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Abstract

Background: Due to the importance of chicken production and the remarkable influence of the gut microbiota on host health and
growth, tens of thousands of metagenome-assembled genomes (MAGs) have been constructed for the chicken gut microbiome. How-
ever, due to the limitations of short-read sequencing and assembly technologies, most of these MAGs are far from complete, are of
lower quality, and include contaminant reads.

Results: We generated 332 Gb of high-fidelity (HiFi) long reads from the 5 chicken intestinal compartments and assembled 461 and
337 microbial genomes, of which 53% and 55% are circular, at the species and strain levels, respectively. For the assembled microbial
genomes, approximately 95% were regarded as complete according to the “RNA complete” criteria, which requires at least 1 full-length
ribosomal RNA (rRNA) operon encoding all 3 types of rRNA (16S, 23S, and 5S) and at least 18 copies of full-length transfer RNA genes.
In comparison with the short-read-derived chicken MAGs, 384 (83% of 461) and 89 (26% of 337) strain-level and species-level genomes
in this study are novel, with no matches to previously reported sequences. At the gene level, one-third of the 2.5 million genes in
the HiFi-derived gene catalog are novel and cannot be matched to the short-read-derived gene catalog. Moreover, the HiFi-derived
genomes have much higher continuity and completeness, as well as lower contamination; the HiFi-derived gene catalog has a much
higher ratio of complete gene structures. The dominant phylum in our HiFi-assembled genomes was Firmicutes (82.5%), and the
foregut was highly enriched in 5 genera: Ligilactobacillus, Limosilactobacillus, Lactobacillus, Weissella, and Enterococcus, all of which belong
to the order Lactobacillales. Using GTDB-Tk, all 337 species-level genomes were successfully classified at the order level; however,
2, 35, and 189 genomes could not be classified into any known family, genus, and species, respectively. Among these incompletely
classified genomes, 9 and 49 may belong to novel genera and species, respectively, because their 16S rRNA genes have identities lower
than 95% and 97% to any known 16S rRNA genes.

Conclusions: HiFi sequencing not only produced metagenome assemblies and gene structures with markedly improved quality but
also recovered a substantial portion of novel genomes and genes that were missed in previous short-read-based metagenome studies.
The novel genomes and species obtained in this study will facilitate gut microbiome and host–microbiota interaction studies, thereby
contributing to the sustainable development of poultry resources.

Keywords: Chicken gut, PacBio HiFi sequencing, Metagenome-assembled genomes, Gene catalog

Introduction
The domestic chicken, Gallus gallus (NCBI:txid9031), has long been
used as a model avian species, and chicken eggs and meat pro-
vide a primary source of animal-derived protein in the human
diet. The first draft genome sequence of chicken was published in
2004, providing unique perspectives on vertebrate evolution [1].
Subsequent population resequencing studies revealed not only
the phylogeny history and population structure of this species but
also information about locus selection during chicken domesti-
cation [2, 3]. The gut microbiota can degrade dietary polysaccha-
rides; detoxify xenobiotics; produce nutrients and energy sources
such as vitamins, amino acids, and short-chain fatty acids; and
can also modulate the immune system, thus playing important
roles in chicken nutrition, physiology, immunity, and health. How-
ever, the gut microbiota also contains many zoonotic pathogens,
posing threats to the poultry industry and to human health [4, 5].

Due to the importance of the chicken gut microbiota, its composi-
tion and host interactions have been studied intensively in recent
years.

High-throughput short-read sequencing technologies have ex-
tensively facilitated metagenome studies to explore the taxo-
nomic and functional compositions of the chicken gut microbiota.
Studies that aim to decipher taxonomic compositions tend to se-
quence 16S ribosomal RNA (rRNA) gene amplicons [6, 7], while
studies that focus on both taxonomy and functions have used
whole-genome shotgun sequencing [8]. In 2018, Huang et al. [9]
constructed the first comprehensive gene catalog of the chicken
gut microbiome containing ∼9 million genes through sequencing
of 495 chicken samples from 7 different farms in China. Then,
several endeavors have been made to construct the metagenome-
assembled genomes (MAGs) from the fragmented contigs. In 2020,
Glendinning et al.[10] constructed 469 draft MAGs using the gut
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metagenomes of 24 chicken samples. In 2021, Segura-Wang et al.
[11] reconstructed 155 MAGs from metagenomes of 751 chicken
samples; Gilroy et al. [12] constructed over 5,595 MAGs based on
632 chicken metagenomes; Feng et al. [8] assembled 12,339 MAGs
by integrating 799 public chicken gut microbiome samples from
10 countries. These MAGs and gene catalogs constructed from
short-read metagenome data provide an overview of the chicken
gut microbiota landscape.

Due to the technical limitation of short-read sequencing, these
metagenome assemblies often produce fragmented contigs, with
a contig N50 less than 10 kb, and a certain portion of contigs less
than 500 bp in length is usually excluded for downstream anal-
yses [9]. Although these short contigs can be grouped into MAGs
with binning algorithms, binning introduces several types of er-
rors, such as incompleteness and contamination [13]. Therefore,
MAGs cannot be taken as microbial reference genomes. Indeed, a
considerable portion of the gene structures in the nonredundant
gene catalog is incomplete, limiting their use in various applica-
tions. The advent of highly accurate long-read high-fidelity (HiFi)
sequencing promises to resolve these problems. Recently, a sheep
fecal metagenome study using ∼200 Gb HiFi read data assembled
by metaFlye produced 44 circular contigs, each corresponding to a
complete reference genome [14, 15]. Furthermore, using the same
data, Hifiasm-meta software generated even better assembly re-
sult, producing 279 circular complete reference genomes [16]. In
this study, we used high-fidelity long-read technology to improve
the metagenome assemblies and gene catalogs of the chicken gut
microbiomes.

