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ABSTRACT

Although changes in gut microbiome have been associated with the development of T2D and its
complications, the role of the gut virome remains largely unknown. Here, we characterized the gut
virome alterations in T2D and its complications diabetic nephropathy (DN) by metagenomic sequen-
cing of fecal viral-like particles. Compared with controls, T2D subjects, especially those with DN, had
significantly lower viral richness and diversity. 81 viral species were identified to be significantly altered
in T2D subjects, including a decrease in some phages (e.g. Flavobacterium phage and Cellulophaga
phaga). DN subjects were depleted of 12 viral species, including Bacteroides phage, Anoxybacillus virus
and Brevibacillus phage, and enriched in 2 phages (Shigella phage and Xylella phage). Multiple viral
functions, particularly those of phage lysing host bacteria, were markedly reduced in T2D and DN.
Strong viral-bacterial interactions in healthy controls were disrupted in both T2D and DN. Moreover, the
combined use of gut viral and bacterial markers achieved a powerful diagnostic performance for T2D
and DN, with AUC of 99.03% and 98.19%, respectively. Our results suggest that T2D and its complica-
tion DN are characterized by a significant decrease in gut viral diversity, changes in specific virus
species, loss of multiple viral functions, and disruption of viral-bacterial correlations. The combined gut
viral and bacterial markers have diagnostic potential for T2D and DN.
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1. Introduction health and disease.* However, most studies have

focused on gut bacteria, and the role of the entero-
virus community (virome) has been largely unex-
plored. The gut virome is an important component
of the gut microbiota. It is mainly composed of bac-

Type 2 diabetes (T2D) is a common chronic metabolic
disease. In recent years, the global prevalence of T2D is
rising rapidly due to sedentary lifestyles and unhealthy
diets." Chronic exposure to hyperglycemia in subjects

with T2D will cause various microvascular complica-
tions, such as diabetic nephropathy (DN).” DN has been
reported to occur in 20% to 50% of diabetic subjects.” It
is the leading cause of end-stage renal disease world-
wide, and is associated with high morbidity and mor-
tality. Genetics, diet and lifestyle are considered major
contributors to the development of T2D and DN.
However, much other factors remain to be elucidated.
In recent years, growing evidence suggests that
gut microbiota plays an important role in human

teriophages (phages), which are viruses that specifi-
cally attack bacteria.>® Several studies have suggested
that gut virome signatures are associated with the
development of some chronic diseases in humans,
such as nonalcoholic fatty liver disease (NAFLD),
colorectal cancer, alcoholic hepatitis, and inflamma-
tory bowel disease.””'! In 2018, a study first linked gut
phages to T2D and observed a significant increase in
gut phage numbers in T2D subjects.'” Another study
showed that fecal virome transplantation from lean

CONTACT Gang Fan @ fangang1111@163.com; Yi Zhang @ zhangyi@cdutcm.edu.cn; @ State Key Laboratory of Southwestern Chinese Medicine
Resources, School of Ethnic Medicine, Chengdu University of Traditional Chinese Medicine, No. 1166, Liutai Avenue, Wenjiang District , Chengdu 611137,

Sichuan , China,; Ya Liu @ liuyaya918@163.com;
Twelve Qiao Road, Jinniu District, Chengdu, Sichuan , China

*These authors contributed equally to this work.

Department of Endocrinology, Hospital of Chengdu University of Traditional Chinese Medicine, No. 37,

@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/19490976.2023.2226925.

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0002-3023-9472
https://doi.org/10.1080/19490976.2023.2226925
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19490976.2023.2226925&domain=pdf&date_stamp=2023-06-22

2 (&) G.FANETAL

donors reduced weight gain and normalized glycemic
tolerance in diet-induced obese mice."> Furthermore,
changes in the gut virome were reported in obese
subjects with or without T2D, and obese subjects
with T2D had a more perturbed gut viral dysbiosis
than obese alone.'* These findings suggest the pre-
sence of disease-specific gut virome in obesity and
T2D. However, the association between gut virome
and T2D has not been fully elucidated. Moreover, the
gut virome signature of DN has not been explored so
far. In this study, we aimed to characterize changes in
the gut virome and their correlation with gut bacteria
in T2D subjects, and to explore whether alterations in
viral composition were associated with DN complica-
tions. The information would increase our under-
standing of the important role of gut microbiota in
the pathogenesis of T2D and its complications, and
also provide new clues for the diagnosis and treat-
ment of these metabolic diseases.

2. Methods
2.1. Study populations

This study recruited 90 adult T2D subjects with (n
=41) or without (n=49) DN and 42 healthy con-
trols. Ethical approval was obtained from the
Medical Ethics Committee of the Affiliated
Hospital of Chengdu University of Traditional
Chinese Medicine (2020KL-060), and informed
consent was obtained from all subjects. T2D were
diagnosed by physicians according to the 1999

Table 1. Clinical characteristics of the study cohort.

