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Abstract

While the gut microbiota is known to be influenced by habitual food intake, this relationship is seldom explored in
type 2 diabetes patients. This study aims to investigate the relationship between dietary patterns and gut microbial
species abundance in 113 type 2 diabetes patients (mean age, 58 years; body mass index, 29.1; glycohemoglobin
[HbAlc], 8.1%). We analyzed the gut microbiota using 16S amplicon sequencing, and all patients were categorized
into either the Bacteroides enterotype (57.5%, n = 65) or the Prevotella enterotype (42.5%, n = 48) using the parti-
tioning around medoids clustering algorithm, based on the most representative genera. Patients with the Bacteroides
enterotype showed better glycemic control with a 2.71 odds of HbAlc < 7.0% compared to the Prevotella enterotype
(95% confidence interval, 1.02—7.87; P, 0.034). Dietary habits and the nutrient composition of all patients were
assessed using a validated food frequency questionnaire. It was observed that the amounts of dietary fiber consumed
were suboptimal, with an average intake of 16 g per day. Additionally, we extracted four dietary patterns through
factor analysis: eating-out, high-sugar foods, fish—vegetable, and fermented foods patterns. Patients with the Bac-
teroides enterotype had higher scores for the fish—vegetable pattern compared to the Prevotella enterotype
(0.17 + 0.13 versus —0.23 + 0.09; P, 0.010). We further investigated the relationship between the microbiota and the
four dietary patterns and found that only the fish—vegetable dietary pattern scores were correlated with principal
coordinate values. A lower pattern score was associated with the accumulated abundance of the 31 significant mi-
crobial features. Among these features, Prevotella copri was identified as the most significant by using a random
forest model, with an area under the receiver operating characteristic of 0.93 (95% confidence interval, 0.88—0.98). To
validate these results, we conducted a custom quantitative polymerase chain reaction assay. This assay confirmed the
presence of P. copri (sensitivity, 0.96; specificity, 0.97) in our cohort, with a prevalence of 47.8%, and a mean relative
abundance of 21.0% in subjects harboring P. copri. In summary, type 2 diabetes patients with the Prevotella
enterotype demonstrated poorer glycemic control and deviations from a healthy dietary pattern. The abundance of P.
copri, as a major contributing microbial feature, was associated with the severity in the deficiency in dietary fish and
vegetables. Emphasis should be placed on promoting a healthy dietary pattern and understanding the microbial
correlations.
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1. Introduction

he prevalence of type 2 diabetes is increasing

worldwide, with an estimated 700 million pa-
tients predicted by 2045 [1]. This increase in type 2
diabetes is partially attributed to lifestyle changes,
particularly the Westernized diet [2]. Medical
nutrition therapy should be re-emphasized as the
center of diabetes management. A healthful eating
pattern such as the Mediterranean diet should be
widely adopted because of its metabolic and car-
diovascular benefits [3]. Nutrition counseling should
take into account factors such as cultural back-
ground, socioeconomic setting, and personal pref-
erence [4]. In addition, the therapeutic effect of a
dietary plan may vary between patients according to
their microbiota [5]. Consideration of the charac-
teristics of individual microbiota is important for
personalized nutrition but is often neglected.

The gut microbiota is closely associated with the
pathogenesis of type 2 diabetes. Bacterial fermen-
tation of dietary fibers produces short-chain fatty
acids that modulate human energy homeostasis.
Microbial dysbiosis may contribute to leaky gut
syndrome, endotoxemia, and insulin resistance [6].
The gut microbiota is the mediator between food
and the host metabolism. Moreover, the long-term
dietary pattern is the major force that shapes the
microbial composition of the gut [7]. Understanding
the relationship between the microbiota and dietary
patterns would elucidate key dietary factors
important for diabetes control.

