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This study examined the interplay between bacterial and fungal communities in the human gut
microbiota, impacting on nutritional status and body weight. Cohorts of 10 participants of healthy
weight, 10 overweight, and 10 obese individuals, underwent comprehensive analysis, including
dietary, anthropometric, and biochemical evaluations. Microbial composition was studied via gene
sequencing of 16S and ITS rDNA regions, revealing bacterial (bacteriota) and fungal (mycobiota)
profiles. Bacterial diversity exceeded fungal diversity. Statistically significant differences in bacterial
communities were found within healthy-weight, overweight, and obese groups. The Bacillota/
Bacteroidota ratio (previously known as the Firmicutes/Bacteroidetes ratio) correlated positively
with body mass index. The predominant fungal phyla were Ascomycota and Basidiomycota, with
the genera Nakaseomyces, Kazachstania, Kluyveromyces, and Hanseniaspora, inversely correlating
with weight gain; while Saccharomyces, Debaryomyces, and Pichia correlated positively with body
mass index. Overweight and obese individuals who harbored a higher abundance of Akkermansia
muciniphila, demonstrated a favorable lipid and glucose profiles in contrast to those with lower
abundance. The overweight group had elevated Candida, positively linked to simple carbohydrate
consumption. The study underscores the role of microbial taxa in body mass index and metabolic
health. An imbalanced gut bacteriota/mycobiota may contribute to obesity/metabolic disorders,
highlighting the significance of investigating both communities.
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BMI Body mass index

TIBC  Total iron-binding capacity
HDL  High-density lipoprotein
LDL  Low-density lipoprotein
VLDL Very low-density lipoprotein
ALT Alanine aminotransferase
AST Aspartate aminotransferase
GGT  Glutamic gamma transferase
LDH  Lactate dehydrogenase

ITS Internal transcribed spacer
DNA  Deoxyribonucleic acid

RNA  Ribonucleic acid

qPCR  Quantitative polymerase chain reaction
ASV Amplicon sequence variants
LDA  Linear discriminant analysis

The gastrointestinal tract harbors a complex and diverse community of microorganisms collectively known as
the gut microbiota, which plays pivotal roles in human physiology and pathophysiology’. While bacteria domi-
nate this niche, it also hosts other microorganisms, including archaea, fungi and yeasts. Viruses also inhabit this
environment?. Distinct microbial assemblages populate the intestines, with the bacterial community referred to
as the intestinal bacteriota (IBac) and the fungal community as the intestinal mycobiota (IMy)>. The exploration
of gut microbial composition is of paramount importance for comprehending human health and disease states.
The IBac has been linked to the etiology of obesity and establishes symbiotic relationships with the human body,
participating in key physiological processes such as digestion and metabolism, thereby enhancing energy extrac-
tion from dietary components®. Additionally, the IBac contributes to the development of low-grade inflammation,
which may underlie obesity and metabolic disorders®. With approximately 39% of adults worldwide classified
as overweight and 13% as obese, obesity poses significant global health challenges®, and it is associated with a
range of pathologies, including cardiovascular diseases, metabolic syndrome, and cancer’. Consequently, gain-
ing an insight into intestinal microbiota and modulating it are crucial for unraveling the progression of obesity®.
Furthermore, certain microorganisms in the gut have been linked to susceptibility to inflammatory bowel dis-
eases such as Crohn’s disease and ulcerative colitis’. The dominant bacterial phyla in the gut are Bacillota and
Bacteroidota'®, formerly referred to as Firmicutes and Bacteroidetes, respectively'!. The ratio of Bacillota to
Bacteroidota shows a positive correlation to body mass index (BMI)'*"'%. In contrast to the well-studied IBac, the
IMy remains relatively unexplored. Ascomycota and Basidiomycota are the main phyla detected in culture-based
IMy studies, with Ascomycota prevailing as the most abundant'®. Similar findings were observed in a sequenc-
ing study of IMy in obese subjects, employing the Internal Transcribed Spacer (ITS) rDNA region'é. Among the
fungal genera identified in the IMy are Saccharomyces, Malassezia, and Candida'’. The advent of high-throughput
sequencing has enabled comprehensive analyses of both the taxonomic composition and functional attributes of
the gut microbiota through omics techniques'®. There is a compelling need for comprehensive research to shed
light on the microbial composition of both IBac and IMy and their intricate associations with various human
physiological and pathological states. The objective of this study is to assess the composition of the intestinal
bacteriota and mycobiota and explore their correlation with nutritional aspects in relation to obesity.