Results
Longer contigs of the chicken metagenome
assembled from high-fidelity long reads
We collected 150 digesta samples from the 5 intestinal compart-
ments (duodenum, jejunum, ileum, cecum, and colorectum) of
30 chickens (Lingnan yellow broilers) slaughtered on day 42, ex-
tracted the metagenomic DNA and combined the DNA samples,
evaluated the DNA quality and quantity (Supplementary Table S1
and Supplementary Fig. S1), and constructed sequencing libraries
for each intestinal compartment. Then, we generated 22 Gb, 45
Gb, 73 Gb, 81 Gb, and 112 Gb PacBio HiFi reads for duodenum, je-
junum, ileum, cecum, and colorectum, respectively (Table 1). For
the total 332 Gb HiFi reads, the N50 read length is 17 kb, and the
median read quality value is 32; these values are comparable to
those of previous HiFi metagenome studies [14, 16]. The increas-
ing amount of HiFi reads from the duodenum to the colorectum
was associated with the increase in microbial diversity along the
different intestinal compartments [9], permitting the recovery of
more microbial species.

We assembled the HiFi reads into contigs for each intestinal
compartment independently with Hifiasm-meta [16], which pro-
duced linkage graphs of the contigs. Taking the colorectum as
an example, we observed a single “super complex,” several tan-
gled circular, hundreds of circular, and many linear topologies
in the contig graph (Fig. 1, Supplementary Fig. S2). Upon review-
ing the taxonomic components and read coverage depth for each
topology, we found that the super complex contains tens of vari-
ous microbial genomes sharing some similar genomic fragments;
the tangled circles contain many different strains of 1 species,
and the high redundancy of overlapped contigs makes the tan-
gled circles seem much larger than the real genome size of the

species; and the circular and linear contigs represent complete
and incomplete genomes for single microbial strain or species,
respectively.

The total contig sizes are 0.22 Gb, 0.56 Gb, 0.85 Gb, 3.11 Gb, and
3.96 Gb, and the contig N50 sizes are 28 kb, 29 kb, 34 kb, 193 kb, and
165 kb for the duodenum, jejunum, ileum, cecum, and colorec-
tum, respectively (Fig. 2A,B, Supplementary Table S2). In compar-
ison, the contig N50 sizes from short-read metagenome assem-
blies are usually lower than 10 kb [9], suggesting that HiFi reads
assembly provides a substantial improvement in contig continu-
ity. The foregut (duodenum, jejunum, ileum) assemblies contain
more fragmented contigs than the hindgut (cecum, colorectum),
which may be explained by the fact that the foregut contains
only a few of dominant microbial species and other species with
very low abundance. In comparison, the hindgut (cecum, colorec-
tum) contains hundreds of abundant microbial species, and their
abundance distribution is relatively more even. Although genomic
complexity may also lead to fragmented contigs, we observed a
nontrivial correlation between contig size and coverage depth, in-
dicating that insufficient coverage depth of microbes with very
low abundance is the primary reason for most of the fragmented
contigs (Fig. 2C, Supplementary Fig. S3). Moreover, the coverage
depth is positively related with the single-base quality values, in-
dicating that higher coverage depth will improve the single-base
accuracy of the contig sequences (Fig. 2D).

Hundreds of complete circular genomes and
binned noncircular MAGs
For the duodenum, jejunum, ileum, cecum, and colorectum, re-
spectively, we obtained 22, 25, 41, 120, and 173 reference micro-
bial genomes of circular contigs and recovered 5, 15, 21, 165, and
161 MAGs from the binning of noncircular contigs, resulting in a
total of 27, 40, 62, 285, and 334 assembled microbial genomes that
passed the medium-quality criteria (Fig. 3A, Supplementary Table
S3). Most of the circular genomes met the near-complete criteria,
while the noncircular MAGs include more genomes with relatively
lower qualities, referred to as high quality and medium quality.
Previously, the Hifiasm-meta project used a small portion of the
data generated in this study for software testing and assembled 62
circular microbial genomes that met near-complete criteria using
33.6 Gb of chicken cecum data [16]. In this study, using a total of
81 Gb of cecum data, we successfully assembled 110 circular mi-
crobial genomes with near-complete quality. This result indicates
that more complete genomes can be assembled by increasing the
sequencing depth.

For the assembled microbial genomes within each intestinal
compartment, the sequence divergences are mostly above 1%—
that is, have an average nucleotide identity (ANI) below 99%,
which represents a strain-level assembly. To remove the assembly
redundancy among intestinal compartments, we removed redun-
dant genomes (those with a sequence divergence lower than 1%)
and thereby generated 461 nonredundant genomes of microbial
strains within the chicken gut (Fig. 3A). Furthermore, to remove
the redundant genomes at the species level, these 461 nonre-
dundant microbial strain genomes were reduced to 337 nonre-
dundant genomes with sequence divergences greater than 5%.
Of the 461 strain-level and 337 species-level microbial genomes,
246 (53%) and 187 (55%) are circular genomes, respectively. Ac-
cording to the distribution analysis, the circular genomes have
larger assembly sizes and higher CheckM scores than the non-
circular MAGs (Fig. 3B,C), and the assembled genome sizes are
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Table 1: Statistics of PacBio HiFi sequencing data

Intestinal
compartment PacBio Cell number Number of reads

Number of bases
(bp) N50 read length (bp)

Median read quality
(Phred)

