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ABSTRACT Recent rapid and large-scale urbanization has had a profound impact
on human lifestyles and is associated with an increased risk of many diseases.
Recent studies have revealed large differences in the human gut microbiota across
populations in countries at different stages of urbanization. However, few studies
have analyzed the impact of ongoing urbanization within the same geographic
region. In this study, we sampled 214 participants in communities of different urban-
ization levels within two provinces of China and reconstructed draft prokaryotic
genomes with metagenome sequences. The genomes were clustered into 447 spe-
cies-level operational taxonomic units (OTUs), among which 196 did not have
genomes in public reference databases according to the GTDB-Tk pipeline. The novel
OTUs comprised 19.1% abundance in rural participants and 16.0% in urban partici-
pants, increasing the proportion of classified reads from 47.6% to 65.3% across all
samples. Among the unknown OTUs, 26 OTUs present in rural samples were absent
in urban participants, while 70 unknown OTUs were more abundant in rural than
urban participants, suggesting potential loss and growth suppression of novel
human symbionts during urbanization. Moreover, there were a higher number of
genes, especially transporters, identified in genomes assembled from urban samples.
This change in gene functionality indicates that urbanization not only altered the
community structure of the human gut microbiota but also impacted its functional
capacity. Taken together, these data show a dramatic change in the microbiota with
urbanization and suggest the importance of cataloging microbial diversity from rural
populations while these communities still exist.

IMPORTANCE Previous studies have reported the differences in human gut micro-
biota across populations of different urbanization levels, but most of the studies
focused on populations across different geographic regions. In this study, we ana-
lyzed the impact of ongoing urbanization in neighborhoods within the same geo-
graphic region. By assembling shotgun metagenome sequences, we reconstructed
prokaryotic genomes from human gut microbiota and found that the novel bacterial
OTUs were less abundant and less prevalent in urban participants than in rural par-
ticipants, indicating potential loss and suppression of novel human symbionts during
urbanization. Genes, including transporters and antibiotic resistance genes, were
enriched in genomes of urban origins, suggesting change in functional potential of
the microbiota. These findings suggest the significant influence of urbanization on
human gut microbiota and the necessity of exploring the microbial diversity of rural
populations.
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In the last few decades, the world has experienced rapid and large-scale urbanization,
and this transformation from rural to highly urbanized communities is projected to

accelerate into the future. The 2018 Revision of World Urbanization Prospects from the
United Nations reported that the urban population increased from 751 million to 4.2
billion (30% to 55% of the world population) between 1950 and 2018 and that urban-
ization combined with world population growth could increase urban population by
another 2.5 billion people by 2050 (1). Urbanization is a complicated process that
changes many aspects of the environment, including behaviors, lifestyles, and access
to goods and services, all of which alter exposure patterns. These changes that accom-
pany urbanization are associated with increased risks of diseases, including obesity, di-
abetes, hypertension, cardiovascular disease, and cancer (2–5). The human microbiota
plays essential roles in host health, and its dysbiosis is associated with many diseases.
Our group and others have previously reported that urbanization is associated with
microbiota shifts in both taxonomy and functions such as increased Bacteroides/
Prevotella ratios, overrepresentation of functional genes related to degradation of
amino acids and simple sugars, loss of functions associated with plant fiber degrada-
tion, and an increasingly urbanized microbiota (6–8).

With the ongoing massive and uneven urbanization in China, people with highly
traditional (rural) and highly urbanized lifestyles often reside in adjacent areas within
the same region. This provides a chance to investigate the influence of ongoing urban-
ization while controlling for geographic regional factors and ethnic backgrounds that
are often confounding factors for urbanization studies. Our previous study in Hunan
Province of China compared 20 recently urbanized subjects to 20 rural subjects and
found that the taxonomic composition of urban population microbiota has shifted to
greater similarity to that of American subjects and an increased abundance of antibi-
otic resistance and virulence genes (8).