Materials and methods

Subjects

The present study examined a group of 30 Mexican adult participants, who were categorized into three distinct
cohorts based on their body mass index (BMI). Specifically, Group 1 was composed of 10 healthy-weight indi-
viduals, exhibiting BMIs ranging from 19.5 to 24.9; Group 2 comprised 10 overweight individuals, displaying
BMIs between 25.0 and 29.9. Lastly, Group 3 comprised 10 obese individuals, with BMIs in the range of 30.0-34.9.
The eligibility criteria for inclusion in the study required that participants were aged between 20 and 50 years,
free from any history of intestinal, diabetic, or metabolic disorders, and refrained from the consumption of
antibiotics, antifungals, probiotics, or prebiotics for a minimum period of three months leading up to the study.
All participants signed informed consent forms prior to their participation.

Dietary analysis

To assess the dietary patterns of the participants, quantitative questionnaires were employed. Initially, a food-
frequency questionnaire was administered to elicit information regarding their habitual food consumption over
an extended period (6 months). Participants were required to report both the frequency and specific quantities
of the foods they ingested. Subsequently, a 24 h dietary recall was conducted to capture precise quantitative data
on the nutritional intake during the preceding 24 h. Furthermore, the data retrieved from the dietary question-
naires completed by each participant provided comprehensive insights into their daily caloric and macronutri-
ent (e.g., carbohydrates, proteins, and fats) intake. The data was subsequently utilized to evaluate and juxtapose
the nutritional adequacy of the participants’ diets and their potential correlation with the study’s outcomes'.

Body composition assessment

The present study carried out an anthropometric evaluation to gain comprehensive insights into the body com-
position of the participants. The assessment encompassed the use of precise equipment, including a digital scale
(model UM-040; TANITA) with a maximum capacity of 150 kg and a grading precision of 100 g; an adipometer

Scientific Reports |

(2024) 14:5703 | https://doi.org/10.1038/s41598-024-54782-7 nature portfolio



www.nature.com/scientificreports/

(Slim Guide) graded in millimeters; and a metallic flexible measuring tape, 0.5 cm in width, and graded in cen-
timeters and centimeter decimals (Cescorf). The anthropometric measurements conducted on each participant
included weight (kg); height (cm); skinfold measurements at the tricipital, bicipital, iliac crest, and subscapular
regions (mm); as well as circumferences of the hip, waist, arm, and wrist (cm). All measurements were executed
in strict accordance with the criteria prescribed by the International Society for the Advancement of Kinan-
thropometry (ISAK)".

Analysis of biochemical parameters

In order to assess comprehensively the biochemical profile of the participants, a thorough blood analysis was
conducted. The examination encompassed an evaluation of the following constituents: total iron-binding capac-
ity (TIBC), serum Fe, ferritin, transferrin, albumin, globulin, total bilirubin, direct bilirubin, indirect bilirubin,
total proteins, cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), very low-density
lipoprotein (VLDL), triglycerides, glucose, ureic nitrogen, creatinine, uric acid, alanine aminotransferase (ALT),
aspartate aminotransferase (AST), glutamic gamma transferase (GGT), and lactate dehydrogenase (LDH). These
precise biochemical parameters were instrumental in appraising the nutritional status and metabolic well-being
of the participants'.

Microbial analysis

DNA extraction

For the comprehensive microbial analysis, fecal samples were collected from each of the 30 participants. All of
them received specific instructions on the precise sampling procedure, and the appropriate storage of samples at
a temperature of 4 °C, ensuring their integrity upon delivery to the laboratory. The collected stool samples were
expeditiously frozen at — 80 °C, thus ensuring optimal preservation until subsequent analyses. Fecal samples of
180-220 mg were used for the extraction of bacterial and fungal DNA using the QIAamp® DNA Stool Mini Kit
extraction Kkit, following the manufacturer’s prescribed protocols.