Duodenum 1 2,734,871 22,233,516,165 9,778 39
Jejunum 2 2,669,321 44,559,115,216 16,417 35
Ileum 2 4,282,202 72,828,594,344 16,856 33
Cecum 3 5,045,925 80,959,163,166 17,319 31
Colorectum 3 5,865,946 111,891,321,947 19,258 31
All 11 20,598,265 332,471,710,838 17,316 32

Tangled circular

Super complex

Tangled circular

Tangled 
circular

Tangled 
circular

Tangled   circular

Tangled   circular

Circular LinearCircular Linear
Linear

LinearCircular

Figure 1: Graphic display of the contig assembly graph. Random colors were chosen for different contigs. The line length is proportional to the contig
length, and the line width is proportional to the contig coverage depth. Some examples for super complex, tangled circular, individual circular, and
linear contigs are labeled. This plot shows the colorectum assembly drawn by Bandage.

positively correlated with the CheckM scores (Supplementary
Fig. S4). Using the 187 circular species-level genomes, which all
have complete genome assemblies, we showed that higher cov-
erage depth is positively correlated with CheckM completeness
score, indicating that a higher coverage depth will improve the
single-base accuracy of the genome assemblies (Supplementary
Fig. S5).

Although plasmids were reported to be more difficult to assem-
ble than host genomes in metagenomes [17], we were able to iden-
tify 61, 67, 71, 81, and 78 circular plasmid genomes in the Hifiasm-
meta contigs for duodenum, jejunum, ileum, cecum, and colorec-
tum, respectively (Supplementary Table S4). Moreover, we identi-
fied 33, 14, 14, 52, and 50 circular viral genomes among the corre-
sponding intestinal compartments. The average plasmid genome
size is 69 kb, which is slightly larger than the average virus genome
size of 52 kb. The success in assembling these circular plasmid
and virus genomes is encouraging; many more plasmid and virus
fragments exist in the tangled or linear contigs and should be in-
vestigated further.

The presence of rRNA and transfer RNA genes
confirms the high assembly quality
In prokaryotes, the 5S, 16S, and 23S rRNA genes are commonly
colocated and transcribed together, forming rRNA operons. Usu-
ally, multiple copies of rRNA operons exist in 1 genome, and the
repetitive nature makes them difficult to assemble from short
reads. Transfer RNA (tRNA) genes are randomly distributed in the
genome, often in multiple redundant copies. The identification of
rRNA and tRNA genes has traditionally been used as an important
measurement for the completeness of genome assembly [16]. We
annotated the rRNA and tRNA genes in the 461 nonredundant mi-
crobial genomes and found that 447 (97%) genomes have at least 1
full-length rRNA operon encoding all 3 types of rRNA (5S, 16S, 23S)
genes, 450 (98%) genomes have at least 18 copies of full-length
tRNA genes, and 439 (95%) genomes are “RNA complete,” meeting
both the rRNA and tRNA criteria. Our results showed that most
microbial genomes have 1 to 6 rRNA operons (Fig. 4A) and 35 to
65 copies of tRNA genes (Fig. 4B). In addition, the number of rRNA
operons and tRNA genes in circular genomes is larger than that in
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Figure 2: Contig assembly statistics. (A) Histogram of total assembled contig sizes for each intestinal compartment. (B) Histogram of N50 contig sizes
for each intestinal compartment. (C) Correlation plot of contig length and coverage depth, generated using contig data from all intestinal
compartments. The red marker line indicates that sufficient coverage depth contributes to contig continuity. (D) Correlation plot of the YAK quality
score (QV) and coverage depth, using contigs with lengths over 100 kb from all intestinal compartments. The k-mer frequency was calculated with the
parameters “yak count -b37 -t48” and the yak QV was calculated with the parameters “yak qv -t80 -p -K3.2 g -l100k.” The red marker line indicates that
a higher coverage depth improves the single-base quality of the contig sequences.

noncircular MAGs (Fig. 4A,B), which is consistent with the results
of the completeness analysis of the microbial genomes.

Superiority of HiFi assembled genomes over
short-read assembled MAGs
Numerous efforts have been made to construct MAGs from short-
read assembled contigs [18]. A recent study on the chicken
gut metagenome reported the generation of 12,339 dereplicated
strain-level MAGs (ANI <99%) and 1,978 dereplicated species-
level MAGs (ANI <95%) by integrating the short-read assembly
of 799 public chicken gut microbiome samples from 10 coun-
tries [8]. Compared to the reported strain-level MAGs, 384 (83%)
of our 461 strain-level genomes are novel (ANI <99%), includ-
ing 209 (45%) circular genomes and 175 (38%) noncircular MAGs
(Fig. 5A). Compared to the reported species-level MAGs, 89 (26%)
of our 337 species-level genomes are novel (ANI <95%), includ-
ing 50 (15%) circular genomes and 39 (12%) noncircular MAGs
(Fig. 5B). Although the currently limited sample sizes and HiFi
sequencing depth produces a smaller number of assembled mi-
crobial genomes than are generated by the short-read assembly
(Fig. 5C), HiFi assembly can recover genomes of novel species and
especially novel strains, which cannot be successfully resolved by
short-read assembly, because short reads cannot distinguish the
highly similar sequences of closely related microorganisms.

