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Abstract: Archaea are an essential class of gut microorganisms in humans and animals. Despite the
substantial progress in gut microbiome research in the last decade, most studies have focused on
bacteria, and little is known about archaea in mammals. In this study, we investigated the compo-
sition, diversity, and functional potential of gut archaeal communities in pigs by re-analyzing a
published metagenomic dataset including a total of 276 fecal samples from three countries: China
(n=76), Denmark (n=100), and France (n=100). For alpha diversity (Shannon Index) of the archaeal
communities, Chinese pigs were less diverse than Danish and French pigs (P<0.001). Consistently,
Chinese pigs also possessed different archaeal community structures from the other two groups
based on the Bray-Curtis distance matrix. Methanobrevibacter was the most dominant archaeal ge-
nus in Chinese pigs (44.94%) and French pigs (15.41%), while Candidatus Methanomethylophilus
was the most predominant in Danish pigs (15.71%). At the species level, the relative abundance of
Candidatus Methanomethylophilus alvus, Natrialbaceae archaeon XQ INN 246, and Methanobrevibacter
gottschalkii were greatest in Danish, French, and Chinese pigs with a relative abundance of 14.32%,
11.67%, and 16.28%, respectively. In terms of metabolic potential, the top three pathways in the
archaeal communities included the MetaCyc pathway related to the biosynthesis of L-valine,
L-isoleucine, and isobutanol. Interestingly, the pathway related to hydrogen consumption
(METHANOGENESIS-PWY) was only observed in archaeal reads, while the pathways participat-
ing in hydrogen production (FERMENTATION-PWY and PWY4LZ-257) were only detected in
bacterial reads. Archaeal communities also possessed CAZyme gene families, with the top five
being: AA3, GH43, GT2, AA6, and CE9. In terms of antibiotic resistance genes (ARGs), the class of
multidrug resistance was the most abundant ARG, accounting for 87.41% of archaeal ARG hits.
Our study reveals the diverse composition and metabolic functions of archaea in pigs, suggesting
that archaea might play important roles in swine nutrition and metabolism.
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1. Introduction

Before Dr. Carl Woese and his colleagues separated archaea (named “Archaebacteria” at
that time) from the bacteria domain based on phylogenetic analysis of ribosomal RNA
sequences, archaea were considered a subgroup of bacteria[1]. To highlight the differ-
ences between archaea and bacteria, Dr. Carl Woese formally proposed the name of
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“Archaea” in his publication[2]. With the advancement of research technologies and 46
tools, a large number of novel archaea and their characteristics have been discovered. 47
Archaea have highly diverse energy sources and unique metabolic characteristics and 48
cell physiology, making it possible to live in various extreme environments, such as ex- 49
treme temperature [3], high-salt [4], extreme alkaline [5], or acidic environments [6]. At 50
the same time, archaea were also detected in various non-extreme ecosystems, including 51
soil, ocean, lake water, and habitats associated with human and animal hosts, and were 52
confirmed to make significant contributions to the ecological cycle by previous stud- 53
ies[7,8]. As a “young” group with unique natural capabilities and biological characteris- 54
tics, archaea have attracted increasing research interest in the past decade. 55

Unlike bacteria, archaea are one of the least studied and least understood members of the 56

human microbiota. One of the reasons is that archaea only account for a very small pro- 57
portion of the microbiota. A recent study among East Asians living in South Korea 58
showed that archaea were detected in 42.47% (381/897) and constituted 10.24 + 4.58% of 59
total bacteria and archaea among positive subjects[9]. However, the relatively small 60
proportion of archaea does not mean it is not important. For example, some species of 61
archaea have been reported to reduce Trimethylamine-N-oxide (TMAO), a harmful 62
product associated with several diseases[10], through methanogenesis. In addition, 63
methanogenic archaea can remove H>, the end product of bacterial fermentation, to in- 64
crease the efficiency of fermentation and improve the energy harvesting capacity of the 65

host[11]. Two studies performed on adults and children report that hydrogen-utilizing 66
methanogenic archaea are co-enriched with H>-producing bacteria, Prevotella species, in 67
the gut of obese humans[12]. Furthermore, human gut colonization by archaea has been 68