Library construction and sequencing

The taxonomic identification of bacteria relied on the sequences derived from the V3 and V4 variable regions
of the 16S rDNA gene. To construct the libraries, the Illumina protocol (16S Metagenomic Sequencing Library
Preparation) (Cod. 15044223 Rev. B) was followed. Initially, microbial genomic DNA was stored at a concentra-
tion of 5 ng/pL in 10 mM Tris pH 8.5. Subsequently, fluorometric quantification using the Qubit fluorometer
(ThermoFisher Scientific) ensured accurate adjustments to the DNA concentration. The DNA was then subjected
to amplification using specific primers targeting the V3-V4 regions of the 16S rRNA gene?, followed by liga-
tion to an adapter, which facilitated the multiplexing step through the incorporation of indices to distinguish
individual samples via the Nextera XT Index Kit (FC-131-1096). Prior to sequencing, the library was quantified
once again using the Qubit fluorometer. Sequencing was carried out with 2 x 300 bp paired-end reads (MiSeq
v3 reagent kit (MS-102-3001)) on a MiSeq sequencer, following the manufacturer’s guidelines (Illumina). For
fungi and yeasts, the taxonomic identification relied on reads obtained from the ITS1 rRNA gene. The library
preparation protocol remained consistent, with specific modifications involving the utilization of distinct prim-
ers. For bacteria, the primers utilized were: Forward primer 5-TCGTCGGCAGCGTCAGATGTGTATAAGAGA
CAGCCTACGGGNGGCWGCAG-3' and reverse primer 5- GTCTCGTGGGCTCGGAGATGTGTATAAGAG
ACAGGACTACHVGGGTATCTAATCC-3', while for fungi, the primers used were: Forward primer 5'-TCG
TCGGCAGCGTCAGATGTGTATAAGAGACAG-GATGAAGAACGYAGYRAA -3’ and reverse primer 5'-GTC
TCGTGGGCTCGGAGATGTGTATAAGAGACAG-TCCTCCGCTTWTTGWTWTGC-3"!. Following library
quantification, sequencing ensued with a 2 x 300 bp paired-end reads (MiSeq v3 reagent kit (MS-102-3001)) on
a MiSeq sequencer, adhering to the manufacturer’s instructions (Illumina).

Bioinformatic analysis

Gut microbiota composition, relative abundance, and ecological diversity were analyzed using QIIME 2.0
software (Quantitative Insights Into Microbial Ecology)*. The DADA?2 algorithm efficiently filtered chimeric
sequences, marginal errors, and noisy reads, resulting in reliable amplicon sequence variants (ASVs)*. Denoise-
paired processing was applied separately to bacterial and fungal sequences. Bacterial sequences were truncated
at 250 bp (forward) and 220 bp (reverse) with trim lengths of 17 bp (forward) and 21 bp (reverse) using 8
threads. For fungal sequences, truncation lengths of 280 bp (both forward and reverse) and trim lengths of
18 bp (forward) and 20 bp (reverse) were applied with 8 threads. Feature tables (FeatureData(Sequence) and
FeatureData(Taxonomy)) were generated at 99% identity against the SILVA 132 database®* for the 16S rRNA
gene and the UNITE database for the ITS1 region®. Prior to taxonomic assignment, human sequences were
filtered out using bowtie2 (version 2.3.4.2) against the GRCh38.p13 human reference database. Subsequently,
the q2-feature-classifier plugin was employed to assign taxonomy to representative sequences via a trained Naive
Bayes classifier. Taxonomic classification was then performed using classify-sklearn, and the designated sequences
were archived along with the trained classifier. To facilitate efficient association of taxonomy with the ASV table,
taxon bar charts were generated and downloaded in CSV format from view.qiime2.org.

Statistical analysis

Statistical analyses were performed in R v.3.5.3 except where specified®. All bar graphs and line diagrams were
built using the ggplot2 package?. The normalization of read counts derived from 16S and ITS rRNA gene
sequences was executed utilizing the DESeq2 package?®. The alpha diversity metrics including Shannon (for
diversity), Simpson (for proportional abundance), and Chaol (for microbial richness) were computed using