The recent development of high-throughput genomic approaches has facilitated
the recovery of microbial genomes from shotgun metagenome sequencing samples
(9–11). In this study, we sampled rural and recently urbanized populations in Hunan
Province and Guizhou Province in China and collected metagenome samples of 214
participants. With newly established metagenomic assembly and binning approaches,
we reconstructed microbial genomes of urban and rural origins and found many novel
microbial species that were not in the current microbial genome databases. These
novel species were more prevalent and more abundant in the gut microbiota of rural
populations, and this is likely related to the sampling bias toward urban samples in cur-
rent databases. The identification of novel species relative to current databases points
to the importance of sampling and investigating these unexplored species in rural
populations. These results represent a very detailed view of urbanization differences in
the taxonomic and functional structure of assembled genomes of the microbial com-
munity. Our results suggest that urbanization is associated with loss and decline of
novel human symbionts in the local population as well as significant changes in taxo-
nomic profile and gene function.

RESULTS
Urban genomes are larger, better annotated, and better represented in current

microbial databases than rural genomes. We used an assembly approach to recon-
struct genomes from metagenome samples collected as part of the China Health and
Nutrition Survey, which was designed to investigate the impact of urbanization on
population health. The 214 surveyed participants were from areas of different urban-
ization levels within two provinces (Fig. 1A). Figure 1A visualizes the relationships
between urban and rural participants and the urbanization index. Variables potentially
related to urbanization and the human microbiome are shown in Table 1. Education,
daily physical activity, toilet facilities, daily fiber intake, and drinking water source were
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significantly different between rural and urban participants. The sequencing depth of
all samples was 45,880,309 reads/sample on average (from 39,644,752 to 55,581,836
reads), with 46,808,343 reads/sample for urban samples and 45,050,827 reads/sample
for rural samples (t test, P = 7.1E-4). While this difference is statistically significant, we
do not believe that the 3.8% difference in sequencing depth is large enough to explain
our results or cause an unbalanced comparison between rural and urban samples. We
used a single-sample assembly strategy and reconstructed 5,594 microbial metage-
nome-assembled genomes (MAGs). After filtering low-quality MAGs (,50% complete-
ness or .5% contamination), 843 MAGs were considered high quality (.90% com-
pleteness, ,5% contamination, and 0% strain heterogeneity), and 1,675 MAGs (.50%
completeness and ,5% contamination) were considered medium quality. Among
these 2,518 high- and medium-quality MAGs, 1,395 MAGs were assembled from 113
rural samples (12.3 MAGs/sample), and 1,123 MAGs were assembled from 101 urban
samples (11.1 MAGs/sample) (t test, P = 0.077). The average genome size was
2,198,904 bp for MAGs retrieved from metagenomes, with 2,246,518 bp for urban
MAGs and 2,160,573 bp for rural MAGs.

We found no differences in the quality of assembled genomes between urban and
rural samples (Fig. 1C and D). We calculated the distances between our assembled
genomes with genomes in the RefSeq database (release 93) with Mash (12) and found
that the genomes assembled from rural samples were less represented in the RefSeq
database than urban samples (Fig. 1B) and that urban and rural genomes also differed
in genome size (Fig. 1E), the number of open reading frames (ORFs) (Fig. 1F), and the
number of genes annotated (Fig. 1G), with the genomes assembled from urban sam-
ples having larger genomes with more annotations. We next calculated the ratio of

FIG 1 Characteristics of metagenome-assembled genomes (MAGs). (A) Urbanization index difference between urban and rural participants. (B)
Mash distances to the RefSeq database of the MAGs assembled from urban and rural samples. (C and D) Completeness and contamination of
MAGs assembled from urban and rural samples. (E to H) Genome size (log10), number of ORFs (log10), number of annotations (log10), and the
annotation/ORFs ratios of the MAGs assembled from urban and rural samples. The differences were analyzed with Wilcoxon’s test.
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annotated genes to predicted ORFs to correct for the influence of genome size. The ra-
tio of annotated genes to predicted ORFs is not significantly different between urban
and rural genomes (Fig. 1H).

To investigate if the observed differences in novelty with urbanization could be
explained by the factors associated with urbanization and microbiome in Table 1, we
next examined the relationship of these factors and the Mash distances between our
assembled genomes and the genomes in the RefSeq databases. We found that educa-
tion, drinking water source, toilet type, energy, and fiber intake were all associated
with the similarity to the RefSeq database, while age, sex, physical activity, and BMI
were not significantly associated (see Fig. S1 in the supplemental material). However,
the magnitude of differences associated with these variables (with P values ranging
from 0.27 for sex to 0.002 for toilet type) (Fig. S1) was smaller than the difference
observed for urbanization (with a P value of 3.81E-13). We therefore chose to focus on
urbanization for our downstream analyses.