WHO criteria. Then, T2D subjects were divided
into two groups based on urinary albumin/creati-
nine ratio (UACR) and/or estimated glomerular
filtration rate (eGFR) levels: T2D without nephro-
pathy (T2D-non-Ne, UACR <30 mg/g and/or
eGFR >60 mL/min/1.73 m*) and T2D with nephro-
pathy (T2D-Ne, UACR 230 mg/g and/or eGFR
<60 mL/min/1.73 m®). Subjects were excluded if
they had renal failure, kidney transplantation, gas-
trointestinal diseases, malignancy, infectious dis-
eases, or other diseases known to affect gut
microbes, or had received antibiotics, probiotics
or immunosuppressive medications in the previous
3 months. Clinical data are presented in Table 1.

2.2. Viral-like particles (VLPs) enrichment and
sequencing

Fecal samples (300-400 mg) were suspended in 2
mL of saline-magnesium buffer, vortexed for 10
minutes, and then centrifuged at 5,000x g for 20
minutes. Clarified suspension was passed through
a 0.45 um filter to remove residual host and bac-
teria cells. Additionally, to degrade the remaining
bacterial and host cell membranes, the filtrate was
treated with 1 mg/ml lysozyme for 30 min at 37°C,
followed by 0.2x volume of chloroform for 10 min
at room temperature. Non-viral nucleic acid was
digested by treatment with 200U Benzonase
(Millipore) and 0.1 mg/ml RNase A (Sangon
Biotech), followed by heat inactivation at 65°C for
10 min. Viral DNA was extracted by Qiagen

Variables Controls (n=42) T2D-non-Ne (n =49) T2D-Ne (n=41) P value
Age, years 52.5 (47.0-56.3) 51.0 (45.0-58.5) 58.0 (49.5-62.5) .048
Female, n (%) 18 (42.9) 16 (32.7) 10 (24.4) 202
Body mass index, kg/m? 24.8 (22.8-27.0) 24.7 (21.5-28.2) 25.0 (22.2-28.4) 815
Fasting glucose, mmol/L 49 (4.5-5.4) 7.1 (5.3-8.5) 8.5 (5.9-12.0) <0.001ab
HbA1¢c, % NA 9.1 (7.2-10.3) 8.5 (7.4-9.8) 571
UACR, mg/g NA 13.0 (7.5-20.5) 171.8 (106.4-297.0) <0.001c
eGFR, mL/min/1.73 m? NA 93.4 (79.4-110.3) 53.4 (42.9-63.9) <0.001¢
TC, mmol/L 47 (4.2-5.1) 47 (3.7-5.9) 4.6 (3.8-5.6) 640
TG, mmol/L 14 (1.1-1.9) 1.7 (1.1-2.7) 2.0 (1.3-2.6) 0.004ab
LDL-C, mmol/L 3.0 (2.5-3.2) 2.8 (2.3-3.2) 2.5 (2.0-3.6) 271
HDL-C, mmol/L 1.3 (1.0-1.5) 1.1 (0.9-1.3) 0.9 (0.8-1.2) <0.001ab
AST, U/L 23.0 (21.0-28.8) 22.0 (17.0-33.0) 22.0 (17.0-31.5) .525
ALT, U/L 24.5 (17.8-38.5) 28.0 (16.5-48.5) 28.0 (20.0-37.5) .536

Values are presented as median (interquartile range) for continuous variables or number (percentage) for categorical variables. NA, not
available. Two groups were compared using the Student’s t-test for normally distributed variables or Mann — Whitney U test for non-
normally distributed variables. Three groups were compared using one-way ANOVA with the Tukey post-hoc test for normally distributed
variables or Kruskal-Wallis test with the Dunn post-hoc test for non-normally distributed variables. Categorical variables were compared by
the x2 test. aP < 0.05 for T2D-non-Ne vs controls, bP < 0.05 for T2D-Ne vs controls, and cP < 0.05 for T2D-Ne vs T2D-non-Ne. HbA1c,
glycosylated hemoglobin; UACR, urinary albumin/creatinine ratio; eGFR, estimated glomerular filtration rate; TC, total cholesterol; TG,
triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; AST, aspartate aminotransferase; ALT,

alanine aminotransferase.



MinElute Virus Spin Kit following the manufac-
turer’s instructions. Shotgun libraries were con-
structed using VAHTS® Universal Plus DNA
Library Prep Kit for Illumina (Vazyme Biotech
Co., Ltd). Sequencing was performed on an
[lumina NovaSeq 6000 platform with 2 x 150 bp
pair-end reads. The detailed procedures for
sequencing data processing, viral contigs identifi-
cation and taxonomy annotation are presented in
the Supplementary Methods.

