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Abstract
Background Gut microbial shifts have great potential to predict the risk of colorectal cancer, but how gut
microbes respond to the development of colorectal cancer in males and females at the community scale
is unknown. To address this question, we reanalyzed the dataset from a published project and grouped
these data depending on sex into three groups, healthy, colorectal adenoma and carcinoma individuals,
and community assembly and network patterns of gut microbes were evaluated by null model and co-
occurrence network-based methods. Results The study showed that distinct changes in microbial α -
diversities and community composition were observed between the male and female gut. Speci�cally, the
microbial α -diversities did not signi�cantly change in the male gut ( P > 0.05) but were lowered in the
female gut ( P < 0.05), suggesting that permanent species loss might occur in the female gut during the
development of colorectal cancer. These distinct changes in microbial α -diversities and community
composition between the male and female gut might result from host immunity mechanisms and
different microbial community assemblies in males and females. Indeed, we found that the microbial
community tended to be primarily stochastic in males, whereas it became increasingly deterministic in
females with the development of colorectal cancer. Moreover, microbial co-occurrence associations
tended to be more complicated when communities were primarily driven by stochastic processes in
males; rare species were enriched in the co-occurrence network of the male gut, whereas key species loss
was observed in the co-occurrence network of the female gut. Conclusions Our �ndings indicate that
microbial communities in the male gut are more stable than those in the female gut and that microbial
community assembly in the gut is sex-dependent with the development of colorectal cancer. Our study
suggests that sexual dimorphism needs to be taken into account to better predict the risk of colorectal
cancer based on microbial shifts.

Background
Colorectal cancer is highly associated with in�ammatory bowel disease [1], and the dysbiosis of
intestinal microbiota has been recognized as one of the drivers of in�ammatory bowel disease [2] that
alters the interactions between microbes and the mucosal immune system [3, 4]. Therefore, intestinal
microbes have been successfully developed as a clinical approach for colorectal cancer risk detection in
recent years [5-9]. Gut microbes dynamically interact with intestinal epithelial cells [10, 11]; therefore,
microbial communities are likely altered with the development of colorectal cancer. In addition, microbial
communities may also have adaptive strategies to resist lesion shocks and maintain the completeness of
communities and functions. Previous studies reported that intestinal microbial aggregates are sex-
dependent [12-14], but the response mechanism during colorectal cancer development is still unclear.

Gut microbial communities can remain homeostatic in normal individuals [15]; however, this homeostasis
will be broken by the development of colorectal cancer, which weakens the plastic adjustment of normal
communities. Previous studies have demonstrated that the microbial communities in colorectal cancer
patients deviate from those in normal individuals [16-18], and some studies have revealed how gut
microbes change in healthy individuals compared to colorectal cancer patients at the taxonomic scale.
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However, the conclusions of these studies have not been consistent; for instance, microbes belonging to
the Firmicutes phylum were detected with lower abundance in colorectal cancer patients in a previous
study [19], whereas Firmicutes dominated in colorectal cancer patients in a recent study [20]. Moreover,
the genera Bacteroides [21] and Fusobacterium [9, 22] were enriched, whereas Ruminococcus [21] and
Bacteroides [20] were depleted in patients with colorectal adenoma or cancer. Unlike gastric cancer, which
is probably solely derived from a single pathogenic bacterium, such as Helicobacter spp., colorectal
cancer is involved in multiple microbial changes [16-18]. The gut microbiota is in�uenced by the age [23],
diet style [24, 25]and genetic background of the host [26]; therefore, it is di�cult to capture the full picture
of microbial changes if we only focus on which taxon increased or decreased. Ecological insights
concern microbial changes at the community scale, which may help us move beyond the current situation
and reveal ecological response strategies of microbial communities to colorectal cancer.

