation at the Ecology of Soil Microorganisms held in 
Prague Czech Republic. 

23/05 - 27/05/2022: Do methane and non-methane releasing millipedes depend on their gut 
microbiome to digest leaf litter? A short-talk at European Geosciences Union (EGU) conference 
held at the Austria Center Vienna (ACV) in Vienna, Austria. 

11/2016: Isolation and evaluation of thermotolerant-xylose fermenting yeasts for bioethanol 
production. Poster presentation at Ag-ESD International Symposium held at Tsukuba University, 
Japan 

Special Skills 
Molecular Biology: Total nucleic acid extraction and purification, PCR, nucleic acid 
quantification (qPCR and ddPCR), gel electrophoresis, primer design, FISH, CARD-FISH, 
DNA/RNA-SIP 

Microbial techniques: Fermentation and extraction, anaerobic cultivation, batch/continuous 
cultivation, optimisation 

Spectroscopy: U V and visible spectroscopy 

Programming/coding: Unix (Linux), R, QIIME2, Python, Perl, H T M L 

Bioinformatics: Amplicon analysis, metagenomic and metatranscriptomic analyses 

Data science: JSON 

Database management: MS Access 

Graphics and design: Inkscape, Photoshop, Acrobat, Corel Draw, Microsoft Publisher, Pix 

Maintenance: Configuration, administration, tech support, installations, Linux/Unix 

Networking: Configuration, security, automation, cloud management, W A N / L A N , Router, DNS, 
DHCP, debugging,troubleshooting 
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Operating Systems: Microsoft Windows, Linux and MacOS 

Languages: English (fluent), Igbo (fluent), Japanese (elementary) 

Personal: Hard working, disciplined, learning attitude, ability to work in teams as well as 
independendy, ability to manage stress, sincere and self-confident, possess positive attitude, strong 
communication and interpersonal skills. 
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