The concept of enterotypes provides a diagnostic
tool in searching for biomarkers among complex
microbiome compositions [8]. The prevalence of
Prevotella and Bacteroides in the microbiota tends to
differ according to diet [9]. Enterotype Prevotella is
highly dominant in rural populations with a pre-
industrial diet, while Bacteroides is prevalent among
modern westernized populations. Because the
Westernized diet may predispose individuals to the
onset of diabetes, Bacteroides has been proposed as
marker for populations at risk for type 2 diabetes.
However, studies investigating this theory report
conflicting results [10,11]. Prevotella copri, the major
species in this enterotype, plays a role in human
carbohydrate homeostasis, but its effects on glyce-
mic control are also controversial [12,13]. Possible
reasons for the conflicting results are that popula-
tion-based studies did not include consistent dietary
evaluation and that confounding effects of nutrients
were sometimes omitted.

To address these previous shortcomings, the pre-
sent study aims to investigate the microbiota together

with dietary information to identify associations with
type 2 diabetes. Because the Western-Pacific is the
largest region with a rapid increase in type 2 diabetes,
a cohort study of populations in this area is needed to
address this issue. The cohort of this study is a popu-
lation of Han Chinese with type 2 diabetes who un-
derwent team care in a diabetes treatment program.
To assess the severity of diabetes, we collected clinical
measurements related to glycemic control and
comorbidities such as obesity, dyslipidemia, and dia-
betic kidney disease. These characteristics were
compared with the enterotyping results to determine
their clinical significance in relation to the microbiota.
Habitual food intake was evaluated in relation to the
therapeutic results of nutrition therapy. A series of
analyses were performed to identify dietary patterns
associated with gut microbiota. Furthermore, a
quantitative polymerase chain reaction (PCR) assay
was designed for confirming the identity of the most
abundant microbial species. The relationships be-
tween clinical characteristics, enterotypes, dietary
patterns, and significant microbial features in type 2
diabetes patients were discussed in this study.

2. Methods

2.1. Study participants and clinical data

We recruited 113 participants with type 2 diabetes.
These participants were consecutively enrolled from
all patients visiting the outpatient departments of
endocrinology and metabolism at Linkou, Taipei
and Taoyuan Chang Gung Memorial hospital in
northern Taiwan. The participants were undergoing
standardized team care provided by -certificated
diabetes health care institutes. Inclusion criteria
included a diagnosis of type 2 diabetes and age > 20
years old. Exclusion criteria included active inflam-
matory or infectious diseases, advanced chronic
kidney disease (estimated glomerular filtration rate
[eGFR] < 30 mL/min/1.73 m?), recent abdominal
pain or diarrhea within the previous month, and
recent use of antibiotics, probiotics, or prebiotics
within the previous month.

Each participant's age, sex, duration of type 2
diabetes, and concurrent antidiabetic medication
use were recorded. Body mass index (BMI), serum
creatinine, alanine aminotransferase (ALT), fasting
plasma glucose (FPG), glycohemoglobin (HbAlc),
lipid profiles and urinary albumin-creatinine ratio
(UACR) were measured by standard protocols.
Kidney function was assessed using the isotope
dilution mass spectrometry (IDMS) traceable
Modification of Diet in Renal Disease (MDRD) study
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equation. The Homeostatic Model Assessment for
Insulin Resistance (HOMA-IR) index was calculated
for participants with paired FPG and fasting serum
insulin levels. An informed consent form approved
by the Institutional Review Board of Chang Gung
Memorial Hospital was signed by each participant
(certificate numbers: 201900467B0 and 202002572B0).