Sexual divergences must be taken into account when detecting microbial changes during the
development of colorectal cancer because sexual maturation, hormones, and the differences in the
immune system and function profoundly affect microbe colonization in the gut [12-14]. Differences in
initial colonization represent historic factors that likely contribute to how the microbial community
responds to colorectal cancer, while sexual dimorphism may serve as a crucial long-term selection
pressure that determines how microbial species aggregate [27]. Recent studies revealed that the gut
microbial communities in males are distinguished from those in females in the face of external
environmental pressures [28, 29], suggesting that males and females have distinct microbial aggregation
strategies in the gut. Studies focusing on abdominal obesity-related disease [30], type I diabetes [31, 32],
and major depressive disorder [33] have also demonstrated that sex-speci�c differences are important for
shaping the gut microbial community with the development of related diseases. These results imply that
sexual divergence is a primary factor in shaping the gut microbial community. Gut microbial changes and
disease are highly associated with sex differences [12, 13]; however, the mechanism of species assembly
with the development of colorectal cancer in males and females, with respect to ecological insights, is
unknown.

Community assemblies describe microbial responses to environmental changes at the community scale
and have been successfully applied in the microbial ecology of natural ecosystems [34]. Microbial
community assembly is associated with both deterministic and stochastic processes [35]. Deterministic
processes are involved in the ecological selection of both biotic and abiotic factors, which in�uence
microbial assembly by changing the �tness between organisms and the environment and eventually
altering community composition and species abundance [36]. Stochastic processes include dispersal,
random birth, death and ecological drifts, which result in communities that are close to those produced by
chance [37]. The balance between these two ecological processes could re�ect how intestinal microbes
respond to the development of colorectal cancer at the community scale; however, these processes have
not been used to explain the variation in microbial communities with the development of colorectal
cancer in males and females. A recent study indicated that colorectal cancer might in�uence microbial
assembly indirectly by altering niche differentiation [38]. In soil microbial ecological research, lineages of
bacteria can easily branch from a more extreme environment to colonize a more temperate environment,
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causing adapted lineages to colonize or accumulate in temperate environments, further resulting in
greater diversity and higher stochastic assembly [34]. The gut microbiota is essential to complex
ecological communities that have little fundamental difference from other ecological communities in
nature, such as soils and lakes. However, whether ecological forces that shape gut microbial
communities and the development of colorectal cancer are discrepant between males and females is
unclear.

Gut microbes in communities mutually interact to form stable networks to serve speci�c ecological
functions [39, 40]. The enrichment or depletion of speci�c lineages in local communities might break the
balance of the entire microbial ecosystem if these species are essential components in the ecological
function network. Co-occurrence patterns are ubiquitous and particularly important in understanding
microbial community structure, offering new insights into potential interaction networks among microbes
at the system-level scale and revealing niche spaces shared by lineages in local communities [41-43].
Taxonomic changes that are induced by the development of colorectal cancer likely alter the topological
features of the co-occurrence network and further change microbial ecological function pro�les. By
identifying the lineages with high topological importance in the network using topology-based analysis of
large networks, it is likely that novel indicators that cannot be detected with traditional methods can be
found. Comparing the topological properties of nodes (a node represents a species in network analysis)
and networks can provide insights into the response mechanism of gut microbial communities to cancer-
inducing environmental changes.

In this paper, we compared the response mechanism of the gut microbial community at the community
scale with the development of colorectal cancer in males and females using high-throughput sequencing
data from the study of Zackular et al. (2014). Speci�cally, we downloaded 90 high quality fecal samples
from public databases to represent the time series of colorectal cancer (healthy, colorectal adenoma and
carcinoma). Two basic questions have been addressed: (i) Are the responses of the gut microbial
community to colorectal cancer development gender-dependent? (ii) How is the microbial response to
colorectal cancer development at the community scale determined based on ecological insights in males
and females?