The quality of the HiFi-assembled microbial genomes is highly
superior to that of the short-read assembled MAGs. The average
contig numbers for our assemblies are 1 for our circular genomes
and 2.8 for noncircular MAGs, in comparison to 257 for the short-

read assembled MAGs (Fig. 5D). Our average assembled genome
sizes are 2.61 Mb, 2.35 Mb, and 2.23 Mb, and the average con-
tig N50 sizes are 2,884 kb, 1,697 kb, and 38 kb for the circu-
lar genomes, noncircular MAGs, and short-read MAGs, respec-
tively (Fig. 5E,F). Moreover, the average CheckM completeness per-
centages are 95.5%, 76.4%, and 89.5%, and the average CheckM
contamination percentages are 0.85%, 1.59%, and 2.14% for the
circular genomes, noncircular MAGs, and short-read MAGs, re-
spectively (Fig. 5G,H). Almost all the evaluations of our circular
genomes and noncircular MAGs are better or much better than
those of the short-read assembled MAGs, except for the CheckM
completeness of our noncircular MAGs, which is slightly lower
than that of the short-read MAGs, because the 2 genome datasets
used different completeness cutoffs (50% versus 80%). Overall, the
HiFi-assembled microbial genomes not only are more continuous
and complete than the short-read MAGs but also have less con-
tamination.

Advantage of HiFi-derived gene catalog over gene
catalogs from short reads
In addition to MAGs, the nonredundant gene catalog is another
important resource in metagenome studies. Based on Illumina
sequencing data, in 2018, Huang et al. [9] published the first
9.0 M gene catalog (CGM-RGC) for the chicken gut metagenome,
and in 2021, Feng et al. [8] published a more comprehensive
16.6 M gene catalog (GG-IGC) that integrated all the available pub-
lic chicken metagenome sequencing data. Here, we constructed
a 2.5 M nonredundant gene catalog (HiFi-RGC) with the HiFi-
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Figure 4: Statistics of noncoding RNA genes in assembled microbial genomes. (A) Distribution of the number of full rRNA operons (i.e., those that
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assembled contigs from all intestinal compartments. Although
the gene number of our gene catalog is smaller than those of the 2
published gene catalogs due to the limited sample sizes, the struc-
ture completeness ratio of our gene catalog is 99%, much higher
than the 38% and 63% reported for CGM-RGC and GG-IGC, respec-
tively (Fig. 6A,B).

By comparing the pairwise overlap at the gene sequence level,
we found that 847,801 (33.8%) and 724,123 (28.9%) genes are
unique in HiFi-RGC compared to CGM-RGC and GG-IGC, respec-
tively (Fig. 6C,D), suggesting that the HiFi-derived gene catalog re-

covered a substantial portion of the genes that were missed by
short-read technologies. Because GG-IGC is more comprehensive
than CGM-RGC, we considered the 724,123 (28.9%) genes in HiFi-
RGC as unique genes and the remaining genes (71.1%) in HiFi-RGC
as shared genes. Then, the microbial communities derived from
the unique and shared genes in HiFi-RGC were compared. The re-
sults showed that 36.8% of unique genes were unclassified at the
phylum level, which was obviously higher than the proportion of
shared genes (24.9%), suggesting that the unique genes are en-
riched in unknown phyla (Supplementary Fig. S6).
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Phylogeny of HiFi-assembled microbial genomes
and differences among intestinal compartments
We used GTDB-Tk to align the 337 HiFi-assembled species-level
genomes to the 47,894 species clusters (45,555 bacterial and 2,339
archaeal) in the GTDB database (r202) and assign taxonomic clas-
sification to the HiFi-assembled genomes based on their phyloge-
netic placement [19]. Only 1 genome was classified as archaea,
and the other 336 genomes were all classified as bacteria. The
dominant phylum is Firmicutes, containing 278 (82.5%) genomes,
followed by Bacteroidota and Actinobacteriota, which contain 25
(7.4%) and 14 (4.2%) genomes, respectively. In total, these 3 phyla

covered 317 (94%) of all the assembled genomes. The remaining
genomes were classified as Cyanobacteria, Proteobacteria, Desul-
fobacterota, Campylobacterota, Deferribacterota, Methanobacte-
riota, and Verrucomicrobiota.

The foregut contains the duodenum, jejunum, and ileum,
which mainly function in feed digestion and nutrient absorption.
The hindgut contains the cecum and colorectum, which function
in fermentation, detoxification, and recycling of residual water
and salt. Noticeably, there was a distinctive difference in the mi-
crobial composition between the foregut and hindgut. The foregut
was highly enriched in 5 genera: Ligilactobacillus, Limosilactobacillus,
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Lactobacillus, Weissella, and Enterococcus, all belonging to the order
Lactobacillales. In contrast, the species diversity of the hindgut
was much higher, and the species were more dispersed (Fig. 7,
Supplementary Fig. S7). This difference in species composition be-
tween the foregut and hindgut is consistent with previous reports
from short-read metagenome studies [9] and is caused by the dif-
ference in morphology and physiology between the foregut and
hindgut. The sampling of all intestinal compartments contributes
to more comprehensive microbial genome assemblies. Microbes
of very low abundance in some intestinal compartments but of
relatively higher abundance in other compartments could also be
recovered.

Novel genomic representation and novel genus
and species discovery
Although all the species-level genomes have been successfully
classified at the order level by GTDB-Tk [19], 2, 35, and 189
genomes could not be classified at the lower taxonomic levels of
family, genus, and species, respectively, suggesting that they are
novel genome assemblies for these families, genera, and species
(Fig. 7). Some of these new genomic sequences may have potential
benefits to industry or medical applications. Lactobacillus has tradi-
tionally been used in the fermentation industry, producing lactate
from raw carbohydrates and synthetic media [20]. In recent years,
Lactobacillus and its close relatives Ligilactobacillus and Limosilacto-
bacillus have also been widely adopted as probiotic supplements,
either in animal feed to promote growth or human foods to im-
prove human health [21]. Among our 337 assembled microbial
species genomes, 3 genomes belong to Lactobacillus, 7 genomes

belong to Ligilactobacillus, and 6 genomes belong to Limosilacto-
bacillus. All these genomes have been successfully classified to
the genus level, and most of the genomes were successfully clas-
sified to the species level by GTDB-Tk. However, 2 Ligilactobacil-
lus genomes and 1 Limosilactobacillus genome have not been clas-
sified to the species level, suggesting that these 3 species-level
genomes may represent novel genomic resources for probiotic
development.