Genomes of unknown species revealed in metagenome-assembled genomes.
We used GTDB-Tk to investigate the taxonomic classification of the assembled genomes
against the Genome Taxonomy Database (GTDB). Among the 2,518 genomes, 2 were
considered to belong to novel families, 100 were considered as belonging to novel gen-
era in known families, and 339 were considered novel species in known genera. With
279 novel genomes and 1,116 known genomes assembled from rural samples, 162 novel
genomes, and 961 known genomes assembled from urban samples, the percentage of
novel genomes is higher for rural-originated ones (20% versus 14%, Fisher’s exact test,
odds ratio [OR] = 1.48, P = 0.00027). The assembled genomes belonged to 13 phyla, 14
classes, 33 orders, 70 families, and 180 genera. Among the 33 orders, 23 that have more
than 1 member are shown in the phylogenetic tree in Fig. 2. The assembled genomes
belonging to different orders showed different prevalence between urban and rural sam-
ples (Fig. 2A). Orders that include Oscillospirales, Christensenellales, and Lachnospirales were

TABLE 1 Characteristics of study participants

Characteristic

Data for:

PUrban Rural
No. of participants 101 113
Age (yrs) 52.2 (9.9) 51.6 (9.4)a 0.58
Female (%) 57.4 64.3a 0.33

Education (%) 1.1E-7
Less than primary school 12.9 31.3a

Completed primary school 11.9 17.9a

Completed secondary 42.6 46.4a

Graduate or technical school 32.7 4.5a

BMI 24.6 (3.3) 24.2 (6.9)a 0.40
Daily physical activity estimationc 100.3 (101.1)a 203.4 (179.9)a 5.2E-7
Daily energy intake (kcal, avg of 3 days) 2,038.6 (794.7) 1,838.3 (606.0)a 0.065
Daily fiber intake (g, avg of 3 days) 13.4 (7.8) 11.7 (8.8)a 0.018

Drinking water source (percent from source) 0.011
In-house tap 76.2 60.4b

In-yard tap 17.8 27.0b

In-yard well 0 6.3b

Other 5.9 6.3b

Toilet facilities (percent toilet type) 3.0E-4
In-house flush 94.1 57.7b

Other 5.9 42.3b

aData are missing for one participant. The numbers in parentheses are standard deviations, in the format of
mean (SD).

bData are missing for two participants.
cMetabolic Equivalent of Task (MET) hours per week.
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significantly more prevalent in rural samples, while orders that include Actinomycetales
and Verrucomicrobiales were significantly more prevalent in urban samples (Fig. 2A). The
order distribution of assembled genomes is shown in Fig. 2C, with Oscillospirales consisting
of the largest number of assembled genomes, with 912 (36.2%), followed by
Lachnospirales with 517 genomes (20.3%). The novel genomes were enriched in some
orders compared to the known assembled genomes (Fig. 2B). All genomes classified to
Fusobacteriales and “Candidatus Saccharimonadales” were novel, while those belong-
ing to Tissierellales, Pseudomonadales, and Christensenellales were 67%, 60%, and
48% novel, respectively (Fig. 2B). We mapped all genomes back to the shotgun
sequencing reads and found that genomes in Actinomycetales, Monoglobales, and
Verrucomicrobiales were significantly more prevalent in urban samples, while 8 orders,
including Christensenellales, Oscillospirales, and Coriobacteriales, were more prevalent in
rural samples.