2.3. Virome function analysis

Functional annotation of virus sequences was
performed using the HUMANNS3 pipeline based
on Gene ontology (GO) and Pfam protein family
databases. Predictive functions were collapsed by
gene family identity, and abundance values were
expressed as RPK (read per kilobase). The RPK
threshold value > 10 was used to define the pre-
sence of a function in a sample. In addition,
LEfSe analysis was performed (http://hutten
hower.sph.harvard.edu/galaxy/) to determine dif-
ferences in virus function between groups, with
the threshold of FDR-adjusted p <.05 and LDA
score > 2.

2.4. Bacterial DNA extraction and 16s rRNA
sequencing

Bacterial DNA was extracted from stool samples
using the CTAB/SDS method. The V4 region of the
bacterial 16S rRNA gene was amplified by PCR
using primers 515F and 806 R. Sequencing libraries
were generated using TruSeq® DNA PCR-Free
Sample Preparation Kit (Illumina, USA).
Sequencing was performed on an Illumina
NovaSeq 6000 platform. Quality control and data
analysis of raw reads were performed with the
DADA2 pipeline implemented in QIIME2.'>'®
Briefly, the DADA2 plugin was used to generate
amplicon sequencing variants (ASVs) of individual
sample and construct an ASVs abundance table.
Taxonomical assignment of the preprocessed
ASVs was performed using the RDP classifier.'”
To obtain the 16S relative microbiome profiling
matrix, ASVs abundance information was obtained

GUT MICROBES 3

by normalizing the sequence number correspond-
ing to the sample with the least sequences.

2.5. Statistical analysis

The abundance tables of both virome and bacter-
iome were imported into R environment v4.0.5 for
statistical analysis. Alpha diversity was calculated
using the phyloseq package in R. Two-tailed
Wilcoxon’s rank sum test was used to determine
statistically significant differences for several alpha
diversity indices between 2 groups or 3 groups. For
beta diversity, principal coordinate analysis
(PCoA) was evaluated based on Bray-Curtis dis-
tance using the vegan package in R. Statistical sig-
nificance was determined by permutational
multivariate analysis of variance (PERMANOVA)
with permutations done 999 times. Multivariate
association with linear models (MaAsLin2) was
used to identify differential microbial taxa between
groups while controlling for confounders. Only the
taxa with relative abundance higher than 0.01%
and prevalence higher than 10% were selected for
MaAsLin2 analysis. To characterize the relation-
ship between gut virome and bacteriome,
Spearman’s correlations were calculated and heat-
maps were constructed using OriginPro 9.8.0.200
software. Moreover, eXtreme Gradient Boosting
(XGBoost) was used to construct a classification
model to explore the potential of gut virome in
disease diagnosis and prediction. It was performed
in R using the XGBoost package. In each case, 80%
of the samples were used for model training and
the remaining 20% were used to test the perfor-
mance of the model. Parameters were optimized
using 5-fold cross validation. The receiver operat-
ing characteristic (ROC) curves of two classifica-
tion and three classification models were plotted
using the plotROC and multiROC packages,
respectively.

3. Results
3.1. Clinical characteristics of the study population

A total of 132 participants were enrolled. Most of
the study subjects were male. There were signifi-
cant differences in age between the three groups,
and T2D-Ne subjects had an older median age
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(58.0 years). Compared with healthy controls, sub-
jects in the T2D-non-Ne and T2D-Ne groups
showed significantly higher levels of fasting glucose
and TG, while lower levels of HDL-C.
Furthermore, T2D-Ne subjects had significantly
higher UACR levels and lower eGFR levels com-
pared with T2D-non-Ne subjects. The median
UACR and eGEFR values in T2D-Ne subjects were
171.8 mg/g and 53.4 mL/min/1.73 m? respectively,
indicating kidney damage. Other clinical para-
meters were comparable between groups.

3.2. Diversity and compositional alterations of gut
virome in T2D

On average, 75674,916 clean reads were obtained
from the VLP metagenomic sequencing (Table S1,
Supporting Information). Alpha diversity refers to
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Figure 1. Alterations of the gut virome in T2D subjects compared with healthy controls. Differences between groups in viral richness
based on the (a) Chao1 index and viral diversity based on the (b) Shannon and (c) Simpson indices at the contig level. For the box
plots, the boxes extend from the first to the third quartile (25th to 75th percentiles), with the center line indicating the median. (d)
PCoA analysis based on Bray-Curtis distance showing differences in gut viral community between T2D and healthy controls.



subjects are significantly different from those of
healthy controls.