Results
Landscape of microbial community

Microbial α-diversities were detected without signi�cant changes across the development of colorectal
cancer in the male gut (P > 0.05), while colorectal cancer apparently lowered gut microbial diversity in
females (P < 0.05) (Fig. 1C). Similarly, microbial composition also had no signi�cant difference with
colorectal cancer development proceeding in males, except for a slight divergence between healthy and
cancer individuals (R2 = 0.063, P < 0.05) (Fig. 1A). However, signi�cant community deviations were
detected with the development of colorectal cancer in female individuals (Fig. 1B). Shared OTU counts
among developmental stages of colorectal cancer in male individuals were higher than those in female
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individuals (Fig. 1D; Fig. 1E). Speci�c OTU counts increased with the development of colorectal cancer in
male individuals (Fig. 1D) but decreased in female individuals (Fig. 1E). Shared functional gene counts
were similar in male and female individuals (Fig. 1F; Fig. 1G). Although functional gene counts decreased
with the development of colorectal cancer in both male and female individuals, changes in the female gut
were greater than those in the male gut (Fig. 1F; Fig. 1G). In addition, species loss occurred in both males
and females with the development of colorectal cancer (Additional �le 1: Fig. S1; Fig. S2).

 

Microbial community assembly

Microbial community dispersion increased in male individuals (Fig. 2A) but decreased in female
individuals (Fig. 2B) with the development of colorectal cancer. The observed microbial β-diversities in the
male gut were signi�cantly distinguished from the null distribution in healthy and adenoma individuals (P
< 0.001), but no signi�cant difference was detected in colorectal cancer patients (P = 0.088) (Fig. 2C).
However, observed microbial β-diversities in the female gut were detected without signi�cant deviations
from the null distribution (P > 0.05) (Fig. 2C). The observed β-diversities increased with the development
of colorectal cancer in male individuals but gradually decreased in female individuals (Fig. 2D). Values of
standard effect size (SES) among development stages of colorectal cancer were detected without
apparent changes compared to observed β-diversity in males (Fig. 2D). In contrast, the SES in female
individuals dramatically decreased with the development of colorectal cancer (Fig. 2D).

 

Microbial co-occurrence pattern

The microbial meta co-occurrence network in the male gut included 5689 nodes and 90760 edges, while
the meta co-occurrence network in the female gut contained 77167 associations among 5522 nodes (Fig.
3; Additional �le 1: Tab. S1). Nodes in the male network were highly aggregated, but they tended to cluster
into network modules in the female network (Fig. 3; Additional �le 1: Tab. S1). Connections among
network modules in the male network were stronger than those in the female network (Fig. 3). Firmicutes,
Bacteroidetes, Proteobacteria and Actinobacteria were detected with high abundance (> 1%) in both
networks, but Tenericutes (> 1%) was only observed in the female network (Fig. 3).

With the development of colorectal cancer, links among network modules increased in the male network
but decreased in the female network (Fig. 4). Node degree and betweenness centralities increased in the
male network but decreased in the female network with the development of colorectal cancer (Fig. 5).
Centrality-based tiers indicated a distinct response of core network nodes to colorectal cancer between
males and females (Fig. 6). Microbes belonging to the Parcubacteria phylum were detected in the
intermediate tier of the male adenoma network. Although Parcubacteria disappeared, Spirochaetes,
Lentisphaerae and Planctomycetes arose in the male cancer network. The Synergistetes phylum was
primarily located at the center of the female healthy network, but some of the members of this phylum
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migrated to the intermediate tier with colorectal cancer. Lentisphaerae and Acidobacteria were detected in
the intermediate tier of the healthy female network, but they were excluded from the adenoma and cancer
network (Fig. 6).

Principal component analysis of network topological properties revealed that network structures have
little correlation with colorectal carcinoma in male individuals (Additional �le 1: Fig. S3A). However,
colorectal carcinoma deviated signi�cantly from network structures in female individuals (Additional �le
1: Fig. S3B). Topological properties including node count, edge count, average path length, cluster
number, modularity and diameter signi�cantly decreased, whereas network density increased with the
colorectal cancer individuals in the female networks (Additional �le 1: Fig. S4). In contrast, all topological
properties were detected without signi�cant changes in male networks across colorectal cancer
(Additional �le 1: Fig. S4).