To further classify these genomes at lower taxonomic ranks, we
used the Ribosomal Database Project (RDP) Classifier and align-
ments to the Silva 16S rRNA database with the annotated 16S
rRNA gene sequences from their genomes. RDP successfully clas-
sified 1 genome at the family level and 14 genomes at the genus
level, leaving 1, 21, and 189 genomes still unclassified at the family,
genus, and species levels, respectively (Supplementary Table S5).
Then, the alignment identities to the Silva database were used to
validate the taxonomic novelty for these genomes. We found that
58 genomes have 16S rRNA gene identities lower than 97%, which
is the threshold for demarcating bacterial species [22]. Among
these, 9 genomes have 16S rRNA gene identities lower than 95%,
which is the threshold generally used to delineate a new genus
[23], indicating that 9 and 49 of these genomes may correspond to
novel genera and species, respectively, which broadens our knowl-
edge of the microbial world (Supplementary Tables S6 and S7). In
addition, approximately one-third of these newly discovered gen-
era and half of these newly discovered species were not found in
the short-read MAG data, suggesting that they are derived only
from HiFi metagenome data, which further shows the advantage
of HiFi sequencing in metagenomic studies.
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Figure 7: Phylogeny of the HiFi-assembled microbial genomes. Each colored clade corresponds to a phylum inferred by GTDB-Tk. Inside the largest
phylum, Firmicutes, 5 genera (Ligilactobacillus, Limosilactobacillus, Lactobacillus, Weissella, and Enterococcus) are also colored for highlighting. The leaf
nodes of the phylogenetic tree have 2 shapes: a solid circle represents a circular genome, and a hollow circle represents a noncircular MAG. The colors
of the leaf nodes represent CheckM quality ranks: green represents near-complete assemblies, blue represents high-quality assemblies, and red
represents medium-quality assemblies. The inner ring shows the GTDB-Tk classification, and a triangle indicates that the corresponding leaf node
matches an existing genome in the GTDB database. The 5 outer rings show the sequencing coverage depth for each assembled microbial genome from
each intestinal compartment. From inner to outer: duodenum, jejunum, ileum, cecum, and colorectum.

Conclusions
Given the importance of chicken production and the remarkable
contribution of the intestinal microbiota to host nutrition and
health, numerous efforts have been made to construct chicken
gut MAGs and gene catalogs. In the present study, using high-
fidelity long reads of the 5 intestinal compartments of chick-
ens, we assembled 461 microbial genomes at strain level (ANI
>99%) and 337 microbial genomes at species level (ANI >95%),
of which 246 (53%) and 187 (55%) are circular genomes, respec-
tively. In addition, many circular plasmids and viral genomes were

also successfully obtained. Among the 461 microbial genomes,
439 (95%) genomes are “RNA complete,” having at least 1 full-
length rRNA operon coding for all 3 types of rRNA (16S, 23S, and
5S rRNA) genes and at least 18 copies of full-length tRNA genes.
With this work, chicken is now the third animal species after hu-
man and sheep that have comprehensive HiFi gut metagenome
assemblies.

In comparison to the chicken MAGs derived from short-read
metagenome assemblies, the HiFi-assembled microbial genomes
not only provide substantial advantages in continuity, complete-



Improved microbial genomes for chicken gut | 9

ness, and contamination metrics but also recovered 384 (83% of
461) and 89 (26% of 337) novel strains and species, respectively.
In addition, the structure completeness ratio of the 2.5 M nonre-
dundant gene catalog constructed from HiFi-assembled contigs
(>99%) is much higher than that of the short-read assembly-
derived gene catalogs (40–60%), and approximately one-third of
the genes in the HiFi-derived gene catalog are not present in
the short-read-derived gene catalogs. Taken together, our re-
sults showed that HiFi metagenome sequencing not only yields
genomes and genes with better qualities but also provides a sub-
stantial number of novel genomes and genes that were missed in
short-read metagenome studies.

Phylogeny analysis showed that the dominant phyla in our
HiFi-assembled genomes are Firmicutes (82.5%), Bacteroidota
(7.4%), and Actinobacteriota (4.2%). The foregut is highly en-
riched in 5 genera in Lactobacillales (order), Ligilactobacillus, Limosi-
lactobacillus, Lactobacillus, Weissella, and Enterococcus, whereas the
hindgut has a much wider spectrum of species. Using GTDB-
Tk, 2, 35, and 189 genomes failed to be classified at the family,
genus, and species levels, suggesting that they are novel assem-
bled genomes at these respective levels. The RDP Classifier fur-
ther assigned 1 genome at the family level and 14 genomes at the
genus level. Among the remaining unclassified genomes, 9 and 49
genomes have 16S rRNA gene identities lower than 95% and 97%
in the Silva database, indicating that these genomes may repre-
sent novel genera and species, respectively. The HiFi metagenome
assembly not only improves the genomic representation but also
enables the discovery of novel taxonomic units. With regard to
chicken production, these novel microbial genomes or species will
serve as a valuable resource for future studies of functions such
as feed digestion and fermentation as well as the mechanisms
of disease prevention and growth promotion effects of antibiotics
and alternatives.