2.2. Dietary habit evaluation and dietary pattern
analysis

A validated food frequency questionnaire
designed for type 2 diabetes patients in Taiwan was
used to evaluate consumption frequency of foods,
food servings, and eating habits [14]. Our subjects
were interviewed by registered dietitians working in
our hospital and were asked about the frequency of
consumption of a list of foods (groups). Nine fre-
quency options ranging from “almost never” to
“4—6 times/day” were listed for all food items. The
consumption of 15 food items (groups) was assessed
as the number of portions per day, week, or month.
These data were converted to portion equivalents
per week to determine the overall energy intake
(kcal/day), macronutrient intake (carbohydrate, fat,
and protein [g/day]), and fiber intake (g/day) [15].
The consumption frequency or portions of 38 spe-
cific food items or dietary habits on a per-week basis
were extracted into four dietary major dietary pat-
terns using factor analysis. The factors were rotated
using Varimax rotation to achieve a simpler struc-
ture with greater interpretability. Each participant
obtained four pattern scores. Four dietary patterns
were identified: fish and vegetables, fermented
foods, eating out, and high-sugar foods. Food items
with factor loading > 0.2 were considered to
contribute significantly to the dietary pattern
(Fig. 1). The modeling process of factor analysis was
conducted using SPSS Version 22.0 (SPSS Inc.,
Chicago, IL, USA). The association between each
dietary factor score for each food pattern and clin-
ical parameters was analyzed using Pearson's
correlation.

2.3. 165 ribosomal RNA amplicon sequencing and
raw reads processing

The collection and processing of fecal samples,
extraction and storage of non-human DNA, as well
as the subsequent library preparation, adhered
closely to the procedures outlined in our prior study
[16]. Additionally, 165 ribosomal RNA (rRNA)
amplicon sequencing was performed by the
Genomic Medicine Core Laboratory, Chang Gung
Memorial Hospital, Linkou. Following the processing

and denoising of raw sequence data, high-quality
reads of amplicon sequence variants (ASVs) were
obtained, ranging from 17,354 to 191,764 per sample
(with an average of 81,425 + 27,365). Subsequent to
this step, the classification of taxonomic assignment
was carried out. These procedures were conducted in
accordance with the same established protocols. To
optimize the biological relevance to clinical factors, a
sequence alignment-free algorithm was applied to
cluster 5309 ASVs into 1684 k-mer taxonomic units
(KTUs) [17].

2.4. Microbial community analysis

Microbial community analysis was performed
using R Software Version 4.2.3 and the vegan pack-
age [18]. Enterotyping for all samples was based on
relative genus abundances using Jensen—Shannon
distance and the Partitioning Around Medoids
clustering algorithm. The Calinski-Harabasz Index
was used to assess the optimal number of clustering.
To evaluate the alpha diversity in groups of different
enterotypes, we calculated the observed KTU
number, Shannon index, and Simpson's index.
Wilcoxon rank sum tests were used to detect sig-
nificant differences (a at 0.05). Principal coordinate
analysis (PCoA) with Bray—Curtis dissimilarity was
applied to visualize the results of enterotyping. Beta
diversity was compared between groups using the
permutational multivariate analysis of variance
using distance matrices (PERMANOVA) method.
Differences in clinical parameters between different
enterotype groups were determined using the in-
dependent-samples t-test, Fisher's exact test, or
Kruskal—Wallis test in accordance with data types
and with a significance level «a at 0.05.

To investigate the association between a specific
dietary pattern and gut microbiota, Pearson's cor-
relation of the pattern scores and principal coordi-
nate values (the projection on PCoA axis 1 or PCoA
axis 2) were calculated for each pattern. Pearson's
correlation of all KTUs and the related axis in PCoA
were calculated to identify the significant bacterial
features that were candidates for association with
the dietary pattern. The significantly correlated
KTUs were categorized into two communities with
positive or negative coefficients. To further evaluate
the significance of the positive and negative micro-
bial communities, Pearson's correlation of the sum
of KTUs in log-transformed abundances and the
microbiota-associated  dietary pattern scores,
respectively, were calculated.

A random forest model was used for selecting the
most important KTUs that could distinguish par-
ticipants with different enterotypes. Receiver
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Fig. 1. A) The loading values of 38 dietary factors are presented by the color gradient in the heatmap. Dietary patterns are named according to
representative foods components or behaviors. *Cells with loading values > 0.2 B) Pearson's correlation coefficients of dietary patterns versus
macronutrients and clinical parameters are shown by a color gradient. *P < 0.05; **P < 0.01; ***P < 0.001. ALT, alanine aminotransferase; BMI,
body mass index; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; HbA1c, glycohemoglobin; HDL-C, HDL-cholesterol; LDL-
C, LDL-cholesterol; T-C, total-cholesterol; T2D, type 2 diabetes; UACR, urinary albumin-creatinine ratio.

operating characteristic (ROC) analysis was applied
and the area under the receiver operating charac-
teristic (AUROC) was used to evaluate the perfor-
mance of selected features at a 95% confidence level.
The R codes for plots of alpha and beta diversity,
heatmap, random forest, and ROC analysis were
modified from the source code of the MARco
package [19].