Discussion
The human gut microbiome has been recognized to correlate with the development of colorectal cancer
and has great potential to predict the risk and clinical status of colorectal cancer [6-9]. Previous studies
have indicated that the human gut microbiome is sex-dependent [28]. However, it was unclear whether the
ecological responses of gut microbial communities to colorectal cancer development were sex-
dependent. In this paper, to answer this question, we reanalyzed 90 fecal samples from the dataset of
Zackular et al. (2014). The results revealed that the responses of gut microbial communities to colorectal
cancer are sex-dependent, and the enrichment of rare species may contribute to the stability of microbial
communities in the male gut, whereas species loss may be responsible for the vulnerable microbial
communities in the female gut with the development of colorectal cancer. Therefore, sex needs to be
considered for accurate prediction of the risk of colorectal cancer.

Diversity re�ects the stability of the ecosystem, and previous studies have demonstrated that colorectal
cancer could decrease gut microbial diversity [44]. This is consistent with the present study that species
depleted in female individuals (Additional �le 1: Fig. S2) may induce a- diversities that drastically
decrease with the development of colorectal cancer. However, although species losses were also
observed in males (Additional �le 1: Fig. S1), the a- diversities were not signi�cantly different during the
development of colorectal cancer in males (P > 0.05). These results showed that the relationships
between colorectal cancer and gut microbial diversity were sex-dependent. Moreover, species diversity
and co-occurrence networks indicated that microbial communities were more vulnerable to colorectal
cancer in female individuals than in male individuals with the development of colorectal cancer. Our
results are consistent with the �nding of Huang [45] on the sex-dependent changes in gut microbial
communities during the development of hepatocellular carcinoma in mice, which demonstrated that the
microbial community in females was more easily disordered than that in males. To explain the
divergences between male and female individuals, we hypothesized that ‘role effects’ and ‘compensatory
effects’ determine how the microbial community responds to colorectal cancer. The species lost with the
development of colorectal cancer might exhibit low abundance, competition and growth rates [46] or
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contribute less to microbial functions in males, whereas depleted species are likely abundant and govern
most ecological functions in females. The divergences in microbial roles might result in diversity- and
function-changing discrepancies between males and females as colorectal cancer develops; we referred
to this scenario as role effects. In addition, colorectal cancer might trigger species replacement in both
the male and female gut, and those newly enriched species likely compensated for most ecological
functions of depleted species in the male gut, but because of heavy community changes, ecological
functions were probably entirely changed; we referred to this scenario as a ‘compensatory effect’. In our
study, despite species losses occurring in males, no signi�cant difference in a- diversities was observed,
and community composition also did not show obvious aberrances with colorectal cancer development
proceeding in males (except for a slight divergence between healthy and cancer individuals (R2 = 0.063, P
< 0.05) (Fig. 1A & 1C)). In addition, speci�c OTUs and functional genes increased with the development of
colorectal cancer in males compared with females. Moreover, contrary to females, higher node counts
and stronger connections among network modules also occurred in males. Therefore, we may infer that
compensatory effects are more important than role effects in males, whereas role effects play a major
role in females with the development of colorectal cancer.