Scientific Reports |

(2024) 14:5703 | https://doi.org/10.1038/s41598-024-54782-7 nature portfolio



www.nature.com/scientificreports/

the diversity functions (specifically for Shannon and Simpson) and the estimateR function (for Chaol)*. Sub-
sequently, these indices were graphically represented in a boxplot, facilitating the examination of spatial and
temporal fluctuations inherent in these diversity metrics. To elucidate patterns of beta diversity within the
microbial community, principal coordinate analysis (PCoA) was employed. This analysis serves as a valuable
tool for elucidating the distinctions and similarities among communities. Distances were computed using the
Bray-Curtis dissimilarity index, using the vegan package® and vegdist() function. Permutational multivariate
analysis of variance (PERMANOVA) was conducted to assess the statistical significance of observed differences,
enabling the evaluation of temporal and spatial variability. These analyses were executed using the adonis2()
function®'. Statistically significant bacterial and fungal taxa differentiating the various groups were assessed.
Subsequently, these findings were visually represented using a volcano plot*’. Spearman correlation analysis
was employed to assess the correlations among bacterial and fungal genera within the groups, in relation to
anthropometric, biochemical, and dietary variables. This analysis was executed using the cor.test() function. A
heatmap of Spearman’s rank correlation coefficients and p-values (0.05) was generated to visually represent the
strength and significance of these associations. Additional statistical analyses such as Wilcoxon tests were con-
ducted using wilcox.test() function?. To control for false positives from multiple tests, the Benjamini-Hochberg
method with a 5% FDR threshold was applied using the ’p.adjust’ function®. Linear discriminant analysis (LDA)
was implemented using MASS (7.3-58.3)%.

Ethics approval and consent to participate

This study was approved by The Instituto de Seguridad y Servicios Sociales de los Trabajadores del Estado
(ISSSTE) Ethics Committee approved the study in Mexico (ISSSTE/CEI/2018/241), confirming that all experi-
ments were performed in accordance with relevant guidelines and regulations.

Results

In this study, we assessed the IBac (Intestinal Bacteriota) and IMy (Intestinal Mycobiota) profiles of 10 healthy-
weight, 10 overweight, and 10 obese subjects, categorized according to the World Health Organization body mass
index (BMI) classification. Anthropometric, dietary, and biochemical analyses were also conducted on each par-
ticipant. The study cohort predominantly consisted of women, with an average age of 29.53 +7.85 years. Notably,
significant differences in anthropometric parameters were observed among the healthy-weight, overweight, and
obese groups. The percentage of fat mass increased progressively with BMI in all three groups (26.64 £9.79%,
29.01 £4.80%, and 37.40 £4.69%, respectively), whereas the percentage of lean mass exhibited a corresponding
decrease (30.30+0.09%, 24.9 +3.92%, and 23.52 + 3.39%, respectively) (p <0.0041). Waist average circumfer-
ences also escalated with BMI, with values of 77.23 +8.88 cm, 81.96+4.36 cm, and 101.58+13.12 cm in the
healthy-weight, overweight, and obese groups, respectively (p <0.0001) (Table 1). Biochemical analyses showed
statistically significant distinctions among the groups. In particular, the obese group exhibited elevated levels of
ALT, GGT enzymes, triglycerides, and glucose (p <0.05), while HDL levels were higher in the healthy-weight
group (54.04+12.05) compared to the overweight (41.17+6.33) and obese (38.08 £2.67) groups (p <0.003).
Regarding dietary parameters, kilocalories, carbohydrates, proteins, simple and complex carbohydrates, meat,
and vegetable intake were notably higher in the obese group in comparison to the healthy-weight and overweight
groups. However, only protein and meat consumption had significant statistical differences (p <0.05). Significant
differences remained after FDR correction (p <0.05) (Table S1).