We also examined the association of age, gender,
obesity, and several commonly used drugs with gut
viral alpha diversity. There was no significant cor-
relation between age and the 3 alpha diversity
indices (Figure S1, Supporting Information).
Similarly, no significant differences were observed
for the 3 indices between obese and lean subjects.
Furthermore, there was no significant difference in
viral diversity (Shannon and Simpson indices)
between men and women in T2D subjects,
although their Chaol richness was different.
Metformin, sulfonylureas, non-steroidal anti-
inflammatory drugs (NSAIDs), and statins are
commonly used drugs in patients with T2D. We
found no significant difference in viral diversity
between subjects taking these drugs and those not
taking them (Figure S2, Supporting Information).

The compositional differences in the gut virome of
T2D and controls were further investigated by using
MaAsLin2. At the order level, Caudovirales which
comprise phages were the predominant viruses, and
6 viral taxa were found to be significantly decreased
in T2D subjects compared with healthy controls
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(Figure S3, Supporting Information). At the family
level, Microviridae were the dominant viruses, and 12
viral families showed significant differences between
groups. Likewise, at the species level, 81 viral species
were identified to be significantly altered in T2D
subjects (Table S2, Supporting Information).
Notably, 78% of them are phages. For example,
Flavobacterium phage and Staphylococcus phage
were significantly decreased in T2D subjects com-
pared with healthy controls (Figure 2). Collectively,
the above results indicate that T2D subjects have
a significant gut viral dysbiosis, including changes
in both diversity and taxonomy.

3.3. Diversity and compositional alterations of gut
virome in DN

To determine whether gut viral dysbiosis occurs
in DN complications, we further divided T2D
subjects into T2D-non-Ne and T2D-Ne groups
based on UACR and/or eGFR levels. Analysis of
alpha diversity revealed a marked decrease in
viral Chaol richness in both subjects with and
without DN compared with healthy controls
(Figure 3). However, no significant differences
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Figure 2. Differential viral species between T2D and healthy

controls as determined by MaAsLin2 analysis and adjustment for
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Figure 3. Alterations of the gut virome in T2D-Ne and T2D-non-Ne compared with healthy controls. Differences between the 3 groups
in viral richness based on the (a) Chao1 index and viral diversity based on the (b) Shannon and (c) Simpson indices at the contig level.
For the box plots, the boxes extend from the first to the third quartile (25th to 75th percentiles), with the center line indicating the
median. (d) PCoA analysis based on Bray-Curtis distance between T2D-Ne, T2D-non-Ne and healthy controls.

were observed in viral diversity as measured by
the Shannon and Simpson indices between T2D-
non-Ne and controls. Interestingly, T2D-Ne had
a significantly lower viral diversity when com-
pared with controls or even T2D-non-Ne
(Shannon index). Moreover, PCoA analysis
showed that T2D-Ne samples were significantly
separated from T2D-non-Ne and controls
(Figure 3D). Notably, most of the T2D-Ne sam-
ples were further away from health controls than
T2D-non-Ne samples. These results indicate that
alterations in gut viral diversity are more pro-
nounced in T2D-Ne subjects compared with
T2D-non-Ne.

We also investigated the effect of several com-
monly used drugs, including metformin, NSAIDs,
statins and angiotensin receptor blockers, on viral

alpha diversity in T2D-Ne. No significant differ-
ences were observed in the 3 diversity indices
between subjects taking and not taking these drugs
(Figure S4, Supporting Information), indicating that
these medications had little effect on the gut virome.

MaAsLin2 analysis was used to identify gut viral
signatures associated with DN complications. 2
viral orders, 9 families and 8 genera were signifi-
cantly decreased, while 9 genera were increased in
T2D-Ne compared with healthy controls (Figure
S5, Supporting Information). At the species level,
14 viral species were identified to be associated
with T2D-Ne, and 85% of them belong to phages
(Figure 4; Table S3, Supporting Information).
Among them, 12 species (e.g., Bacteroides phage
and Anoxybacillus virus) were significantly
decreased, while 2 species (Shigella phage and
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Xylella phage) were increased in T2D-Ne compared
with controls. These data suggest that DN subjects
have significant gut viral disturbances.

We also compared the compositional differences
in the gut virome between T2D-non-Ne and
healthy subjects, and 75 virus species with obvious
differences were identified (Table S4, Supporting
Information). Among them, 68 species did not
belong to the differential viruses identified in
“T2D-Ne vs Control” (Figure 5), indicating that
these 68 viruses are associated with T2D only but
not with DN. Furthermore, 6 species, including
Erysipelothrix ~ phage,  Lactococcus  phage,
Faecalibacterium  virus, Brevibacillus phage,
Bacteroides phage, and crAssphage cr114_1, were
identified as differential markers only in “T2D-Ne
vs Control” but not in “T2D-non-Ne vs Control”
and “T2D vs Control” (Figure 5), suggesting that
DN has unique gut virome profiles and that these 6
viruses may play a potential role in DN progres-
sion. Altogether, our study revealed dysregulation
of gut virome in DN subjects, including

significantly decreased diversity and altered viral
composition.