The microbial community assembly pattern revealed how microbes responded to the development of
colorectal cancer at the community scale. Previous studies demonstrated that deterministic processes
governed microbial community assembly in both healthy and diseased individuals, and host immunity
largely determined this process [38, 47, 48]. A recent study indicated that sexual divergence in the
immune system largely contributed to microbial colonization in the gut, which in turn further governed the
sexual discrepancies in the immune system [12]. From the insights of our current study, the development
of colorectal cancer randomized the gut microbial spectrum in male individuals but exerted large �ltering
pressures on the gut microbial communities in female individuals. We attributed this result to different
microbial community assembly mechanisms between male and female individuals. Speci�cally, although
the size of the species pool increased, both α-diversity and community composition were not changed or
less changed in the male gut with the development of colorectal cancer (Fig. 1A & C), suggesting that rare
species in individuals with colorectal cancer governed the microbial community deviation from healthy
individuals. This was because vast rare species in communities would result in a high probability of
some ecological events (e.g., ecological drifts associated with random birth and death, replacement of
individuals) [49] and further elevated the importance of stochastic processes in the gut of male
individuals with colorectal cancer. In contrast, species loss with the development of colorectal cancer in
the female gut might deterministically alter the microbial community structure and eventually increase
the importance of deterministic processes, which is supported by the fact that the species pool size and
α- and β-diversities decreased with the development of colorectal cancer. These results from our present
study implied that the vulnerability of female gut microbial communities to colorectal cancer primarily
results from species loss.

Co-occurrence networks inferred from microbial communities in males showed highly complex
relationships among microbial taxa compared to those in females, indicating higher microbial
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community stability in the male gut [50]. Indeed, associations among network modules in male networks
were increased; however, they were decreased signi�cantly in female networks with the development of
colorectal cancer (Fig. 4), as well as the variation of topological properties of gut microbial networks in
males and females (Additional �le 1: Fig. S4), further supporting our hypothesis. In addition, centrality-
tier-based analysis showed that rare species enriched in male gut microbial communities might serve as
key hubs to maintain microbial community stability during the development of colorectal cancer, and
ecological compensatory effects likely improved the inner- or intraspecies interactions in male gut
microbial communities to adapt to physiological changes in the host gut [51]. However, depleted species
might have important functions and serve as the key nodes in networks in the gut microbial communities
of females during the development of colorectal cancer. This supported our hypothesis on role effects.
we found that the Parcubacteria phylum (also known as candidate phylum OD1) was located in the
intermediate tier of male networks when colorectal adenoma occurred (Fig. 6). According to previous
studies, microbes belonging to the Parcubacteria phylum were ectosymbionts or parasites [52]. Although
the putative role of these highly adapted organisms in colorectal cancer remains poorly understood [17], it
can be suggested that Parcubacteria might largely contribute to the stability of the microbial network at
the colorectal adenoma stage in males. In addition, Lentisphaerae, Planctomycetes and Spirochaetes
(located in the central and intermediate tiers) were only detected in males with colorectal cancer, showing
potential as biomarkers for colorectal cancer in males. Recent studies showed that microbes belonging to
the Lentisphaerae or Planctomycetes phyla possibly played a role in carbon recycling and dissolved
organic production and acted as an additional source of energy and carbon in the natural environment
(such as water) [53, 54], inferring that these microbes might possess high adaptability to shifts in the
environment and play a vital role in maintaining stability in males with the development of colorectal
cancer. Unlike the variation in phyla in the male gut, decreased abundance of the phyla Lentisphaerae
and Acidobacteria was observed in the female gut with the development of colorectal cancer, suggesting
that these phyla might contribute to the weakening of the network in females.

Conclusions
We demonstrated that the gut microbial community responds distinctly to the development of colorectal
cancer between males and females. Our �ndings suggest that microbial communities are more stable in
the male gut than in the female gut during the development of colorectal cancer, and females likely
sustain high risks of shifts in the microbiome, including changes in diversity, community structure, and
microbial interactions. Meanwhile, this study highlights an important role of sex for accurate prediction of
the risk of colorectal cancer.

Methods
Data collection

All 90 fecal samples in the present study were derived from a published project [9]. Raw sequence reads
were available at http://www.mothur.org/MicrobiomeBiomarkerCRC. Brie�y, fecal samples were randomly

http://www.mothur.org/MicrobiomeBiomarkerCRC
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collected from healthy participants (n = 30), colonic adenoma (n = 30) and colonic adenocarcinoma
patients (n = 30) between one and four weeks after colonoscopy preparation. The 16S rRNA genes in
each sample were ampli�ed and sequenced using the Illumina MiSeq platform. To compare the
differences between male and female individuals, we classi�ed the 90 samples into two groups: male (n
= 50, contained healthy, colorectal adenoma and carcinoma individuals) and female (n = 40, contained
healthy, colorectal adenoma and carcinoma individuals).