associated with several other gastrointestinal and metabolic diseases, such as chronic 69
constipation[13], inflammatory bowel disease[14], and colorectal cancer[15]. 70
In pigs, the major ecological niches harboring archaea along the gastrointestinal tract 71
(GIT) include the cecum, colon, and rectum, according to Gresse et al.[16]. The genus 72
Methanobrevibacter is predominant with a relative abundance of 57%-100% of the archaeal 73
communities in pigs and sows[16-19]. Additionally, the archaeal composition in the 74
swine GIT is dynamic, according to Su et al. [17] and Federici et al.[20], and diet-driven 75
[21]. These exploratory studies provided important information on archaea in pigs, 76
however, their sample sizes were small, and the composition and metabolic potential of 77
archaea at different production stages in pigs are still largely unknown. 78
Xiao et al. [22] established a swine gut microbiome reference gene catalog with meta- 79
genome deep sequencing of fecal samples from 287 pigs. In this study, we re-analyzed 80
their data and investigated the diversity, composition, and potential functions of archaea 81
in pigs. 82
2. Materials and Methods 83
2.1. Obtaining data (Metadata (from Nature Microbiology)) 84
A total of 287 fecal samples collected from China, France, and Denmark were sequenced 85
using shotgun metagenomic sequencing technology by Xiao et al.[22], and we down- 86
loaded 276 of these sequences from the European Nucleotide Archive (ENA) under ac- 87
cession code PRJEB11755. We filtered 11 samples due to their low sequencing depths. In 88
addition, we downloaded the predicted gene catalog generated by Liang et al. from Gi- 89
GaDB (http://gigadb.org/dataset/view/id/100187/token/F4ACDHYruxobOKmsE) to anno- 90
tate the CAZy genes. 91

2.2. Raw reads Pre-processing 92
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Downloaded raw reads were filtered using Kneaddata v0.7.2 93
(https://bitbucket.org/biobakery/kneaddata), an integrated pipeline used to perform 94
quality control and remove host contamination from shotgun metagenomic data. In brief, 95
reads were trimmed using Trimmomatic v0.39[23] with parameter SLIDINGWIN- 96
DOW:4:20 and MINLEN:60. Potential host contamination was identified and removed by 97
mapping all reads to the swine reference genome (Scrofa 11.1, 98

ftp://ftp.ncbi.nlm.nirefseq/vertebrate_mammalian/h.gov/genomes/Sus_scrofa/representa 99

tive/GCF_000003025.6_Sscrofall.1) using bmtagger v.3.102.4 [24] with default parame- 100
ters. The number of clean metagenomic reads for fecal samples was rarefied to 16,230,988 101
paired reads for each sample for a consistent sequencing depth by random subsampling. 102

2.3. Taxonomic profiling and diversity 103
Kraken?2[25], a software used for short reads classification with the lowest common an- 104
cestor (LCA) algorithms, was used to classify clean short reads against the bacterial ge- 105
nome and archaeal genome databases. The bacterial genome database was downloaded 106
using the Kraken2 standard command, which downloads NCBI taxonomic information 107
and complete bacterial genomes in RefSeq (July 1, 2020)[26]. Then, clean reads were 108
classified as bacterial taxa using Kraken2, and reads identified as bacteria were retained 109
for downstream analysis. The method used for archaeal classification was slightly dif- 110
ferent compared with that of bacteria. The archaeal genome database was built using 111
Kraken2 from two sources: RefSeq (July 1, 2020) and (2) a curated archaeal reference da- 112
taset[27]. Similarly, Kraken2 was used to assign clean reads into proper archaeal taxa 113
based on this archaeal database, and archaeal reads were separated and retained. 114
Reads count table of archaea and bacteria at the species level were entered into 115
QIIME2[28] platform to rarefy and calculate alpha diversity (Shannon Index) and beta 116
diversity (Bray Curtis). 117
2.4. CAZyme and ARG analysis 118
HUMARNNB3[29] pipeline was used to characterize the metabolic pathways of archaea and 119
bacteria using the MetaCyc database. 120
CAZyme family annotation was performed on the downloaded gene catalog generated 121
by Xiao et al. via alignment with the dbCAN database[30] by HMMERS software[31]. The 122
genes identified as CAZy genes were extracted as target genes for further quantitative 123
analysis. Salmon (quant)[32] was run on separated archaeal reads to quantify the ar- 124
chaeal CAZy genes in each sample, and a similar analysis was run on the separated bac- 125
terial reads. 126