Novel species are more prevalent and abundant in rural participants. One possi-
ble limitation of our analysis at the level of individual MAGs is that very closely related
genomes can be treated as distinct entities even if they belong to the same species. To
dereplicate highly similar MAGs that could show similar patterns, we clustered the
MAGs to species-level operational taxonomic units (OTUs) to create pangenomes of
the same taxonomic classification. These analyses of pangenomes at the OTU level are
less sensitive to very small genome changes and therefore may be more reproducible
for comparison in future studies. The genomes classified to the species level were dere-
plicated to 251 known species (see Materials and Methods). For the novel genomes
that do not have species assignment, we calculated pairwise average nucleotide iden-
tity (ANI) against those classified to the same higher taxonomic group and clustered
them to species-level OTUs based on 95% ANI. With this method, the novel genomes
were clustered into 196 species-level OTUs. We clustered the genomes of the same
species into pangenomes and mapped the pangenomes back to the shotgun metage-
nome sequencing reads and calculated their relative abundance in each sample. In

FIG 2 The metagenome-assembled genomes (MAGs) in this study are distributed across 23 orders (with .1 MAG). (A) The rural and urban prevalence of
MAGs are different in many orders (Wilcoxon test; *, FDR , 0.1). (B) Percentage of novel MAGs in all MAGs assembled in each order. (C) Number of MAGs
assembled in each order. (D) Phylogenic tree of the major orders (with .1 MAG) of MAGs assembled in this study (a subset of the Genome Taxonomy
Database tree).
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addition to the differential rural and urban prevalence at the MAG level (Fig. 2A), we
conducted further analysis to test whether rural and urban prevalence were also differ-
ent at the OTU level (Fig. 3). The relative abundance of novel OTUs was 19.1% on av-
erage across all rural samples and 16.0% across urban samples. Inclusion of the
novel OTUs increased the percentage of mapped reads (calculated based on the
number of reads aligned with BWA and their coverage) from 47.6% to 65.3% in the
whole study. The prevalence of the novel OTUs was significantly lower in urban sam-
ples than in rural samples (20% versus 28% on average across all novel OTUs;
Wilcoxon test, P = 5.84E-05) (Fig. 3A). This trend was also observed in most novel
OTUs when comparing the rural and urban prevalence of each OTU (Fig. 3B), with 26
novel OTUs present in rural samples but absent in urban. We found concordant
urbanization-related patterns in some taxonomic group. For example, OTUs in gen-
era Collinsella, Prevotella, CAG-83, Faecalibacterium, and Gemmiger were generally
more prevalent in rural, while those in genera TM7x, Escherichia, Streptococcus, and
Bifidobacterium were of higher prevalence in urban participants (Fig. 3C).

With a univariate Wilcoxon test, 22 OTUs (6 novel and 16 known) were more abundant
in urban participants, while 133 (70 novel and 63 known) were more abundant in rural
participants (Fig. 4). Among the novel OTUs more abundant in rural, 16 were classified as
belonging to genus Collinsella (p_Actinobacteriota, c_Coriobacteriia, o_Coriobacteriales,
and f__Coriobacteriaceae), 7 belonged to a novel genus in family CAG-74 (p_Firmicutes_A,
c_Clostridia, and o_Christensenellales), 6 belonged to genus CAG-83 (p_Firmicutes_A,
c_Clostridia, o_Oscillospirales, and f_Oscillospiraceae), and 5 belonged to genus CAG-110
(p_Firmicutes_A, c_Clostridia, o_Oscillospirales, and f_Oscillospiraceae), while among the
OTUs more abundant in urban samples, 5 were known species in genus Streptococcus, 2
were known ones in genus Rothia, and another 2 were novel ones in genus Collinsella.

FIG 3 The prevalence of species-level OTUs in urban and rural participants. (A) Prevalence of the novel OTUs was
significant lower in urban samples compared to rural samples (20% versus 28% on average, P = 5.84E-05, Wilcoxon test).
(B) This trend was also observed in most novel OTUs (red) when comparing the rural and urban prevalence of each OTU,
with 26 novel OTUs present in rural samples but absent in urban. (C) Concordant urbanization-related patterns in some
taxonomic groups (colored by genus classification).
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Among the urban enriched species, Streptococcus pasteurianus, Streptococcus parasangui-
nis, Rothia mucilaginosa, and Eggerthella lenta were reported as pathogens (13–16).