2.5. Real-time quantitative PCR validation for P.
copri

A custom TagMan assay (Assay ID: APH6D2Y,
Thermo Fisher Scientific Inc., Waltham, MA, USA)
was designed in accordance with 9 sequences
(AB244770.1, AB244773.1, AB244771.1, AB244772.1,
MG592701.1, MG592702.1, MN537545.1, NR_113411.1,
and NR_040877.1) obtained from the National Center
for Biotechnology Information (NCBI) database (ac-
cess date: Nov 21, 2019) for P. copri strains (taxid:
165179). The consensus sequence was identified after
alignment using Vector NTI software (Thermo Fisher
Scientific Inc., Waltham, MA, USA) (Supplementary
Table). This assay was utilized for the detection
of P. copri. Another TaqMan assay (Assay ID:

Ba04930791_S1, Thermo Fisher Scientific Inc.,, Wal-
tham, MA, USA) was used for detecting universal
bacterial 16S rRNA as an internal control.
Quantitative PCR was performed using the
QuantStudio 3 Real-Time PCR System (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The
reaction mixture contained 9 pL sample DNA,
10 pL of TagMan Gene Expression Master Mix
(Thermo Fisher Scientific Inc., Waltham, MA,
USA), and 1 pL of TagMan Gene Expression assay
(Total volume, 20 pL/well in 96-well optical reader
plates). DNA samples were diluted to 1 ng/uL as
the final concentration. Each sample underwent a
duplicate run with the two expression assays. The
amplification program consisted of one cycle at
95 °C for 10 min, followed by 30 cycles at 95 °C for
30 s, and 60 °C for 1 min. The cycle threshold (Ct)
values for each sample were determined using
QuantStudio 3 & 5 Real-time PCR Data Analysis
Software (Thermo Fisher Scientific Inc.,, Waltham,
MA, USA). The mean ACt value between the two
assays indicated the relative abundance of P. copri
in each sample. An increased ACt value (Ct yniversal
— Ct prevotella assay) indicated a higher

bacterial control
abundance.
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To compare the results of quantitative PCR with
16S sequencing data, Pearson's correlation of each
KTU in log-abundance versus the ACt of samples
was calculated. The significantly correlated KTUs
were filtered by p-value adjustment using the False
Discovery Rate (FDR) method. To verify the scien-
tific names of the KTUs correlated to the P. copri
assay, the Basic Local Alignment Search Tool
(BLAST) was used to search against NCBI non-
redundant (nr) and rRNA databases using the
following parameters: query coverage, 100%;
percent identity > 99%; E value, 0 (access date: Oct
23, 2022). The optimal ACt value was obtained as the
maximal sum of sensitivity and specificity for
enterotype classification.

3. Results

3.1. The enterotype Bacteroides associated with
better glycemic control

Our cohort of 113 patients with type 2 diabetes
was middle-aged (58 + 1 years) and overweight
(BMI 29.1 + 0.4), with a mean HbAlc of 8.1 + 0.2%.
About half of the estimated calorie intake was from
carbohydrates (51%), while 17% and 32% were from
protein and fat, respectively. Metformin-based
therapy was predominant among the patients.