Deeparg-SS[33] pipeline was adapted to predict antibiotic resistance genes in both bacte- 127

rial and archaeal reads with the following critical parameters: --min-prob 0.8 128
--arg-alignment-identity 30 --arg-alignment-evalue le-10. 129
2.5. Statistical Analysis 130
For all analyses, statistical significance was determined at P<0.05 and P<0.001. Krus- 131
kal-Wallis (pairwise) was performed to explore differences in alpha diversities among 132
different countries. Analysis of similarities (ANOSIM) was carried out to test the statis- 133
tical significance of beta diversity among different countries. Kruskal-Wallis (pairwise) 134
and ANOSIM were run in QIIME2. 135

3. Results 136
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3.1. The diversity of archaea in pigs 137

To assess the archaeal diversity in pigs, we re-analyzed 276 gut metagenomic sequences 138
downloaded from Xiao et al. [22]. Significant differences in archaeal alpha diversity be- 139
tween different countries were observed. Pairwise comparisons of countries showed that 140
archaeal diversity (Shannon Index) of Chinese pigs were significantly lower than that of 141

the French (Figure 1A, Kruskal-Wallis test, P<0.001) and Danish groups (P<0.001). No 142
differences in the swine archaeal alpha diversity were observed between French and 143
Danish (P=0.918) pigs. Beta diversity of the archaeal communities was visualized on a 144
principal coordinate analysis (PCoA) plot based on the Bray-Curtis distance matrix. 145
Chinese pigs had significantly different archaeal communities from Danish (ANOSIM, 146
P<0.001, R=0.808) and French (ANOSIM, P<0.001, R=0.634) pigs as demonstrated on the 147
PCoA plot (Figure 1B). However, the archaeal community structures of the Danish and 148
French pigs could not be distinguished (Figure 1B, ANOSIM, P<0.001, R=0.109). 149
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Figure 1. Swine archaeal alpha and beta diversities between three countries. Alpha diversity of 151
archaeal communities in pigs was measured using Shannon Index (A). Beta diversity was illus- 152
trated on principal coordinate analysis (PCoA) plot based on Bray-Curtis distance (B). 153
3.2. The archaeal composition in pigs 154
At the genus level, Methanobrevibacter, with an overall average relative abundance of 155
23.02%, was the most abundant archaeal genus (Figure 2), followed by Candidatus Meth- 156
anomethylophilus, which had a relative abundance of 10.52%. Of note, although Methano- 157
brevibacter is considered the most dominant archaeal genus of pigs in general, it was 158
ranked the second most abundant in Danish pigs. Additionally, Methanobrevibacter was 159

significantly more abundant in Chinese pigs with the relative abundance of 44.94% than 160
in both Danish (13.97%) and French pigs (15.41%), while Candidatus Methanomethylophilus 161
was decreased in Chinese pigs (0.98%) compared to Danish (15.71%) and French (12.59%) 162
pigs. 163

At the species level, the mean relative abundance of the top 15 species is shown in Figure 164
3. The gut microbiome of pigs is dominated by Natrialbaceae archaecon XQ INN 246 (mean 165
relative abundance, 10.27%), followed by Candidatus Methanomethylophilus alvus (9.57%), 166
Methanobrevibacter gottschalkii (6.40%), and Methanobrevibacter smithii (3.42%). The most 167
abundant species in different countries seem to be inconsistent, as well. The relative 168
abundance of Candidatus Methanomethylophilus alvus, Natrialbaceae archaeon XQ INN 246, 169
and Methanobrevibacter gottschalkii were the highest in Danish, French, and Chinese pigs 170
with an average relative abundance of 14.32%, 11.67%, and 16.28%, respectively. 171
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Figure 2. Relative abundance of the top 15 archaeal genera in swine fecal samples from different 173
countries. Each column represents one archaeal community, and each color represents one archaeal 174
genus. The y-axis represents relative abundance ranging from 0 to 100%. 175
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Figure 3. Relative abundance of the top 15 archaeal species in swine fecal samples from different 177
countries. Each column represents one archaeal community, and each color represents one archaeal 178
species. The y-axis represents relative abundance ranging from 0 to 100%. 179
3.3. The metabolic pathways of the swine archaea 180
To investigate the possible roles of gut archaea in swine, MetaCyc metabolic pathway 181
profiles based on archaeal reads were investigated using HUMANNS3. A total of 77 182