3.4. Functional alterations of gut virome in T2D
and DN

To evaluate functional changes in the gut virome,
HUMANNS3 analysis was performed on the viral
sequences against Gene ontology (GO) and Pfam
protein family databases. We first compared the
predictive gut virome function of T2D with that
of healthy controls. Overall, diverse viral functions
were lost in T2D subjects (Figure S6, Supporting
Information). Moreover, differential virus func-
tions were further screened by LEfSe analysis. We
found that a large number of viral functions were
down-regulated in T2D subjects compared with
healthy controls (134 vs 36 for GO database, 339
vs 71 for Pfam database, Tables S5 and S6,
Supporting Information). Notably, some functions
related to viral replication and integration, phage
lysis of bacteria host, virus-host biology, and
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Figure 5. Venn diagram of differential viral species for T2D subjects vs healthy controls, T2D-Ne subjects vs healthy controls, and T2D-

non-Ne subjects vs healthy controls.

bacterial susceptibility were decreased in T2D sub-
jects, including ABC transporter, integrase core
domain, DNA replication, transcription DNA-
templated, translation, ribosome, beta-lactamase
superfamily domain, glutamine metabolic process,
and glutamine amidotransferase domain
(Figure 6).20%

We further compared the predictive viral func-
tion of T2D-Ne with that of healthy subjects. As
shown in the heatmap (Figure S7, Supporting
Information), T2D-Ne subjects showed loss of mul-
tiple viral functions in terms of GO and Pfam pro-
tein functions. Specifically, compared with healthy
subjects, 158 and 428 viral functions were deter-
mined to be downregulated in T2D-Ne for GO and
Pfam databases, respectively (Tables S7 and S8,
Supporting Information). Similar to T2D, these

down-regulated functions include ABC transporter,
integral component of plasma membrane, DNA-
templated transcription initiation, AP2-like DNA-
binding integrase domain, DNA replication initia-
tion, beta-lactamase superfamily domain, transla-
tion, ribosome, glutamine amidotransferase
domain, and glutamine metabolic process
(Figure 6). Taken together, multiple viral functions,
especially those of phage lysing host bacteria, were
markedly reduced in both T2D and DN, which may
affect bacterial microbiome ecology.

3.5. Alterations of gut bacteriome in T2D and DN

Bacterial 16S rRNA sequencing was performed
to evaluate alterations in the gut bacteriome in
T2D and DN (Table S9, Supporting
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Figure 6. Differential viral functions between (a) T2D subjects and healthy controls and (b) T2D-Ne subjects and healthy
controls against GO and Pfam protein family databases. The differential functions were determined by LEfSe analysis. For
the box plots, the boxes extend from the first to the third quartile (25th to 75th percentiles), with the center line indicating

the median.

Information). No significant differences were
observed in gut bacterial diversity between
T2D and controls (Figure S8, Supporting
Information). However, in contrast to the gut
virome, bacterial richness was significantly
increased in T2D subjects compared with
healthy controls, which may indicate some bac-
terial expansion in T2D. PCoA analysis showed

significant separation of T2D and controls (R’
=0.018, P=0.001). MaAsLin2 analysis found
that some bacteria were significantly changed
in T2D subjects (Figure S8 and Table S10,
Supporting Information). Notably, several
pathogens (e.g., Eggerthella lenta, Clostridioides
difficile, Clostridium
Streptococcus — mutans)

innocuum, and

were  significantly
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enriched in T2D subjects compared with
healthy controls, which was consistent with
findings from other studies.*

We further compared the differences in gut
bacteriome between T2D-Ne, T2D-non-Ne, and
controls. Similarly, no significant differences
were observed in bacterial diversity among the
three  groups (Figure SS9, Supporting
Information). PCoA analysis revealed signifi-
cant changes in the gut bacterial profiles of
T2D-Ne (R*=0.034, P=0.001). Moreover,
MaAsLin2 analysis identified some bacterial
species associated with T2D-Ne (Figure S9
and Table S11, Supporting Information),
including an increase in several opportunistic
pathogens (e.g., Bacteroides caccae, Eggerthella
lenta and Clostridium innocuum). Collectively,
these results suggest that gut bacterial disorders
are present in both T2D and DN subjects.