The optimal number of clusters for enterotyping,
determined by the highest Calinski-Harabasz Index,
was two. The predominant clusters were enterotype
Bacteroides (57.5%) and enterotype Prevotella (42.5%).
The on-target HbAlc (< 7.0%) rate was higher in the
Bacteroides group than in the Prevotella group (35.4%
versus 16.7%; P, 0.034). Patients with Bacteroides
enterotype had 2.71 odds of HbAlc < 7.0% than did
those with the Prevotella enterotype (95% confidence
interval [CI], 1.02—7.87). Additionally, patients with
Bacteroides  enterotype  showed a  higher
fish—vegetable pattern score compared to those
with Prevotella enterotype (0.17 + 0.13 versus
—0.23 + 0.09; P, 0.010). No significant difference was
observed between the two groups with respect to all
other clinical parameters (age, sex, BMI, ALT, lipid
profiles, eGFR, UACR, macronutrients proportions,
estimated daily calorie intake, and antidiabetic
treatment) (Table 1).

3.2. The healthy fish—vegetable dietary pattern

Four distinct dietary patterns were extracted from
the 38 dietary factors: 1) The eating-out pattern is
featured with foods from a restaurant or takeaway;
these food contents are characterized by high oil,
high salt, or refined carbohydrates. 2) The high-

sugar foods pattern shows increased intake of
sweetened beverages, desserts, and snacks that
consist mainly of high carbohydrate and fats. 3) The
fish—vegetable pattern includes vegetables and
whole food sources of protein and fats, including
fish, meat, nuts, and seeds. 4) The fermented foods
pattern is characterized by processed foods,
including soy-based or fermented products with
high salt content (Fig. 1A).

The fish—vegetable pattern had the following
macronutrient proportions: positive for protein (r,
0.29; P, 0.002) and fat (r, 0.21; P, 0.026) and negative
for carbohydrate (r, —0.25; P, 0.008). A strong cor-
relation with fiber intake was also noted (r, 0.38;
P < 0.001). The eating-out pattern and high-sugar
pattern were associated with unhealthy metabolic
parameters. The HbAlc level was the only clinical
parameter that correlated with the fish—vegetable
pattern (r, —0.22; P, 0.017) (Fig. 1B).

3.3. Enterotype Bacteroides had mildly decreased
alpha diversity

The indexes of alpha diversity differed slightly
between the two enterotype groups. The Prevotella
group had higher values than the Bacteroides group
in observed KTU numbers (167 [129, 212] vs. 146
[115, 178]; P, 0.022) and the Shannon index (3.59
[3.37, 3.79] versus 3.35 [3.21, 3.65]; P, 0.030)
(Fig. 2A—C). The heterogeneity between the groups
in beta diversity analysis was significant by classi-
fication with enterotypes (P, 0.001) (Fig. 2D).

3.4. Prevotella copri inversely associated with the
fish—vegetable pattern

The pattern scores of the fish—vegetable pattern
correlated negatively with PCoA 2 (r = —0.21; P,
0.024). The fish—vegetable pattern was the only di-
etary pattern that showed a gut—microbiota associ-
ation (Fig. 2E). Of the 128 KTUs that had significance
to the scores on PCoA 2, 31 correlated positively and
97 correlated negatively. The accumulated log-
abundance of the 31 positively correlated KTUs
correlated with the fish—vegetable pattern score (r,
—0.246; P, 0.009), while no other KTUs did (Fig. 2F).
Moreover, the 31 key KTUs differed significantly in
their accumulated log-abundances between partici-
pants with enterotype Prevotella and enterotype
Bacteroides (P < 0.001).

Analysis of random forest models with the 31
microbial features revealed that the top 10 KTUs
showed good discriminative power in classification
of enterotypes (AUROC, 0.96; 95% CI, 0.92—0.99).
The top 3 KTUs, all classified as Prevotella 9, had a
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Table 1. Clinical features of type 2 diabetic subjects with Bacteroides and Prevotella enterotypes.