MetaCyc pathways were observed, with 12 of these MetaCyc pathways present in more 183
than 60% of fecal samples (Table S1). Figure 4A shows the top six most abundant Meta- 184

Cyc pathways. The most abundant MetaCyc pathway was involved in pyruvate fer- 185
mentation to isobutanol (PWY-7111). Pathways of VALSYN-PWY and ILEUSYN-PWY 186
ranked as second and third and were related to the biosynthesis of two essential amino 187

acids, L-valine and L-isoleucine, respectively. Interestingly, these pathways, PWY-7111, 188
VALSYN-PWY, and ILEUSYN-PWY, were also among the top 10 most abundant Meta- 189
Cyc pathways in bacteria (Figure 4B, Table S2). Furthermore, the pathway related to hy- 190
drogen consumption (METHANOGENESIS-PWY) was only observed in archaea and not 191


https://doi.org/10.20944/preprints202102.0508.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 February 2021

in bacteria (Table S1 and Table S2). In contrast, the pathways involved in hydrogen
production (FERMENTATION-PWY and PWY4LZ-257) were only observed in bacteria
and not in archaea (Figure 5).
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Figure 4. Summary of the predominant MetaCyc pathways of archaea and bacteria in pigs. The top
six most abundant MetaCyc pathways of archaea (A) and bacteria (B) are displayed. In A and B, the
y-axis represents the number of reads mapped to reference genes involved in pathways. Data have
been normalized to RPKM (reads per kilobase of transcript per million mapped reads).
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Fig. 5. Overview of the hydrogen production pathways of bacteria and consumption pathway of
archaea.

We next profiled the archaea-annotated CAZyme gene families in the swine gut. A total
of 297 CAZyme gene families were identified from archaeal reads, out of which 99 were
detected with a sample coverage of more than 60%. The three major CAZyme families
were glycoside hydrolases (GH, 54/99), glycoside transferases (GT, 24/99), and carboxy-
lesterase (CE, 11/99). The most abundant CAZyme category was AA3, followed by GH43
and GT2 (Figure 6A). For comparison, we also investigated bacterial CAZyme profiles
(Figure 6B) and found that six of the top 10 CAZyme families of archaea and bacteria
were shared, including AA3, GT2, AA6, GT41, GT5, and GH13.
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Figure 6. Summary of predominant CAZyme gene families (A and B) and antibiotic resistance 212
genes (C and D) of archaea and bacteria in pigs. Top six CAZy gene families of archaea (A) and 213

bacteria (B) were normalized by TPM (Trans Per Million) using salmon software. ARG raw counts 214
were identified using deeparg software. The ARG reads count of archaea (C) and bacteria (D) were 215

normalized by CPM (Counts Per Million). 216
Finally, we examined the ARGs in the swine gut archaea. In total, 13 classes of ARGs 217
were detected from archaeal reads in all samples. On average, 0.035% of ARG hits were 218

obtained from archaeal reads. The ARG class of multidrug resistance represented the vast 219
majority (87.41%) of ARG hits. The other ARG classes with more than 1% relative abun- 220
dance include peptide (5.07%), tetracycline (2.29%), mupirocin (1.69%), and unclassified = 221