To elucidate the gut microbial composition, we sequenced samples using the 16S and ITS rRNA gene genetic
markers to determine bacterial and fungal microorganisms, respectively. Sequencing data analysis revealed a total
of 4,379,541 raw reads obtained for the V3-V4 hypervariable region of the 16S rRNA gene, while the ITS1 region
yielded 3,775,592 reads. SILVA reference database analysis classified 74.70% of these reads as bacteria, while
UNITE database analysis identified 32.36% as fungi (Table S2). The rarefaction curve illustrates the attainment
of an asymptotic phase in the sampled data (Fig. S1). Interestingly, at the genus level, no significant differences
were detected in the analysis of alpha diversity (including the Shannon index, Chao 1, and Simpson) for either
IBac or IMy among the three study groups (Figs. S2, S3, respectively). Notably, bacteria displayed higher alpha
diversity values compared to fungal communities across all three study groups. Healthy individuals exhibited
lower alpha diversity in their bacterial communities compared to overweight and obese subjects. The Bray—Curtis
dissimilarity metric was employed to perform beta diversity analysis (Fig. 1). The outcomes were graphically
represented using Principal Coordinates Analysis (PCoA) at the genus level for both IBac and IMy. The PCoA
plot for IBac indicated that the overweight group did not overlap with either the obesity or healthy-weight
groups. This suggests statistically significant differences between the groups (p <0.028) (Fig. 1a). In contrast,
the PCoA plot for IMy showed overlapping clusters, revealing no statistically significant differences among the
groups (p<0.677) (Fig. 1b).

The taxonomic distribution of bacterial and fungal communities at the phylum and genus levels is presented
in Fig. 2. Bacillota and Bacteroidota were the predominant phyla across all three study groups (Fig. 2a). Bacillota
exhibited an increasing trend with rising BMI in the healthy-weight, overweight, and obese groups (48.32%,
50.43%, and 60.84%, respectively), while Bacteroidota displayed the opposite pattern, decreasing with elevated
BMI in these groups (45.17%, 38.79%, and 29.95%, respectively). Pseudomonadota (previously Proteobacteria'!)
accounted for 3.28%, 4.81%, and 4.36% of the microbial composition in healthy-weight, overweight, and obese
subjects, respectively. At the genus level, Prevotella exhibited a higher prevalence in the healthy-weight group
(26.05%), gradually declining in the overweight and obese groups (9.87% and 4.51%, respectively). Bacteroides
showed substantial abundance in all three groups, comprising 15.52%, 18.88%, and 20.51% in healthy-weight,
overweight, and obese groups, respectively (Fig. 2b and Table S3). Overweight and obese individuals had elevated
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Groups of participants
Characteristics Healthy-weight | Overweight Obesity p value
n 10 10 10
Gender (female/male) 713 713 6/4
Average age (years) (mean+SD) 32+7.65 29.90+10.01 26.5+4.62 0.2717
Average BMI (kg m™2) 22.87 26.49 35.7 0.0001*
‘Waist circumference (cm) 77.23+8.88 81.96+4.36 101.58 £13.12 0.0001*
Hip circumference (cm) 98.24+4.58 102.55+5.26 117.76 £15.59 0.0004*
Waist-hip ratio 0.79 0.79 0.86 0.0217*
Fat mass (%) 26.64+9.79 29.01+£4.80 37.4+4.69 0.0041*
Lean mass (%) 30.30+9.09 24.9+3.92 23.52+3.39 0.0445*
Serum iron (ug/dL) 109.2+£36.41 93.98+24.31 81.77+21.99 0.1136
Total proteins (g/dL) 7.11+0.32 7.12£0.25 7.16+0.24 09114
Total bilirubin (mg/dL) 0.69+0.15 0.60+0.28 0.86+0.52 0.3169
ALT/GPT (U/L) 24.20+15.79 25.64+9.81 47.10+27.84 0.0222*
AST/GOT (U/L) 36.05+30.31 22.74+6.00 60.22+50.221 0.0606
GGT (U/L) 11.00+7.64 19.20+8.28 22.60+9.16 0.0137*
Cholesterol (mg/dL) 169.60 +£29.84 165.40£22.90 170.80£25.99 0.8915
HDL (mg/dL) 54.04+12.05 41.17+6.33 38.08+2.67 0.0003*
Triglycerides (mg/dL) 93.30+£62.18 111.60+27.16 188.10+£99.40 0.012*
Glucose (mg/dL) 79.20+4.66 77.20+3.04 85.30+11.13 0.0465*
Kilocalories (kcal) 1760.9 +£404.43 1636.50+£226.45 | 1844.40+313.66 |0.3644
Carbohydrates (kcal) 832.80+277.88 796.00+239.33 1004.40+189.15 | 0.1326
Proteins (kcal) 360.20+100.28 324.80+78.98 386.80+£114.79 0.0001*
Lipids (kcal) 567.90+235.39 515.70+93.24 453.10+146.03 0.3286
Simple carbohydrates (kcals) 28.00+32.93 72.00+90.03 88.00+74.95 0.161
Complex carbohydrates (kcals) 804.80+253.87 | 724.00+244.62 | 944.20+179.89 |0.1117
Dairy products (kcals) 88.20+£87.54 64.80+55.77 32.40+30.00 0.2313
meat products (kcals) 159.60 +£98.81 154.00£68.90 212.80+78.31 0.0001*
Vegetables (kcals) 112.40+30.48 106.00+55.40 139.60+38.15 0.1928