3.6. Transkingdom correlations between gut
virome and bacteriome are disrupted in T2D and DN

Gut viral-bacterial transkingdom correlations
play important roles in health and disease.”>**
We first investigated the correlation between
the alpha diversity of the gut virome and bac-
teriome. In controls, there were no significant
correlations between the three indicators of
and  bacteriome  (Figure S10,
Supporting Information). However, significant
positive correlations of viral richness and bac-
terial diversity were observed in T2D and T2D-
Ne. Moreover, we also evaluated the correlation
between viral species and bacterial species. The
number of significant positive and negative
correlations between groups changed signifi-
cantly. Compared with healthy controls,
a decreased number of negative correlations
(36 vs 52, P<0.01) but an increased number
of positive correlations (32 vs 18, P <0.01) were
observed in T2D subjects (Figure 7). Similarly,
T2D-non-Ne showed a reduction in the num-
ber of negative correlations compared with
controls (28 vs 52, P<0.01). Likewise, T2D-
Ne subjects exhibited a significantly reduced
number of negative correlations (19 vs 52, P<
0.001) and a significantly increased number of

virome

positive correlations (39 vs 18, P<0.001) com-
pared with healthy controls.

These changes in virus-bacteria correlations
were mainly attributed to the loss of some associa-
tions and the emergence of some new ones
(Figure 7). For example, Streptococcus satellite
phage showed significant correlation with five bac-
teria (Phocaeicola dorei, Megamonas funiformis,
Flintibacter butyricus, Eubacterium coprostanoli-
genes, and Collinsella aerofaciens) in healthy con-
trols. However, these associations disappeared in

T2D, T2D-non-Ne, and T2D-Ne subjects.
Similarly, significant associations between
Pseudomonas  phage and four bacteria
(Ruminococcus bromii, F. butyricus,

E coprostanoligenes, and Akkermansia muciniphila)
in healthy controls were all lost in T2D, T2D-non-
Ne, and T2D-Ne subjects. Furthermore, new asso-
ciations between Shigella phage and three bacteria
emerged in T2D and T2D-Ne subjects compared
with healthy controls. Taken together, these find-
ings suggest that strong viral-bacterial interactions
in healthy subjects are disrupted in T2D and DN.

3.7. Combining gut virome and bacteriome
improves diagnostic performance for T2D and DN

To evaluate the potential of gut virome as diag-
nostic markers for T2D and DN, we constructed
a machine learning classifier model based on
XGBoost algorithm to distinguish disease sub-
jects from healthy controls. Our analysis identi-
fied a viral taxa signature consisting of 47
species as the optimal marker set between T2D
and healthy controls, with an area under the
curve (AUC) of 84.61% (Figure 8; Table S12,
Supporting Information). Among the contribut-
ing features, Erwinia phage had the greatest
impact as indicated by the gain value, followed
by Anoxybacillus virus and Streptococcus satellite
phage. Notably, 19 of the top 20 contributors
belong to phages. Moreover, the model based
on bacterial features also performed well, with
an AUC of 98.07% (Figure 8; Table S13,
Supporting Information). Interestingly, the com-
bination of virome and bacteriome could classify
T2D from healthy controls with better accuracy

(AUC=99.03%) than either virome or
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Figure 7. Alterations of transkingdom correlations between the gut virome and bacteriome in T2D, T2D-non-Ne and T2D-Ne
compared with healthy controls. Heatmap shows color-coded Spearman’s correlations of the most abundant 30 virus species with
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Significant correlations are displayed with an asterisk. *P <.05, **P <

b

bacteriome alone (Figure 8; Table S14,
Supporting Information).

We further used the XGBoost model to identify
gut microbial markers capable of discriminating
between T2D-non-Ne, T2D-Ne and controls. 14
viral markers were selected as the optimal marker
set with an AUC of 78.46% (Figure 9; Table S15,
Supporting Information). Shigella phage was the

largest contributor, followed by Listeria phage and

.01 and ***P <.,001.

Streptococcus satellite phage. Furthermore, the
model based on bacteriome (AUC =91.49%) had
a greater predictive power than the virome model
(Figure 9; Table S16, Supporting Information).
However, the combination of virome and bacter-
iome achieved the largest AUC of 98.19% in dis-
criminating the three groups (Figure 9; Table S17,
Supporting Information). Taken together, our
results suggest that gut virome can be used to
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Figure 8. The combination of gut virome and bacteriome improves diagnostic performance in discriminating T2D subjects from
healthy controls based on the XGBoost model. The top 20 important features for (a) virome, (b) bacteriome, and (c) combined virome
and bacteriome. Gain refers to the relative contribution of the feature to the model. The color of the bars corresponds to differential
abundance between groups. (d) the ROC curve analysis for each of the three models, including their AUC values.

discriminate T2D and DN from controls, and the
combination of viral and bacterial markers
enhances diagnostic performance for T2D and DN.