(1.15%). The ARG type of multidrug class was significant enriched in Chinese pigs 222
(Kruskal-Wallis test, P<0.01), and the relative abundance of the multidrug class in Danish 223
pigs is significantly higher than that in French pigs (Kruskal-Wallis test, P<0.01). The 224
boxplots of the top six ARG genes are shown in Figure 6C. In contrast, 24 ARGs were 225
identified in bacterial reads, and 0.144% of bacterial reads were identified as ARG hits. 226

The most abundant ARG class in bacteria was tetracycline, accounting for 40.59% of the 227
total ARG hits (Figure 6D), while the class of multidrug ranked second with 19.39%, fol- 228

lowed by MLS (17.73%), beta-lactam (7.46%), peptide (5.33%), and aminoglycoside 229
(4.63%). 230
4. Discussion 231
Although archaea are an essential class of gut microorganisms in humans and animals, 232
they have been neglected for many years. A few studies have examined archaeal com- 233
position by 165 rRNA sequencing methods; however, most studies only focused on the 234

composition of methanogenic archaea of gut archaea. Furthermore, only a small number 235
of gut archaeal strains were isolated from pig feces[34]. Therefore, compared to bacteria, 236
very limited information is available for the archaeal composition in pigs, and even lessis 237
known about the archaeal metabolic pathways in pigs. In this study, by re-analyzing the 238
swine gut metagenome of a large number of pigs from three countries, we characterized = 239
the swine gut archaeal diversity and metabolic pathways, which improves our under- 240
standing of the potential roles of archaea in mammals. 241
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Regarding archaeal diversity, Chinese pigs had archaeal communities significantly dif- 242
ferent from Danish and French pigs in both alpha and beta diversity, consistent with the 243
bacterial communities described by Xiao and colleagues[22]. Chinese pigs were fed two =~ 244

types of antibiotics, including fluorine benzene (400g/ton) and penicillin (600g/ton), 245
which may cause a significant reduction in microbial richness. However, most archaea 246
were not sensitive to penicillin and fluorine benzene because of the absence of drug tar- 247
gets[35], which means that the administration of antibiotics could not fully explain the 248
decrease of archaeal richness in Chinese pigs. Geography, environment, diet, sex, and 249
breed are confounding factors that might contribute to the difference in alpha and beta 250
diversity of the swine gut archaeal diversity between the three countries. 251

As for archaeal composition, Methanobrevibacter was the most abundant archaeal genusin =~ 252
general, which was in line with previous studies[16]. It should be noted that variations in 253
the abundance of Methanobrevibacter between countries were observed. It was ranked the 254

second most abundant genus in the Danish group with a relative abundance of 13.97%, 255
following Candidatus Methanomethylophilus (relative abundance of 15.71%). The archaeal = 256
composition based on metagenomics was different from that revealed by 16s rRNA or 257
mcrA genes. Mi and colleagues found that the genus Methanobrevibacter was the domi- 258
nant archaeal taxon with an average relative abundance of 57% in the large intestine of 259
finishing pigs[19]. Furthermore, Methanobrevibacter was also reported as the over- 260
whelmingly dominant archaeal genus and accounted for 95.01%-100% of all archaeal 261
reads in pigs in other studies[17,18]. Many factors, such as environment, diet, breed, and 262
age, might contribute to the discrepancies in the archaeal composition between these 263
studies. It is worth noting that technology (i.e., shotgun metagenomics sequencing vs. 264
16S rRNA sequencing) is likely another important confounder. Amplification bias is an 265

inevitable disadvantage to accurately quantify bacterial and archaeal cells[36]. Of partic- 266
ular note, compared with bacteria, the domain archaea remains poorly understood, and 267
there lacks enough reference sequences to design primers properly, which causes many 268
archaeal taxa to remain undetected[37]. 269