In general, the order Oscillospirales has the most OTUs that were different between ru-
ral and urban (all enriched in rural samples, 31 novel and 20 known), followed by
Coriobacteriales with 24 OTUs (21 novel and 3 known) more abundant in rural and 3 (2
novel and 1 known) more abundant in urban (Fig. 4). All 26 assembled OTUs in the order
Lactobacillales were known, with 5 of them more abundant in urban and none enriched
in rural. The 11 OTUs classified as Saccharimonadales were all novel, and their abundance
was not significantly different between rural and urban samples (Fig. 4). We also analyzed
the correlations between the abundance of OTUs and the urbanization index, and the
trend was consistent with the test based on urban/rural status. With the Spearman’s cor-
relation analyses, 22 OTUs (4 novel and 18 known) were positively correlated with the
urbanization index (higher in urban participants), while 105 (58 novel and 47 known)
were negatively correlated (Fig. S2). We compared the Shannon diversity of the urban
and rural samples and found that the rural samples have significantly higher Shannon
diversity than urban samples (Wilcoxon test, P = 0.023) (Fig. S3). We also analyzed the
associations of the OTUs and the host factors in Table 1. There are OTUs significantly
associated with sex (49 OTUs), drinking water source (17 OTUs), toilet type (14 OTUs),
education (2 OTUs), daily fiber intake (2 OTUs), and age (1 OTU), but of a smaller num-
ber than those significantly associated with urbanization (Fig. S4 and Table S1).

Functional differentiation between urban and rural microbiota. We annotated
the functional genes of 843 high-quality MAGs with eggNOG-mapper, and on average,
1,280 genes were identified for each MAG, ranging from 866 to 3,509 genes. The MAGs

FIG 4 Taxonomic distribution of novel and known species-level OTUs associated with urbanization. Each point is a species-level OTU, and the y axis shows
the log10 of false-discovery rates (FDRs) multiplied by the direction of association as shown in the figure. The dotted line indicates a 10% FDR. The
significance was analyzed with Wilcoxon test, and the OTUs were colored based on their order classification (Wilcoxon test, FDR , 0.1).
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from urban samples tend to have more genes than those assembled from rural sam-
ples (Fig. 1G). We tested whether the prevalence of each gene is associated with the
urbanization status of samples, and this revealed 397 genes associated with urbaniza-
tion (Fisher’s exact test, false-discovery rate [FDR] , 0.1), with 26 enriched in rural and
371 enriched in urban MAGs (Fig. 5). With the KEGG database, 85 of the differentially
abundant genes were classified as transporters (02000 Transporters and 02010 ABC
transporters), and 83 of them were enriched in urban samples, and 2 were enriched in
rural samples. Genes involved in energy metabolism, nucleotide metabolism, amino
acid metabolism, and xenobiotics biodegradation and metabolism were all enriched in
urban samples. We also compared the functional genes of urban and rural MAGs that
belong to the same order and observed some consistent changes across multiple
orders (Fig. 6). Monobactams (monocyclic and bacterially produced b-lactam antibiot-
ics) biosynthesis pathways were enriched, respectively, in urban genomes belonging
to Bacteroidales and Coriobacteriales. Quorum sensing was enriched in urban genomes
belonging to Bacteroidales, Coriobacteriales, Lachnospirales, and Peptostreptococcales.
Biosynthesis of siderophore group nonribosomal peptides, ion channels, ABC trans-
porters, and bacterial chemotaxis were all enriched in urban genomes of at least two
orders, while the ribosome pathway was enriched in rural genomes.

We aligned the 843 high-quality genomes to the comprehensive antibiotic resist-
ance protein homolog database (CARD) to estimate the presence of antibiotic resist-
ance genes (ARGs) and found 404 ARGs (84 different ARGs) in 118 MAGs belonging to
44 species. The presence of ARGs was significantly higher in microbial genomes of
urban origin (Fisher’s exact test, OR = 2.05, P = 0.00045), indicating that urbanization is
associated with enrichment of individual microbial genomes consisting of ARGs. The
most common ARGs are rpoB, kdpE, acrB, acr, cpxA, and msbA, which were also more
common in urban microbiota. The MAGs classified as Escherichia flexneri, E. coli, and
Klebsiella pneumoniae all consisted of ARGs, and the average numbers of ARGs are
20.9, 18.0, and 4.4, respectively. ARGs were found in the genomes of urban enriched
pathogen Eggerthella lenta as well. ARGs were also very common in Bifidobacterium
species, including Bifidobacterium longum (8 of 24 high-quality MAGs, 6 of urban origin
and 2 of rural origin) and Bifidobacterium pseudocatenulatum (32 of 32 high-quality
MAGs, 25 of urban origin and 7 of rural origin). Although the antibiotic resistance phe-
notypes have been reported for Bifidobacteria that are considered probiotics (17), the