4. Discussion

The association between gut bacteria and T2D has
been well-acknowledged, while the role of gut vir-
ome is poorly understood. Here, we revealed sig-
nificant alterations in the gut virome in T2D by
metagenomic sequencing of VLP-enriched DNA,
characterized by decreased alpha diversity, altered
viral composition, and loss of multiple viral func-
tions. Moreover, we found for the first time that
DN, a major complication of T2D, also showed
significant gut viral dysbiosis. Notably, the decrease
in viral alpha diversity was more pronounced in

T2D-Ne than in T2D-non-Ne. These findings raise
the interesting question of whether the gut virome
is involved in the development of T2D and its
complications.

T2D is a common metabolic disease. In recent
years, several studies have been conducted to inves-
tigate gut virome changes in other metabolic dis-
eases, including obesity, NAFLD and metabolic
syndrome.”'*** Similar to our results, significant
reductions in alpha diversity and alterations in viral
composition and taxa abundance were also found
in these three diseases. These common features
suggest that gut virome may play an important
role in the development of metabolic diseases. In
the present study, we identified 81 significantly
altered viral species in T2D subjects. However, to
date, little is known about the specific role of these
viral markers in the development of T2D. It is
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speculated that several mechanisms may be
involved. On the one hand, some viruses might
directly affect disease by stimulating host immune
responses.”>* Phages can be transported into the
systemic circulation through intestinal epithelial
cells and then affect the human immune system
by regulating the release of cytokines and the activ-
ities of T and B cells.”>*° A recent study has shown
that Escherichia and Bacteroides phages can acti-
vate IFN-y mediated immune responses via the
TLR9-dependent pathway and exacerbate colitis.*”
In our study, four viral species, such as Shigella
phage, were identified to be significantly enriched
in T2D subjects compared with healthy controls.
Whether they affect the immune system to mediate
the development of T2D deserves further

investigation. On the other hand, some viruses,
particularly phages, might also indirectly mediate
disease by affecting gut bacteria.””> As natural pre-
dators of bacteria, phages can regulate the metabo-
lism, evolution and viability of bacteria in the gut,
thus  affecting  their = composition and
abundance.”>*° Notably, the gut bacteriome have
been revealed to play a key role in the pathogenesis
of T2D.**® In our study, the significant reduction
in viral diversity and specific viral species, as well as
the loss of multiple viral functions, especially those
of phage lysing host bacteria, lead to a quantitative
increase of certain pathogenic bacteria, which may
mediate the development of T2D. For example,
Clostridioides phage and Streptococcus satellite
phage were significantly reduced, while their
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respective host bacteria, Clostridioides difficile and
Streptococcus mutans, were significantly increased
in T2D subjects compared with healthy controls.
C. difficile is a common pathogen, and its exotoxin
can activate macrophages to promote inflamma-
tion and epithelial damage.”” S. mutans, a major
pathogen of dental caries, has been linked to
inflammation in cardiovascular disease. It can
induce the production of inflammatory cytokines
in human aortic endothelial cells.’* Moreover,
a specific S. mutans strain was found to aggravate
nonalcoholic steatohepatitis in a mouse model fed
a high-fat diet.’’ These data indicate that gut
phages might influence T2D by regulating bacterial
microbes. However, phage-bacteria interactions in
the gut are complex. In addition to the empirical
“predator-prey” dynamics, there are ©“kill-the-
winner” and “arms-race” patterns among them.*
This may be the reasons for our findings that virus-
bacteria interactions presented in healthy subjects
were significantly disrupted in T2D, including the
loss of some associations and the appearance of
some new associations. Taken together, the gut
virome might play a role in the development of
T2D by stimulating immune responses and/or
influencing gut bacteria. Given the complexity of
the human situation, additional animal experi-
ments are required to determine the contribution
of gut viruses, especially phages, to T2D
development.

DN is one of the most important complications in
diabetic patients. Several studies have revealed
changes in gut bacteria in DN subjects.’*
However, it remains unclear whether gut viral dys-
biosis occurs in DN. In this study, we found signifi-
cant changes in the gut virome of DN subjects and
identified some viral species associated with DN.
Notably, our study found that Bacteroides phage was
significantly reduced, while its host bacterium,
Bacteroides caccae, was significantly enriched in DN
subjects compared with healthy controls. B. caccae is
an opportunistic pathogen with inflammatory prop-
erties that can destroy the colonic mucus barrier by
secreting mucus-degrading proteases.’® It is also
involved in the production of several uremic toxins,
including phenol and p-cresol.”> These metabolites
are nephrotoxic and can cause kidney damage and
fibrosis.”® These data suggest that gut phages might
play a role in the development of DN by regulating

gut bacteria and their metabolites. In addition,
Shigella phage, Xylella phage, Erysipelothrix phage,
Lactococcus  phage,  Faecalibacterium  virus,
Brevibacillus phage, and crAssphage cr114_1 were
also characteristic viruses associated with DN.
Further functional studies are needed to assess the
role of these viral markers in the development of DN.