Previous studies on animals and humans have revealed that archaea were involved in 270
energy metabolism through the consumption of hydrogen and carbon dioxide to produce 271
methane[11,38]. In our study, the metabolic pathway related to methanogenesis from H2 272
and CO2 (METHANOGENESIS-PWY) was only found in archaeal reads and not in bac- 273

terial reads. In contrast, hydrogen production pathways were only found in bacterial 274
reads and not in archaeal reads. These results suggest that there is a complementary re- 275
lationship between archaea and bacteria, and archaea participated in energy metabolism 276
in pigs as well. Samuel and colleagues showed that methanogenic archaea were able to 277
enhance caloric harvest and weight gain by methods other than hydrogen-utilizationin 278
humans, but the detailed mechanism is unclear[38]. We inferred that archaea have the 279
potential to improve the growth performance of pigs through the synthesis of essential 280
amino acids. In our study, L-valine and L-isoleucine -related pathways were ranked as 281
the top MetaCyc pathways of archaea. L-valine and L-isoleucine are essential amino ac- 282
ids and could improve the growth performance of pigs at multiple stages of 283

growth[39,40]. Of note, the two pathways were also abundant in bacteria. Further studies 284
are desired to elucidate the proportion and magnitude of archaeal contribution to amino 285

acid biosynthesis in pigs. 286
Interestingly, a large number of CAZyme gene families were also detected in archaeal 287
reads. CAZyme genes are involved in carbohydrate metabolism and are important in the 288
absorption and utilization efficiency of energy for the host. CAZyme gene families 289
abundance in the host gut were confirmed association with growth performance in sev- 290
eral domestic animals [41-43]. In general, bacteria in the mammal gut, especially species 291
belonging to Firmicutes and Bacteroidetes, were considered the main providers of CA- 292

Zyme genes for encoding enzymes to digest complex carbohydrates[44]. Nevertheless, 293
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recent publications revealed that archaea participate in carbohydrate metabolism 294
through the production of various enzymes[45,46]. In our study, 297 CAZyme gene fam- 295
ilies were detected in archaea reads, and six of the top 10 CAZyme families of archaea 296
and bacteria were shared. These CAZyme gene families of archaea may be useful sup- 297
plements for carbohydrate digestion in swine. Therefore, our study suggests that, inad- 298
dition to H2 depletion, archaea might be directly involved in energy metabolism in the 299
pig gut. 300
Bacterial ARGs have been investigated in many studies in different animals. However, 301
little is known about ARGs in archaea. In this study, we also explored the archaeal ARGs 302
in pigs in addition to metabolic pathways. The ARG classes of tetracycline, multidrug, 303
and MLS were relatively abundant in bacterial reads of the 287 pigs. However, the ARG 304
class of multidrug resistance represented the overwhelming majority at 87.41% of ARG 305

hits in archaeal reads of these pigs. The effects of low-dose antibiotics on archaeal ARGs 306
in pigs, the generation and spread of ARGs among archaeal and between domains need 307

further investigation. 308
In this study, we profiled archaeal composition and functional potential in pigs. Alt- 309
hough amplification bias was avoided by using shotgun metagenomics data, there are 310
two limitations of our study. First, our study only included a limited number of archaeal 311
reference genomes. Therefore, numerous archaea with no reference genomes could not 312
be identified, which can underestimate the richness of archaea and its functional diver- 313
sity. Second, compared with bacteria, the relative abundance of archaea is lower by about 314
1%. Therefore, higher sequencing depth was demanded to accurately quantify archaea. 315

Although we demonstrated archaea had functional potentials, further studies are needed 316
to link archaeal species or strains with growth performance of pigs. In addition, methane, 317

the production of methanogenic archaea, is a greenhouse gas with environmental con- 318
cerns. Thus, modulation of archaeal communities to maintain a balance between animal 319
production (e.g., growth-promoting functions) and environmental protection (e.g., me- 320
thane emission) is critical. 321
5. Conclusions 322

In conclusion, our study revealed the composition and functional potential of ar- 323
chaea in the swine gut based on the re-analysis of metagenomic data. We have demon- 324
strated different predominant archaeal genera and species in different swine popula- 325
tions. In terms of functional potential, METHANOGENESIS-PWY related to methano- 326
genesis from H2 and CO2 was only found in archaeal reads, which indicated that archaea 327
were involved in energy metabolism by depleting H2 in the swine gut. Moreover, ar- 328
chaea shared several amino acid synthesis pathways and the main CAZyme gene fami- 329
lies with bacteria, which suggested archaea are potentially involved in amino acid syn- 330
thesis and energy metabolism. 331
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