Methods
Chicken husbandry and disease prevention
Lingnan yellow broilers were studied for a 42-day feeding trial,
with free access to feed and water. The baby chicks were pur-
chased from Zhiwei Guangdong company at 1 day of age and
raised in battery cages at the farmhouse of the Agricultural Ge-
nomics Institute of Shenzhen. The lighting schedule was 16 hours
light and 8 hours dark throughout the experiment. The room
temperature was controlled with heaters, gradually reduced from
35◦C on day 1 to 24◦C on day 21, and then maintained at 24◦C
until day 42. The diets were based on the Nutrient Requirements
of Poultry: Ninth Revised Edition, 1994 (NRC, 1994) and Feeding
Standard of Chicken (NY/T 33–2004).

The chickens were injected with Marek’s disease vaccine and
cephalosporin on day 1, vaccinated against Newcastle disease
virus (NDV, La Sota) and infectious bronchitis virus (IBV, H120)
on day 7 through intranasal administration, vaccinated against
NDV La Sota and IBV M41 and avian influenza H9-NJ02 on day 9
through hypodermic injection, vaccinated against infectious bur-
sal disease virus (IBD B87) on day 14 through water drinking, vacci-
nated against fowlpox virus (FPV, CVCC AV1003) on day 21 through
wing puncture, and vaccinated against NDV La Sota on day 28 in
the drinking water. The chicks also received preventative treat-
ment for coccidiosis and other parasitic diseases with the appli-
cation of diclazuril on days 17 to 18, sulfaquinoxaline on days 24
to 25, and albendazole on days 31 to 32.

Body weight records and digesta sample
collections
The body weight and feed intake of the chickens were recorded
for each replicate on day 42. The average feed intake was 3.74
kg, the average body weight was 1.99 kg, and the feed conver-
sion ratio was 1.93, which are consistent with the growth charac-
teristics of this chicken breed. Then, randomly selected chickens
were slaughtered on day 42, and the intestines were immediately
removed and dissected. Fresh digesta samples from the duode-
num, jejunum, ileum, cecum, and colorectum were collected and
frozen in a dry-ice pack, transported to the laboratory, and stored
at −80◦C until DNA extraction.

DNA extraction, library preparation, and
sequencing
The digesta samples for each intestinal compartment from a total
of 30 chickens were collected for metagenomic DNA extraction.
Mainly due to the volume of digesta, it was difficult to process
all of the samples at one time. For the convenience of process-
ing, the duodenum digesta from every 5 chickens were pooled to-
gether and then washed for microbial cell enrichment and DNA
extraction. After processing all duodenum samples, the metage-
nomic DNA was finally pooled and further purified with VAHTS
DNA Clean Beads (N411-02; Vazyme, Nanjing, China). The metage-
nomic DNA samples of the jejunum, ileum, cecum, and colorec-
tum were processed in the same way, except that for the cecum,
due to its relatively high microbial density, only a subfraction of
the pooled and thoroughly mixed digesta was used for microbial
cell enrichment and DNA extraction.

The following steps were performed for microbial cell enrich-
ment. The pooled digesta samples were mixed thoroughly with
saline buffer containing 0.1% Tween 80 (precooled at 4◦C) by
vortexing. The microbial cells were separated through differen-
tial centrifugation to remove the undigested feed particles [9],
and DNA was extracted from the enriched microbial cells with
a DNeasy PowerSoil Pro kit (47014; Qiagen, Hilden, Germany). For
the bead beating and lysis options of the DNeasy PowerSoil Pro
kit, we added approximately 200 mg of the enriched cells and 800
μL of Solution CD1 into each PowerBead Pro Tube. The tubes were
vortexed briefly to mix and incubated at 65◦C for 10 minutes be-
fore the bead beating step. Then, the tubes were placed horizon-
tally and properly balanced on a Vortex Adapter for 24 (1.5–2.0 ml)
tubes (000-V1-24; Qiagen) on a Kylin-Bell, Jiangsu, China VORTEX-
6. The samples were vortexed in the tubes at maximum speed for
10 min. Toutes ensure the efficiency of the homogenization step,
fewer than 12 tubes were vortexed at one time. All the other steps
were carried out according to the manufacturer’s standard proto-
col.

The DNA quality and quantity were measured by a Invitrogen
Qubit 4 Fluorometer with Qubit™ dsDNA BR (Q32850; Invitrogen,
Carlsbad, CA, USA) and by a Nanodrop 2000c Microvolume Spec-
trophotometer, Thermo Fisher Scientific, Massachusetts, USA.
The integrity of the DNA was evaluated on field electrophoresis
agarose gels. The high-integrity genomic DNA was fragmented to
15 to 20 kb using g-TUBEs (Covaris, Massachusetts, USA), and se-
quencing libraries were prepared by the SMRTbell Express Tem-
plate Prep Kit 2.0 (PacBio, San Diego, CA, USA). Then, high-fidelity
long reads were generated on a PacBio Sequel II System (RRID:
SCR_017990) in circular consensus sequence (CCS; RRID:SCR_0
21174) mode (PacBio). Because microbial diversity gradually in-
creases from the head to the end point of the intestinal tract, 1, 2,

https://scicrunch.org/resolver/RRID:SCR_017990
https://scicrunch.org/resolver/RRID:SCR_021174
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2, 3, and 3 PacBio CCS cells were used for sequencing the duode-
num, jejunum, ileum, cecum, and colorectum, respectively.