All (n = 113) Prevotella (n = 48) Bacteroides (n = 65) P
Sex (male/female) 68/45 33/15 35/30 0.124
Age (years) 58 +1 59 +2 57 +1 0.401
Duration of diabetes (years) 10+1 11 +1 10+1 0.772
BMI 29.1 + 0.4 293 + 0.6 289 + 0.5 0.645
FPG (mg/dL) 150 + 5 151 + 8 148 + 6 0.751
HbAlc (%) 8.1+ 02 82 + 02 8.0 +0.2 0.491
Ratio of HbAlc < 7.0% (n/%) 31/27.4 8/16.7 23/35.4 0.034*
HOMA-IR 3.80 + 0.32 4.56 + 0.66 3.26 + 0.26 0.428
eGFR (mL/min/1.73 m?) 84 +3 80 + 4 86 + 5 0.354
UACR 491 + 128 285 + 124 643 + 202 0.134
ALT (U/L) 32+2 34 +3 30 +3 0.379
Total cholesterol (mg/dL) 166 + 4 160 + 5 171+ 5 0.130
LDL-cholesterol (mg/dL) 94 +3 93 +4 94 + 4 0.845
HDL-cholesterol (mg/dL) 42 +1 42 +1 42 +1 0.913
Triglycerides (mg/dL) 200 + 15 175 + 14 219 + 24 0.119
Estimated calorie intake (Kcal/day) 1636 + 56 1678 + 93 1605 + 70 0.535
Protein (%) 17+ 0 16 + 0 17+ 0 0.073
Fat (%) 32+1 31+1 33+1 0.265
Carbohydrate (%) 51 +1 53 +2 50 +1 0.161
Fiber (g/day) 16 £ 1 15+1 16 +1 0.309
Fish—vegetable pattern NA —0.23 + 0.09 0.17 + 0.13 0.010*
Fermented foods pattern NA —0.01 + 0.16 0.01 + 0.12 0.924
Eating-out pattern NA —0.03 + 0.13 0.03 +£0.13 0.737
High-sugar foods pattern NA 0+0.15 0+0.12 0.996
Antidiabetic agents (n/%) 0.812
Metformin-based oral therapy 43/38.1 18/37.5 25/38.5
Metformin with SGLT-2i or GLP-1 RA 32/28.3 12/25.0 20/30.8
Insulin-based therapy 35/31.0 17/35.4 18/27.7
Other 3/12.7 1/2.1 2/3.1

Continuous data are shown as the mean + standard error; independent-samples t-test, Fisher's exact test, and Kruskal—Wallis test. The
HOMA-IR index is calculated using data from 36 subjects in the Prevotella group and 50 subjects in the Bacteroides group. Four types of
dietary pattern scores are dimensionless values extracted through factor analysis. *P < 0.05. ALT, alanine aminotransferase; BMI, body
mass index; eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; GLP-1 RA, glucagon-like peptide 1 receptor agonist;
HbAlc, glycohemoglobin;, HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; NA, not applicable; SGLT-2i,
sodium—glucose cotransporter 2 inhibitor; UACR, urinary albumin-creatinine ratio.

diagnostic power of 0.93 for AUROC [95% CI,
0.88—0.98]. The top KTU was P. copri DSM 18205
strain (accession number NR_040877.1) in the NCBI
database (Fig. 3A—C).

3.5. Performance of the P. copri assay in detecting
and enterotyping

Of the 54 KTUs belonging to the Prevotella genus
according to 16S sequencing results, 4 were identi-
fied as P. copri DSM 18205 strain and 31 were Pre-
votella 9 spp. with closest phylogeny to the same
strain (accession number as NR_040877.1 or
NR_113411.1; identity score < 99%). These 35 KTUs
accounted for 82.9% of the total Prevotella genus
according to the reference database. The remaining
19 KTUs were of other Prevotella species.

The ACt values obtained from the P. copri assay
correlated well with the accumulated log-abun-
dance of the 35 KTUs that were associated with P.
copri DSM 18205 (r, 0.801; P < 0.001); the other 19

KTUs did not (r, 0.055; P, 0.565). Of these KTUs, 7
remained significant after adjustment and accoun-
ted for 91.9% of the 35 KTUs. Applying —2.71 as the
cut-off ACt value gave the optimal diagnostic power
(sensitivity, 0.96; specificity, 0.97) for detecting the
presence of P. copri (defined as relative abundance
> 0.1%). The average prevalence was 47.8% and the
average relative abundance was 10.2% for the total
cohort (21.0% in subjects harboring P. copri)
(Fig. 3D).