FIG 5 Differential functional genes between metagenome assembled genomes (MAGs) from rural and urban participants. The association of
functional genes and urbanization was analyzed with Fisher’s exact test. Each point is a differential functional gene, and the y axis shows the
log2 of odds ratio as shown in the figure. The P values were adjusted with the Benjamini-Hochberg method. Significance was determined
with an FDR cutoff of 0.1. The genes were colored by their KEGG pathways.
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higher presence of ARGs in urban samples may raise a concern about the potentially
increased ARG reservoir associated with urbanization. The increased ARGs in urban
genomes suggest a hypothesis that the observed difference in genome size was
mostly due to the higher number of ARGs. To evaluate this, we repeated the analysis
removing the ARGs from the genomes and found that the urban genomes were still
significantly larger than the rural genomes (Wilcoxon test, P = 2.4E-4) (Fig. S5), indicat-
ing that besides the ARGs, there are other factors contributing to the genome size.

DISCUSSION

In this study, we used metagenomic assembly and binning approaches to reconstruct
microbial genomes from gut metagenome samples of urban and rural communities in
China. We recovered 2,518 high- and medium-quality genomes from those samples,
among which 441 genomes (17.5%) could not be classified to the species level using
GTDB-Tk with a combined method of tree placement, relative evolutionary divergence
(RED), and ANI to reference genomes. The species-level OTUs clustered from these novel
genomes increased the mapped reads from 47.6% to 65.3% across the samples. This indi-
cates that a substantial proportion of microbial diversity has not yet been captured by ref-
erence databases in the gut microbiota of this population. This observation is consistent
with previous studies that found less urbanized populations were enriched with novel mi-
crobial taxa (7, 9). The newly constructed genomes in this study contribute to ongoing
efforts to expand the collection of microbial genomes of nonurbanized populations.
Successful metagenomic assembly requires a high sequencing depth, and therefore, the
genomes of rare taxa in studies such as ours are less likely to be successfully recovered.
This may explain the remaining 35% unmapped reads in our study. Future studies with

FIG 6 Consistent urbanization-associated pathway changes in multiple orders. The association between pathways and urbanization within each order was
analyzed with Fisher’s exact test, and the significance was determined with an FDR cutoff of 0.1.
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higher sequencing depth and further progress in algorithm development may allow for
the future recovery of the genomes of rare taxa. While the extracted DNA of all samples
was combined in equal aliquots for a single sequencing run, the resulting average
sequencing reads per sample were 3.8% lower in rural samples than in urban samples.
However, the assembled MAGs per sample were not significantly different between urban
and rural samples. Therefore, we believe the small difference in sequencing depth is
unlikely to have led to an unbalanced comparison of rural and urban samples. In addition,
most of our analyses were performed at the individual MAG level, which presumably
would not be sensitive to such differences.

The detailed view of the microbial genome that our study represents yielded both
expected and unexpected observations about the differences between rural and urban
microbial genomes. Consistent with published literature, we found that novel taxa
were less prevalent and less abundant in urban populations than rural populations.
The loss of novel species in the urban microbiota likely reflects the higher representa-
tion of the urbanized gut microbiota in current databases, while the rural communities
harbored more novel diversity. Our study recruited participants from 41 communities
in two provinces (Hunan and Guizhou) that vary by urbanization status. Because rural
and urban samples were collected from multiple locations across the two provinces
(including many in close geographic proximity), we think the observed rural and urban
differences are unlikely an artifact of the difference between geographic locations. Our
study further confirmed that urbanization is actively transforming the gut microbiota
of local communities at the expense of loss and decline of microbes associated with
traditional lifestyles. The loss and decline of the rural microbes in the urbanized popu-
lation could be caused by a range of lifestyle changes as a result of urbanization,
potentially diet changes that encouraged the growth of a different group of gut
microbes. It is also possible that taxa that are acquired in rural (but not urban)-dwelling
individuals are less represented in the current microbial genome databases. It is likely
that the changes in the microbiome in urbanized populations results from a complex
combination of multiple factors. We analyzed the host factors related to urbanization
and microbial composition and found that education, drinking water source, toilet
type, and energy and fiber intake were also associated with the similarity of the
assembled genomes to the RefSeq database, indicating that the change in those fac-
tors may contribute to the urbanization-associated microbiome changes. However,
these variables are associated with smaller changes than that observed for urbaniza-
tion, suggesting that urbanization is a primary factor in driving our results.