Table 1. Sociodemographic, anthropometric, biochemical, and dietary characteristics of the participants.
Values represent the mean + SD. *Values with statistically significant difference (analysis of variance, p <0.05).
BMI Body Mass Index. ALT/GPT alanine transaminase. AST/GOT Aspartate aminotransferase. GGT gamma
glutamyl transferase. HDL high density lipoprotein.

abundance of Akkermansia, Dialister, Phascolarctobacterium, Subdoligranulum, and Ruminococcus, compared
to the healthy-weight group.

In the analysis of IMy, Ascomycota and Basidiomycota were the dominant phyla across all three groups.
Ascomycota constituted 97.19%, 94.72%, and 93.26% in the healthy-weight, overweight, and obese groups,
respectively, while Basidiomycota accounted for 2.81%, 5.27%, and 6.74% in the healthy-weight, overweight, and
obese groups, respectively (Fig. 2d). Among the fungal genera, Nakaseomyces exhibited the highest prevalence in
all three groups, representing 41.39%, 17.48%, and 28.33% in the healthy-weight, obese, and overweight groups,
respectively. Saccharomyces accounted for 9.15%, 36.00%, and 44.52% in the healthy-weight, overweight, and
obese groups, respectively. Candida exhibited elevated abundance in overweight individuals (21.86%), followed
by the healthy-weight group (4.15%) and the obese group (3.35%). Debaryomyces displayed higher prevalence
in overweight and obese subjects (8.64% and 4.96%, respectively) compared to healthy-weight subjects (1.15%).
Kazachstania, Kluyveromyces, and Hanseniaspora were notably more prevalent in the healthy-weight group
(26.29%, 3.09%, and 7.52%, respectively) compared to the overweight (1.10%, 2.71%, and 0.5%, respectively),
and obese groups (0.01%, 0.60%, and 0.01%, respectively) (Table S4). Additionally, Pichia was abundant in obese
subjects (1.84%).

Volcano plots revealed distinct statistical differences in genus abundance in bacterial and fungal genera
across weight groups (Fig. 3). Among bacterial genera, Faecalibacterium, Lachnospira, Histophilus, Rikenella,
Holdemanella, Hydrogenoanaerobacterium, and Haemophillus were found to be significantly different between
the healthy-weight and overweight groups (Fig. 3a). In comparison to obese subjects, healthy-weight subjects
showed differential taxa including Prevotella, Blautia, Lachnospira, Rikenella, Anaerostipes, Odoribacter, Marvin-
bryantia and Histophilus, while obese subjects had three differential taxa, namely Allisonella, Subdoligranulum and
Dielma (Fig. 3b). Additionally, Lachnospira, Romboutsia and Clostridium were found to be differential genera in
obese subjects in comparison to the overweight group, which had Flavonifractor, Eggerthella and Alloprevotella
as differential genera (Fig. 3¢). In terms of fungal genera, Malassezia and Aspergillus were differential genera in
obese subjects (Fig. 3d).
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Figure 1. Beta diversity analysis of the dataset focusing on the bacterial (a) and fungal (b) genera present in the
gut microbiota of the participants.