In summary, P. copri might emerge as a prominent
microbial feature, frequently observed and associ-
ated with suboptimal glycemic control and an un-
healthy diet.

4. Discussion

Our study demonstrated that patients with the
Prevotella enterotype were more likely to have hy-
perglycemia, and the abundance of P. copri was
inversely associated with a healthy fish-vegetable
dietary pattern. To our knowledge, this is the first
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Fig. 2. A—C) The alpha diversity indexes of microbiota differed weakly between patients with diverse enterotypes. D) The dissimilarity between the
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positive PCoA 2-associated KTUs. ACt, delta cycle threshold; KTU, k-mer taxonomic unit; PCoA, principal coordinate analysis.

study to investigate the relationship between
enterotypes and dietary patterns in type 2 diabetes
patients.

The type 2 diabetes patients in this cohort came
from urbanized communities in northern Taiwan. A
high disease severity was observed because the
participants were enrolled from the diabetes refer-
ence centers. Under regular surveillance, their
habitual diet showed moderate proportions in
macronutrients but a low daily fiber intake. Either
healthy or wunhealthy dietary patterns were
observed. One possible reason for inadequate diet
control in real-world practice is patient or clinical
inertia in adherence to a healthy diet.

The concept of enterotypes offers a structured
approach to classify distinct patterns of gut micro-
bial communities, offering insights into the dietary
patterns and glycemic control for individuals with
type 2 diabetes. However, due to factors such as
choices for taxonomic levels, distance metrics, and
clustering algorithms, the process of enterotyping
can lead to varying numbers of clusters [20].
Nevertheless, a consistent observation emerges:
either a three-cluster model revealing Bacteroides,
Prevotella, and Firmicutes-dominated clusters, or a
two-cluster model distinguishing Prevotella-driven

samples from the rest [9]. In our study, a two-cluster
model distinguishing Prevotella from Bacteroides
demonstrated the most optimal classification.

The on-target HbAlc rate was 27.4% on average
and differed between the two enterotype groups
(Bacteroides, 35.4%; Prevotella, 16.7%). Nonetheless,
we observed no apparent difference in fiber intake
between the two enterotype groups. We observed a
weak tendency toward more protein and fat in the
Bacteroides group and more carbohydrate in the
Prevotella group. The Bacteroides enterotype was
more prevalent than the Prevotella enterotype (57.5%
vs. 42.5%, respectively). This lower abundance of
Prevotella is consistent with data from other west-
ernized cohorts (Prevotella, 29.6% on average), which
contrasts the extremely high prevalence (95.4%) in
non-westernized cohorts [21]. Bacteroides has been
linked to a Western diet characterized as high con-
sumption of animal proteins and fat, whereas Pre-
votella has been linking to a diet of staple foods and
many vegetables in isolated hunter-gatherer cohorts
[22]. Decreased richness in the gut microbiota was
also found in the Bacteroides group. However, an
important finding is that the fiber-rich dietary
pattern, fish—vegetable, correlated with Bacteroides
rather than Prevotella in our cohort. One possible
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Fig. 3. A) The top 10 KTUs are plotted in the order of their correlation coefficient values. Samples are grouped by enterotypes in sequences of the
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ranged in accordance with ACt values on the x-axis. The top 5 genera are shown by relative abundance on the y-axis. ACt of —2.71 indicates the
presence of Prevotella copri (> 0.1%), whereas the balance between Bacteroides and Prevotella contributes to the determination of enterotypes.
AUROC, area under the receiver operating characteristic; r, correlation coefficient value; ACt, delta cycle threshold; ET, enterotype; KTU, k-mer

taxonomic unit; ROC, Receiver operating characteristic.

explanation is the differences in study cohorts. Most
evidence of the association between Prevotella and
high fiber intake was observed in rural populations.
The microbiota among type 2 diabetes patients on a
Western diet might differ [23]. Furthermore, Bacter-
oides have distinctive mechanisms to degrade com-
plex polysaccharides, including dietary fiber,
present in the intestinal tract [9]. While both