We discovered the higher prevalence of taxa belonging to genera TM7x, Escherichia,
and Streptococcus and species Streptococcus pasteurianus, Streptococcus parasanguinis,
Rothia mucilaginosa, and Eggerthella lenta in our urban participants, which is of concern,
as these taxa are well-known to include a number of pathogens or relate to infections
(18, 19). Despite an inclusion criterion specifying no antibiotic use in the last 4 weeks
before sampling, we found that the urban microbiota was enriched with genomes con-
sisting of ARGs compared to rural microbiota. Unexpectedly, we also observed that the
genomes in urban participants had a larger genome size than in rural participants, with
this difference being small but statistically significant. Our results suggest that urbaniza-
tion may be associated with an increase in pathogens and ARGs in the gut microbiota of
local participants, indicating a higher risk for disease. It is possible that this increase in
ARG density contributed partly to an overall increase in genome size. However, after
removing identified ARGs, the urban genomes were still larger than rural genomes, indi-
cating that factors other than ARGs may also have contributed to this change.

Our study revealed that urban genomes were generally of larger sizes and hence
had a higher number of predicted ORFs. We found that a larger number of genes were
enriched for the urban genomes, including 59 transporters and genes involved in
energy metabolism and amino acid metabolism. However, it is difficult to determine
whether these genes were truly enriched or the rural genomes were underannotated
because of potential database bias. To control for this bias, we compared the genes of
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urban and rural genomes belonging to the same order and found consistent urban
enrichment of monobactams biosynthesis pathway, biosynthesis of siderophore group
nonribosomal peptides, quorum sensing, and ABC transporters across multiple orders,
suggesting that these may not be caused by the database bias. However, this test was
limited to order level and the more abundant orders due to lack of statistical power for
a small number of genomes. The development of gene prediction approaches and bet-
ter annotations of the newly constructed genomes will contribute to a better compari-
son between the rural and urban genomes.

Urbanization is associated with a large increase in the risk of inflammatory diseases.
Our study leads to the natural hypothesis that the novel species we described in rural
participants may play an important role in maintaining a healthy state of the gut
microbiota. Under this model, loss of these protective taxa with urbanization leads to
an increased presence of pathogens and gene transfer of ARGs, increasing the risk of
disease. However, our study was not designed to analyze the separate influences of dif-
ferent aspects of changes in the urbanization process, such as changes in diet, physical
activities, and environment. Future investigation controlling for specific changes dur-
ing urbanization and modeling of the microbial dynamics associated with these
aspects is important for a better understanding of these complex interactions.

MATERIALS ANDMETHODS
Metagenome sample collection and sequencing. The metagenome samples in this study were col-

lected as part of the China Health and Nutrition Survey (CHNS), which was designed to represent urban
and rural communities in China and to understand the impact of urbanization on population health. The
participants were recruited from 41 communities in 12 different prefecture-level divisions/counties in
two provinces (Hunan and Guizhou) that vary by urbanization status. Among the 12 prefectures/coun-
ties, 8 sampled both urban and rural communities, with a geographic distance between these rural and
urban communities within the same prefecture/county ranging from 2.4 to 168 km. Among the other
four prefectures/counties, two were fully urban communities and two fully rural communities; the geo-
graphic distances between these urban and rural communities ranged from 2.4 km to 1,017 km. Both ru-
ral and urban samples were collected from multiple locations across the two provinces to reduce the
influence of geographic locations on characterization of urbanization-related changes. A validated, mul-
ticomponent urbanization index (20) derived from household and community surveys (e.g., sanitation,
transportation, housing infrastructure, social services) was used to define urbanization level. The study
met the standards for the ethical treatment of participants and was approved by the Institutional
Review Boards of the University of North Carolina at Chapel Hill and the National Institute of Health and
Nutrition, Chinese Center for Disease Control and Prevention. Study participants gave informed consent.
Study participants received adequate training and instructions for the collection process before collec-
tion. One stool sample was collected per participant. All collected samples were immediately frozen at
220°C, cold-chain transported to the central laboratory within 24 to 48 h, and frozen at 220°C until
being processed. Participants with bowel disorder, diarrhea, recent antibiotics, or specific bacteria prod-
uct intake in the last 4 weeks were not included in this study. We processed 214 samples for shotgun
metagenome sequencing, including 113 from rural and 101 from urban participants. Stool DNA was
extracted with Tiangen DNA extraction kits (Tiangen Biotech, Beijing, China) following the instructions.
The extracted DNA was processed and sequenced as 150PE reads on an Illumina platform at Novogene
Bioinformatics Technology (Tianjin, China).