To analyze the associations between bacterial and fungal genera and weight status, a linear discriminant
analysis (LDA) utilizing multi-mode predictor variables was employed. The LDA classified samples into dis-
tinct groups corresponding to healthy-weight, overweight, and obese individuals (Fig. 4). The scatterplots in
Fig. 4a and b show the coefficients of the linear discriminant functions, revealing a pattern for the data in the
three groups with overlapping areas. This indicates that the discriminant functions can distinguish between the
presence of bacterial and fungal genera in healthy-weight, overweight, and obese subjects. The correlation was
observed among anthropometric (Fig. 5a), biochemical (Fig. 5b), and dietetic (Fig. 5c) parameters in relation to
the bacterial genera identified in healthy-weight, overweight, and obese groups. The bacterial genera with high
abundance in the healthy-weight group showed positive correlations with parameters related to good health
and negative relationships with parameters related to weight gain. For example, Histophilus showed a positive
correlation with high-density lipoproteins (HDL) and a negative correlation with weight gain, BMI, waist and
hip circumferences, carbohydrate intake, LDL cholesterol, and triglycerides (p <0.05). Faecalibacterium showed
a positive correlation with HDL and kilocalories intake from protein, and a negative correlation with fat mass
and low-density cholesterol (LDL) (p <0.05). Lachnospira was positively correlated with triglycerides, glucose,
and very low-density lipoprotein (VLDL) cholesterol (p <0.05). It also showed a negative correlation with simple
carbohydrates such as sucrose, but this correlation did not reach statistical significance. Odoribacter showed a
positive correlation with HDL and a negative correlation with BMI, waist circumference, glucose, and triglyc-
erides, as well as carbohydrates intake, simple carbohydrates intake, and kilocalories. Prevotella had a negative
correlation with BMI and carbohydrates intake (p <0.05). In contrast, the bacterial genera that exhibited high
abundance in the overweight and obese groups showed a positive correlation with parameters associated with
obesity. Eggerthella showed a positive correlation with LDL cholesterol, total cholesterol, and simple carbohy-
drates intake (p <0.05). Allisonella showed a positive correlation with weight gain, BMI, biceps skinfold, sub-
scapular skinfold, suprailiac skinfold, waist and hip circumferences, fat mass, VLDL cholesterol, triglycerides,
serum glucose, carbohydrate intake, and kilocalories (p <0.05). Dielma showed a positive correlation with weight,
BML, triceps skinfold, subscapular skinfold, suprailiac skinfold, fat mass, kilocalories, and carbohydrates intake.
However, the correlation did not reach statistical significance. Clostridium was positively correlated with obesity-
related parameters such as weight gain, waist and hip circumferences, BMI, fat mass, triglycerides, glucose, VLDL
cholesterol, kilocalories, and carbohydrate intake (p <0.05).

The correlation was observed among anthropometric (Fig. 6a), biochemical (Fig. 6b), and dietetic (Fig. 6¢)
parameters and the intestinal mycobiota in healthy-weight, overweight, and obese groups. Aspergillus and
Malassezia showed a positive correlation with anthropometric parameters related to obesity, such as weight,
BM]I, subscapular and suprailiac skinfolds, waist, hip, and arm circumferences, but this correlation was not
statistically significant. Saccharomyces exhibited a positive correlation with weight, BMI, triceps skinfold, biceps
skinfold, and suprailiac skinfold, as well as with high fat mass (p <0.05). Pichia showed a positive correlation
with BMI, triceps skinfold, suprailiac skinfold, arm circumference, and fat mass (p <0.05). Yarrowia displayed
a positive correlation with weight, BMI, tricipital skinfold, suprailiac skinfold, and subscapular skinfold, waist
and hip circumferences, and fat mass; however, it did not reach statistical significance except for the subscapular
fold (p <0.05). The correlation matrix of mycobiota and biochemical parameters showed fewer statistically sig-
nificant correlations. Aspergillus showed a positive correlation with total bilirubin and direct bilirubin, whereas
Pichia showed a positive correlation with total cholesterol (p <0.05). Saccharomyces demonstrated a positive
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Figure 2. Taxonomic assignments of the intestinal bacteriota (IBac) and intestinal mycobiota (IMy) of
participants, presented at the phylum (a, ¢) and genus (b, d) levels, respectively, using the QIIME 2.0 software.

correlation with VLDL cholesterol, triglycerides, and glucose, and a negative correlation with total cholesterol,
HDL, and LDL cholesterol, although this difference was not statistically significant. Candida, Yarrowia, Asper-
gillus, Saturnispora and Dekkera showed a positive correlation with the consumption of simple carbohydrates
(p <0.05). Hanseniaspora presented a positive correlation with meat consumption (p <0.05). Malassezia and
Pichia showed a positive correlation with kilocalories and carbohydrate consumption; however, this difference
was not statistically significant.