Bacteroides and Prevotella are capable of fermenting
dietary fiber [24], it has been observed that aug-
menting the intake of fiber in a low-fiber diet leads
to an increase in specific Bacteroides species [25].
Notably, in the context of a Westernized diet, the
preference for a fish-vegetable dietary pattern was
linked to the Bacteroides enterotype, rather than the
Prevotella enterotype.
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An unhealthy dietary pattern such as eating out or
consuming high-sugar foods correlates significantly
with hyperglycemia or dyslipidemia, but no
gut—microbiota association was found (Fig. 2B). In
contrast, the fish—vegetable diet includes whole
food sources including a variety of colored vegeta-
bles and freshwater or marine fish. These foods are
enriched in good protein and fat, as well as fiber.
The fish—vegetable is associated with healthier
metabolic profiles in patients with type 2 diabetes
[26]. Remarkably, this diet also is also linked to a
lower abundance of P. copri, a major contributor to
the Prevotella enterotype. This finding further con-
firms that macronutrients and fiber are instrumental
in the shaping of the gut microbiota. A healthy di-
etary pattern, particularly in relation to enterotypes,
plays a crucial role in understanding and addressing
the association between gut microbiota and human
diseases [27].

P. copri was found to be the most representative
microbial species that was inversely associated with
the healthy fish—vegetable pattern. One possible
reason was the high relative abundance of these
bacteria (10.2% in our cohort). The question of their
clinical relevance has attracted great interest [21]. P.
copri might be a microbial feature associated with
non-response to glucagon-like peptide 1 (GLP-1)
receptor agonists and may be associated with
increased inflammatory cytokines in populations
with type 2 diabetes [6,16]. Although the causal
relationship remains uncertain, it might be
explained by the finding that P. copri induces insulin
resistance and increases circulating levels of
branched-chain amino acids [12]. In addition,
glucose metabolism was modulated by P. copri in
the presence of dietary fiber supplements; this
pathway might not be adopted in individuals with a
lower intake of vegetables [13]. A recent study re-
ports that P. copri is a complex comprising four
genetically distinct clades [28]. An omnivorous diet
may result in the selection of P. copri with a higher
prevalence of the leuB gene, which is involved in
branched-chain amino acid biosynthesis and a risk
factor for glucose intolerance [29]. In a westernized
cohort of type 2 diabetes patients, the P. copri com-
plex might favor the predominance of sub-strains
that predispose to hyperglycemia. A randomized
control trial showed that a high-fiber and vegetable-
protein—based diet induced a decrease in P. copri
and improved glycemic control, dyslipidemia, and
inflammation [23]. Based on this evidence, we
inferred that the predominance of P. copri in a
westernized cohort of type 2 diabetes patients may
indicate a lack of dietary fiber and a status predis-
posing to hyperglycemia.

P. copri is typically abundant, although its pres-
ence is not universal. Variations in distribution,
whether due to geographic or dietary factors, enable
the simplified detection of this bacterium [21].
Quantitative PCR has become a cost-effective tool
for such detection. Recently studies have validated
the use of PCR for detecting P. copri and highlighted
the importance of these [30]. As an alternative, the
assay described in the present study detected the
presence of the bacteria as well as the enterotype
Prevotella.

The main limitation of this study is the small
number of participants. Parameters could not be
perfectly randomized, and the significance of our
findings may be affected. The causal relationship
between an unhealthy diet and P. copri could not be
proven in a cross-section design. This study merely
demonstrates survey results in this specific local
population. The ethnicity, region of residence, or
disease severity in diabetes are crucial confounding
factors and should be adjusted in our further nation-
wide study. Future metagenomic studies should be
considered to identify the sub-strains and biodi-
versity of the P. copri complex, as well as the func-
tional metabolites including short-chain fatty acids,
in order to understand the mechanism underlying
the interaction between P. copri and human energy
homeostasis. In conclusion, our results suggest that
P. copri might serve as a representative microbial
feature among type 2 diabetes patients on an un-
healthy Westernized diet with insufficient vegeta-
bles and fish-based protein and fat.
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