Metagenome contig assembly and MAG binning
To ensure assembly quality, the raw HiFi sequencing reads were
filtered, requiring read lengths over 2 kb and average read ac-
curacy over 99%. In addition, the remaining reads were mapped
to the host chicken genome and feed genomes (maize and soy-
bean) by Minimap2 (RRID:SCR_018550) v2-2.20 [24] with param-
eter “-x map-hifi” to remove contaminant sequences, eliminat-
ing approximately 2%, 0.5%, 0.5%, 0.1%, and 0.1% of the reads for
the duodenum, jejunum, ileum, cecum, and colorectum samples,
respectively. Hifiasm-meta (RRID:SCR_022771) r058 [16] with de-
fault parameters was used to assemble the prefiltered HiFi reads
into contigs. By exploiting the contig linkages from the resulting
GFA files with Bandage (RRID:SCR_022772) v0.8.1 [25], the Hifiasm-
meta contigs were divided into 3 classes: (i) circular contig, com-
plete genome assembly of a given species; (ii) tangled “circular,”
many fragmented contigs linked into a tangled circular genome,
formed by various heterozygous strains of a species; and (iii) linear
contig, representing incomplete genome assembly of a species,
often due to low coverage depth. The circular contigs were left
alone, and each tangled “circular” was independently reassem-
bled by Hifiasm-meta r058 with default parameters, using these
fragmented contigs as input reads. Furthermore, the linear con-
tigs were grouped into MAGs by a binning algorithm MetaBAT2
(RRID:SCR_019134) v2.12.1 with the parameter “-a depth_file” [18]
using the contig depth obtained from the Hifiasm-meta GFA files.
CheckM (RRID:SCR_016646) (lineage_wf) v1.1.3 [26] with parame-
ter “lineage_wf” was utilized to evaluate the assembly quality, and
3 quality ranks were adopted: near complete (≥90% completeness
and <5% contamination), high quality (≥70% completeness and
<10% contamination), and medium quality (≥50% completeness
and <10% contamination).

Construction of nonredundant microbial genome
assemblies
The sequencing data of each intestinal compartment (duodenum,
jejunum, ileum, cecum, and colorectum) were assembled inde-
pendently, due to the limitations of our computer memory. Then,
the microbial genome assemblies (near complete, high quality,
medium quality) from all intestinal compartments were put to-
gether, and pairwise identity (0–100) was calculated by FastANI
(RRID:SCR_021091) v1.32 [27] with default parameters. The iden-
tity values were converted into distance values by (100 – iden-
tity)/100, and a hierarchical clustering algorithm with maximum
distance was applied [28]. The stop distances for hierarchical
clustering were set to 0.01 and 0.05 to obtain strain-level and
species-level clusters, respectively. Then, in each cluster, a circu-
lar genome was preferred over a noncircular MAG; in addition, a
genome assembly with a larger CheckM score (completeness – 5
∗ contamination) was preferred. After taking the best genome as-
sembly as the representative, the other genome assemblies were
taken as redundance and removed. Finally, the nonredundant sets
of microbial genomes at the strain level (ANI 99%) and the species
level (ANI 95%) were generated, respectively.

Taxonomy classification and genome annotation
GTDB-Tk (RRID:SCR_019136) (classify_wf) v1.5.1 [19] with param-
eter “classify_wf” and its database version r202 were used for phy-

logenetic placement and classification of the assembled micro-
bial genomes, and GraPhlAn (RRID:SCR_016130) v1.1.3 [29] was
used for tree visualization. The RDP (RRID:SCR_006633) Classi-
fier (RDP Classifier, RRID:SCR_022773) V2.11 [30, 31] was used
to classify the genome lower taxonomic ranks with 16S rRNA
gene sequences, requiring ≥70% confidence. The best hits of the
BLAST (RRID:SCR_008419) V2.3.1 alignments with the parameters
“blastn -task megablast -evalue 1e-5” to the Silva database (r138)
[32] were further used to validate the novelty of the taxonomic
units. ViralVerify (RRID:SCR_022774) v1.1 [33] with the parame-
ter “–hmm nbc_hmms.hmm” was adopted to classify the assem-
bled genomes into bacteria/archaea, plasmid, and viral genomes.
RNAmmer (RRID:SCR_017075) v1.2 [34] with the parameter “-S
arc/bac -m lsu,ssu,tsu” was adopted to annotate the 5S, 16S, and
23S rRNA genes; tRNAscan-SE (RRID:SCR_010835) v2.0.3 [35] with
the parameter “-G -H” was adopted to predict tRNA genes; and
Prodigal (RRID:SCR_011936) (v2.6.3) [36] with parameter “-p sin-
gle” was used to predict protein-coding genes from the assembled
microbial genomes.

Nonredundant gene catalog construction
Protein-coding gene prediction was performed on the contigs of
each intestinal compartment by Prodigal (v2.6.3) [36] with the pa-
rameter “-p meta.” Then, to obtain a nonredundant chicken gut
gene catalog at the species level, the gene models from all the
intestinal compartments were put together and redundance was
removed by the criteria of identity >95% and overlap >90% of
the shorter genes, using CD-HIT-EST (CD-HIT, RRID:SCR_007105)
v4.6.6 [37] with the parameter “-c 0.95 -n 10 -G 0 -aS 0.9.” Then,
the nonredundant gene catalog was taxonomically annotated us-
ing Kaiju (RRID:SCR_022775) v1.9.0 [38] with the option “-a greedy”
based on the NCBI-NR v2020-03-20 database.

To compare the overlap of our gene catalog (HiFi-RGC) with 2
published chicken gut metagenome gene catalogs (CGM-RGC and
GG-IGC) [8, 9], pairwise alignments of HiFi-RGC to CGM-RGC and
HiFi-RGC to GG-IGC were performed using BLAT (RRID:SCR_01191
9) [39] with identity ≥95% and overlap ≥90% of the shorter genes
as the criteria for shared genes.