Several factors have been reported to influence
the gut virome, such as age, gender, and diet.
Gregory et al. found that gut viral diversity is age-
dependent in healthy Westerners.”” Similarly, there
is a significant positive correlation between age and
gut viral diversity among Japanese adults.’®
Moreover, gender has been shown to be signifi-
cantly associated with 68 viral operational taxo-
nomic units and 24 viral clusters in the Japanese
adult cohort.”® However, Yang et al. found that age
and gender did not show significant associations
with gut viral diversity in obese subjects,"* which is
consistent with our data. Heterogeneity between
these studies may be related to differences in dis-
ease phenotype, population and/or geographic
location. Future multicenter, large-scale studies
are needed to further evaluate the effects of age
and gender on the gut virome of T2D and DN. In
addition, diet is also one of the environmental
factors affecting the human gut virome.”
A recent study found that the frequency of con-
suming meat and vegetables and alcohol intake had
significant effects on the gut virome.*” However,
dietary information was not obtained in our cross-
sectional study, which prevented us to from asses-
sing the effect of diet on the gut virome differences
between T2D/DN and healthy subjects. Further
prospective studies with dietary controls or
detailed dietary information are needed to evaluate
the effects of diet on the gut virome of T2D
and DN.

Bacteria and viruses coexist in the human gut,
and their interactions have been shown to be asso-
ciated with health and disease.'**° Our results
demonstrate the presence of strong virus-bacteria
interactions in healthy subjects. However, these
transkingdom interactions were markedly dis-
rupted in T2D and DN, characterized by
a decrease in negative correlations and an increase
in positive correlations. The significant changes in
transkingdom correlations between gut virome and
bacteriome may suggest a perturbance of the whole



ecosystem in T2D and DN, and highlight the
potential role of the virome in shaping healthy
gut microecology.

In this study, we used a XGBoost classification
model to explore the potential of gut virome as
diagnostic markers for T2D and DN. XGBoost is
an ensemble learning method, which can prevent
the model from overfitting by using some regular-
ization methods.*' It has been proven to outper-
form other machine learning algorithms in
classifying human microbiome data.*"** Previous
studies have revealed the potential of gut bacterial
markers for the diagnosis of T2D.***> Here, we
demonstrated for the first time that specific gut
viruses could be used as biomarkers to distinguish
T2D subjects from healthy controls. Notably, the
combined use of viral and bacterial markers yielded
the best diagnostic performance, with an AUC of
99.03%. In general, the diagnostic value of single
omics data is limited. Our results highlight the
importance of integrating multi-omics data (gut
virome and bacteriome), which can improve the
classification accuracy. Diabetes complications
should be paid more attention than diabetes itself
because of their high disability and mortality.** In
our study, gut virome also showed a good ability to
distinguish between T2D-Ne, T2D-non-Ne, and
controls. A panel combining viral and bacterial
markers achieved a powerful diagnostic perfor-
mance with an AUC of 98.19%. Collectively, our
results suggest that the combination of gut virome
and bacteriome improves the diagnostic perfor-
mance of T2D and DN.

Despite the important findings of our study,
there are some limitations that should be
acknowledged. First, we conducted a cross-
sectional study that could not reveal the causal
relationship between gut virome and the two dis-
eases. In the future, some key methods, such as
Mendelian randomization analysis, are required
to further elucidate their causality. Additional
preclinical studies are urgently needed to deter-
mine the contribution of specific viruses, particu-
larly phages, to the progression of T2D and DN.
Second, in addition to age and sex, other con-
founding factors such as diet and lifestyle are
known to affect the gut virome.'** The impact
of these confounders on the gut virome was not
evaluated in this study. In addition, although the
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combined viral and bacterial markers achieved
strong diagnostic performance in our cohort,
additional multicenter independent cohorts are
still needed to validate their clinical diagnostic
potential for T2D and DN.

In conclusion, our study provides evidence that
T2D and DN are characterized by disturbances in
gut viral diversity and taxonomic composition
compared with healthy controls. The significant
decrease in diversity, changes in specific virus spe-
cies, loss of multiple viral functions, and disruption
of viral-bacterial correlations suggest that gut vir-
ome may play an important role in the develop-
ment of T2D and DN. The combination of specific
viral and bacterial markers has good diagnostic
potential for T2D and DN, which may improve
the performance of currently only bacterial-based
biomarkers. Although more clinical validation and
mechanistic studies are needed, this study would
increase our understanding of the role of gut vir-
ome in the pathogenesis of diabetes and its com-
plications, and provide new avenues for the
development of novel therapeutic strategies for
T2D and DN.
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