 

Bioinformatics analysis

Raw paired-end reads were assembled and �ltered using USEARCH 8.1 [55, 56]. Sequences with
ambiguous nucleotides, lengths less than 200 bps or expected error values greater than 1 were discarded.
Chimeric sequences in our dataset were removed using the UCHIME algorithm, and clean data were
clustered into operational taxonomic units (OTUs) at a 3% cutoff with the UPARSE algorithm. OTU
representatives were assigned using the SILVA 16S rRNA gene database [57]. OTUs that were assigned to
mitochondrial DNA were removed before further analysis. We resampled 25747 sequences for each
sample to ensure the accuracy of the group across comparisons and obtained 8220 OTUs with 9,046,493
sequences in total after removal of singletons. The α-diversity indices were calculated using QIIME 1.9.

 

Ecological statistical analysis

Gut microbial communities were visualized using principal coordinate analysis (PCoA) with Bray-Curtis
dissimilarities, and the overall differences in microbial community composition among developmental
stages of colorectal cancer were tested using analysis of similarity (ANOSIM). Microbial α-diversities were
compared using a random permutation test with 999 iterations. To estimate potential metabolic changes
in microbial communities during the development of colorectal cancer, potential functional genes were
predicted using the Taxa4Fun R package [58]. Unweighted Venn diagrams were further applied to
compare shared and speci�c OTUs/functional genes among colorectal cancer development stages.

 

Null model analysis

Underlying microbial assembly patterns were estimated using the null models [35, 59]. We �rst calculated
microbial community dispersion for the colorectal cancer proceeding stage in males and females based
on modi�ed Raup-Crick dissimilarity. This probabilistic dissimilarity metric measured the deviation in
community dissimilarities from null distribution under random assembling, which allowed us to
distinguish β-diversity from α-diversity [59]. In addition, this metric also implied possible community
assembly mechanisms [59]. A high community dispersion implied the high importance of stochastic
processes in microbial community assembly; otherwise, deterministic processes might dominate [35].
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Differences in microbial community dispersion among the developmental stages of colorectal cancer
were tested using permutational analysis of multivariate dispersion (PERMDISP, 999 iterations).

The observed and expected Jaccard dissimilarities based on random resampling were further calculated
for each developmental stage of colorectal cancer with 999 iterations. The β-deviation, which was de�ned
as the divergence between observed and mean expected matrices divided by the standard deviation of
expected values (standard effect size, SES) and is usually used to measure the real β-diversity after
controlling random sampling effects, was calculated. Differences between observed and expected β-
diversity as well as the β-deviation divergences among colorectal cancer stages were tested using
PERMDISP with 999 iterations. The species pools in both Raup-Crick and Jaccard’s dissimilarity-based
null models were de�ned as the total species number in each developmental stage of each gender.

 

Co-occurrence network analysis

To evaluate the response of microbial interactions to colorectal cancer, we inferred two meta co-
occurrence networks for male and female gut microbial communities. Brie�y, the Spearman rank
correlation coe�cients among OTUs were �rst calculated, and P-values were adjusted using the
Benjamini and Hochberg false discovery rate (FDR) [60]. A random matrix theory (RMT) [61]-based
approach was used to determine the correlation cutoffs. Co-occurrence networks without self-
connections were inferred using igraph (https://igraph.org/) python package (male: ρ = 0.70 P < 0.001;
female: ρ = 0.73 P < 0.001). The subnetwork of each sample and development stage of colorectal cancer
was split from the meta network by preserving OTUs presented in each sample and group, respectively
[62].