Genome assembly and quality control. Human contamination in the shotgun metagenome sequen-
ces was removed with Kneaddata, and low-quality reads were removed with the default parameters of
Trimmomatic (read length, ,50% of total input read length; cut reads once the average quality score of
4 bases was ,20) (21). The genome assembly and binning pipeline follow the methods previously pub-
lished (10). After filtering, all samples were individually assembled with metaSPAdes (v3.13.0) (22). The
resulting contigs .2,000 bp were binned with MetaBAT 2 (v2.12.1) using default parameters (23). The
quality of assembled genomes was estimated with CheckM with the lineage_wf workflow, including com-
pleteness, contamination, and strain heterogeneity. The quality of MAGs was determined based on the meta-
genome-assembled genome (MIMAG) criteria (high-quality, completeness . 90%, contamination , 5%,
strain heterogeneity 0; medium quality, completeness . 50%, contamination , 5%) (24). MAGs with com-
pleteness ,50% or contamination .5% were excluded from the following analyses. Mash (12) was used to
calculate the distances between the identified MAGs and the NCBI RefSeq genome database (release 93,
March 2019).

Taxonomic annotation, pangenome abundance, functional characterization, and statistical
analysis. MAGs that passed quality control were annotated with the taxonomy classification tool GTDB-
Tk (v0.3.2) (25) with the workflow classify_wf based on the Genome Taxonomy Database (release 89)
(26). We then constructed pangenomes for the MAGs considered the same species. Known MAGs classi-
fied to the same species by GTDB-Tk were grouped, and their genes were clustered at a 90% DNA iden-
tity to pangenomes with vsearch (v2.14.1) (27). MAGs that were unclassified at the species level were
grouped at the lowest taxonomic rank, and FastANI (28) was used to calculate the average nucleotide
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identity (ANI) between each pair of MAGs. MAGs with ANIs of .95% were grouped, and their genes
were clustered to pangenomes as well with a 90% similarity threshold. The prevalence and abundance
of pangenomes were estimated by mapping them to the shotgun metagenome sequencing reads with
BWA-MEM and CoverM (v0.3.1) (29).

Only functional genes of high-quality MAGs were annotated to reduce the impact of incomplete
genomes on gene contents. Open reading frames of the MAGs were predicted with OrfM (v0.7.1) (30)
and then annotated with EggNOG mapper (v1.0.3) (31) based on the EggNOG database (32). The KEGG
annotations and the associated Brite hierarchy system were primarily used in this study. The presence of
antibiotic resistance genes (ARG) was estimated by aligning the high-quality genomes to the compre-
hensive antibiotic resistance protein homolog database (CARD) using BLAST with a cutoff of 90% iden-
tity and 100-bp alignment (33, 34).

Statistical significance was determined with Wilcoxon test and Fisher’s exact tests. P values were
adjusted for multiple hypotheses testing with Benjamini-Hochberg method. Significance was determined
as FDR of ,0.1 when adjusted for multiple-hypotheses testing and a P value of ,0.05 when a single test
was performed. All statistical tests were performed with R (v3.5.1). Missing data were not included in the
analysis. Scripts used in this study and a STROMs checklist were available at https://github.com/ssun6/MAG
_urbanization.git.

Data availability. Data used in this study are available upon request to Shufa Du (chns@unc.edu).
We cannot deposit the data to a public database due to governmental regulations and restrictions on
the release of human bio-omics data in China.
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