Additional Files
Supplementary Figure S1. Agarose gel electrophoresis. (A) DC
electrophoresis (0.7% gel, 100 V, 1 hour) for duodenum microbiota
DNA (3011A); M1 15 kb DNA Marker (15,000, 10,000, 7,500, 5,000,
2,500, 1,000, 250 bp); M2 λDNA/HindIII (23,130, 9,416, 6,557, 4,361,
2,322, 2,027, 564 bp). (B) Pulse electrophoresis (0.7% gel, pulse 5∼80
kb, 16 hours) for duodenum microbiota DNA (3011A); M1 15 kb
DNA Marker; M2 λDNA/HindIII. (C) DC electrophoresis (1% gel,
180 V, 20 minutes) for jejunum microbiota DNA (lane 1), ileum
microbiota DNA (lane 2), cecum microbiota DNA (lane 3), and col-
orectum microbiota DNA (lane 4); S standard sample (50 ng); M-1
trans 2k plus; M-2 trans 15k plus. (D) Pulse electrophoresis (0.8%
gel, pulse 5∼80 kb, 17 hours) for jejunum microbiota DNA (lane
1), ileum microbiota DNA (lane 2), cecum microbiota DNA (lane
3), and colorectum microbiota DNA (lane 4); M 48kb DNA Exten-
sion Ladder. In summary, the microbiota DNA from all intestinal
fragments are intact except for the duodenum, which is slightly
degraded. The microbiota DNA from all intestinal fragments are
qualified for HiFi sequencing.
Supplementary Figure S2. Graphic display of the contig assembly
graphs for (A) duodenum, (B) jejunum, (C) ileum, and (D) cecum.
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Random colors were chosen for different contigs. The line length
is in proportion to contig length, and the line width is in proportion
to contig coverage depth. These plots are drawn by Bandage, with
the same style to Figure 1 in the main text.
Supplementary Figure S3. Correlation plot of contig length and
coverage depth for each intestinal fragment: duodenum, jejunum,
ileum, cecum, and colorectum. The average coverage depth for
a contig is calculated from the reads data used to assemble this
contig. The plots have the same style to Figure 2C in the main text.
Supplementary Figure S4. Correlation plot of assembled genome
size and CheckM score (completeness – 5 ∗ contamination) for
each intestinal fragment: duodenum, jejunum, ileum, cecum, and
colorectum.
Supplementary Figure S5. Correlation plot of genome coverage
depth and CheckM completeness score. The 187 circular genomes
out of 337 nonredundant species-level genomes were used here.
Considering all these genomes have complete genome assem-
blies, the difference of CheckM completeness scores should only
be caused by the single base accuracy, due to the marker gene
prediction method adopted by CheckM. Genome assemblies with
higher single base accuracy will have higher CheckM complete-
ness values. The plots clearly shows that higher coverage depth
will result in higher CheckM completeness scores, indicating that
higher coverage depth will improve the single base accuracy of
genome assemblies.
Supplementary Figure S6. Comparison of microbial composi-
tion at phylum level between the unique (28.9%) and the shared
(71.1%) parts of genes in HiFi-RGC, which was determined by com-
parison to GG-IGC. The “Others” contains the phyla with the ratio
of genes less than 0.5%. Unclassified means these genes have not
been successfully classified to the phylum level.
Supplementary Figure S7. Phylogeny of the HiFi-assembled mi-
crobial genomes (strain level) for each intestinal fragment: duode-
num, jejunum, ileum, cecum, and colorectum. A colored clade cor-
responds to a phylum inferred by GTDB-Tk. Inside the largest phy-
lum Firmicutes, 5 genera (Ligilactobacillus, Limosilactobacillus, Lacto-
bacillus, Weissella, and Enterococcus) are also colored for highlight-
ing. The leaf nodes of the phylogenic tree have 2 shapes: “solid
circle” represents circular genome, and “hollow circle” represents
non-circular MAG. The colors of the leaf nodes represent CheckM
quality ranks: “green” refers to near complete, “blue” refers to
“high quality,” and “red” refers to “medium quality.” The inner ring
shows GTDB-Tk classification, and a triangle means the corre-
sponding leaf node is matched to a known species in the GTDB
database. The outer ring shows the sequencing coverage depth for
each assembled microbial genome. The plots are in similar style
to Figure 7 in the main text.
Supplementary Table S1. Quality and quantity assessment of the
extracted DNA.
Supplementary Table S2. Statistics of contig sizes for the 5 in-
testinal compartments.
Supplementary Table S3. Number of microbial genomes for each
quality rank.
Supplementary Table S4. Statistics of assembled circular plasmid
and viral genomes.
Supplementary Table S5. Unclassified number of genomes at
each taxonomic level.
Supplementary Table S6. Nine inferred novel genus by GTDB-Tk
+ RDP + Silva method.
Supplementary Table S7. Forty-nine inferred novel species by
GTDB-Tk + RDP + Silva method.

Data Availability
The HiFi sequencing reads can be found under BioProject ID
PRJNA748109: SRR19683891 for duodenum, SRR19732514 and
SRR19726169 for jejunum, SRR19736685 for ileum, SRR15214153
and SRR19732730 for cecum, and SRR19683890 and SRR19732729
for colorectum. The assembled contigs, microbial genomes for
each intestinal compartments, nonredundant genome sets at
species and strain levels, nonredundant gene catalog, and plas-
mid and viral annotations are available at AGIS website [40]. All
supporting data are available in the GigaScience GigaDB database
[41].
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