Node-level topological properties compassing betweenness and degree centralities were calculated for
subnetworks. Nodes in each subnetwork were classi�ed as peripheral, intermediate or central by ranking
all nodes according to betweenness centrality, partitioning this ranked list into three equally populated
bins, which were termed “centrality tiers” [62]. Network-level topological properties, including node count,
edge count, average path length, clustering coe�cient, cluster number, modularity, diameter, degree
assortativity and density, were further calculated for subnetworks. Topological structures of subnetworks
from each developmental stage of colorectal cancer were compared using principal component analysis
(PCA), and analysis of similarity (ANOSIM) based on network-level topological indices was calculated. All
topological properties were calculated using igraph (https://igraph.org/) python package, and network
modules were detected with a greedy modularity optimization algorithm. Differences in subnetwork
properties among developmental stages of colorectal cancer were tested using a random permutation
test with 999 iterations. Network images were generated using Gephi (http://gephi.github.in/).
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Tab. S1 The topological features of male and female meta-community co-occurrence networks.
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Fig. S1 The appearance/disappearance of all observed OTUs with the development of colorectal
carcinoma in the gut microbial communities of males.

Fig. S2 The appearance/disappearance of all observed OTUs with the development of colorectal
carcinoma in the gut microbial communities of females.

Fig. S3 Principal component analysis of network-level topological features in the male (A) and female (B)
gut microbial co-occurrence networks.

Fig. S4 The network-level topological features in the microbial subnetwork of the male and female gut
with the development of colorectal carcinoma.

Figures

Figure 1
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The gut microbial community structure of male (A) and female (B) individuals based on Bray-Curtis
dissimilarities; the changes in the gut microbial α-diversity in response to the development of colorectal
carcinoma in both genders (C); the unweighted OTU spectrum that was overlapped and differentiated in
the male (D) and female (E) gut, and the unweighted microbial enzyme spectrum overlapped and
differentiated in the male (F) and female (G) gut. The differences in (A) and (B) were tested using
analysis of similarity (ANOSIM), while in (C), the signi�cance test method was the random permutation
test (RPT). * P < 0.05, ** P < 0.01, *** P < 0.001.

Figure 2
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Nonmetric multidimensional scaling (NMDS) based on modi�ed Raup-Crick dissimilarities for male (A)
and female (B) gut microbial communities; the assembly pattern variation in gut microbial communities
in male and female (C) individuals; the variation of the observed β-diversity and β-deviation with changes
in the clinical status (D). The differences of community dispersion among groups were tested using
permutational analysis of multivariate dispersion with 999 iterations. * P < 0.05, ** P < 0.01, *** P < 0.001.

Figure 3

The microbial meta-community co-occurrence networks and associated degree distribution in the male (ρ
= 0.70, P < 0.001) and female (ρ = 0.73, P < 0.001) gut. The nodes in the network represent OTUs in the
community, and the edges represent the correlations among OTUs. All nodes were colored based on
microbial phyla. The isolated nodes or nodes with extremely low degree centrality may not be seen in
these two networks.
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Figure 4

The microbial cooccurrence network variations with the development of colorectal carcinoma in the male
and female gut. The nodes in the network represent OTUs in the community, and the edges represent the
correlations among OTUs. All nodes were colored based on network modules (only modules with nodes
with an abundance greater than 1% in the network are colored); those isolated nodes or nodes with
extremely low degree centrality may not be seen in these two networks.
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Figure 5

Changes in the degree and betweenness centrality of microbial cooccurrence networks during the
development of colorectal carcinoma in the male (A) and female gut (B). The signi�cance tests were
carried out using a random permutation test (RPT). * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 6

The percentage of nodes belonging to different phyla in different centrality tiers. These relative positions
of each node in the network were inferred using betweenness centrality. The nodes with high
betweenness centrality are closer to the center of the network compared to those with low betweenness
centrality, and vice versa.
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