Discussion

Prior to this study, the cultivable intestinal mycobiota had been evaluated using culture-dependent methods in
combination with the MALDI TOF technique, as reported by Garcia-Gamboa et al.'®. In this study, we present
the results of an analysis of the intestinal bacteriota and mycobiota using molecular techniques, allowing for a
comparison with the intestinal mycobiota examined in the previous study. This study identified the IBac and
IMy in healthy-weight, overweight, and obese Mexican subjects, and related these findings to anthropometric,
biochemical, and dietary parameters. While bacteria are the predominant microorganisms found in the gut
microbiome, fungal microorganisms also play a crucial role, representing approximately 0.03-2.0% of the total
microorganisms present!”. Despite their lower abundance, it is important to note that fungal cells can be up to
100 times larger than prokaryotic cells, making the gut mycobiome an important biomass at the intestinal level.
Moreover, research has shown that the gut mycobiome can affect the host metabolism, making it an interesting
component to study in different human physiological states**. Alpha diversity of gut bacteria and fungi showed
no significant differences across healthy-weight, overweight, and obese groups, consistent with**, where the
authors reported that changes in alpha diversity were not correlated with obesity. Lower alpha diversity was
observed in bacterial communities of healthy individuals relative to those in overweight/obese counterparts.
Potential contributing factors include the abundance of specific taxa like Prevotella, as captured by indices such
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Figure 3. Volcano plots show statistically significant differences between weight groups in bacterial and fungal
genus abundance. The x-axis shows the log2 of the fold change and the y-axis shows the -log of the p-value. (a)
bacterial genera between the overweight and healthy-weight groups, (b) bacterial genera between the obese and
healthy-weight groups, (c) bacterial genera between the obese and overweight groups, and (d) fungal genera
between the obese and healthy-weight groups.

as Shannon and Simpson®. In another study, Kim et al.*’” found less bacterial diversity in obese subjects with
metabolic disease compared to obese people with healthy metabolism. While previous research connects bacte-
rial diversity to metabolic processes®, suggesting limited understanding of its role. Some studies have reported
alterations in fungal diversity. For instance, Iliev and Cadwell (2021)** highlighted changes in fungal diversity
in intestinal diseases such as Crohn’s disease. Though fungal diversity may link to specific pathologies, its role
in disease development needs further research. Other studies have shown that bacterial diversity is higher than
fungal diversity in the gut***!, which is consistent with our findings. The disparity in diversity patterns observed
between bacterial and fungal communities across metabolic states might be attributable to the limited sample
size employed in this study and the inherently higher interindividual variability of the gut mycobiome compared
to the bacterial community*2. Further studies with larger sample size are needed to discover the precise charac-
teristics of the gut mycobiome dynamics in individuals with obesity. It has been reported that obese individuals
have a higher abundance of Bacillota and a lower abundance of Bacteroidota, with the Bacillota/Bacteroidota
ratio frequently cited as a hallmark of obesity'>. Overweight and obese subjects in our study showed a higher
Bacillota/Bacteroidota ratio than healthy ones. Diets linked to obesity, like high-carb/high-fat®’, increase this
ratio and disturb gut balance (dysbiosis)*. Intestinal bacteria from Bacillota and Bacteroidota produce enzymes
(CAZymes) that digest complex dietary sugars, potentially contributing to the host’s energy intake*’. Conversely,
calorie-restricted diets and weight loss increase Bacteroidota'?, linked to reduced fat mass. Walker & Hoyles
(2023)* highlight the common use of the Bacillota/Bacteroidota ratio in obesity research. However, they warn
of oversimplification at higher taxonomic levels due to internal variability within phyla. Additionally, they
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Figure 4. Comparison of the linear discriminant analysis of bacterial genera (a) and fungal genera (b) found in
the intestinal microbiota of healthy-weight, overweight, and obese groups.

suggest moving beyond relative abundance measures like DNA sequencing to more robust techniques like gQPCR
for accurate analysis. The Bacteroides/Prevotella ratio has also been proposed as a possible biomarker for identify-
ing nutritional states and managing obesity*’. Bacteroides, linked to high-fat diets, dominated in overweight and
obese groups. Higher B. vulgatus in healthy individuals suggests a protective role against obesity and
atherosclerosis*. This is consistent with previous research that has linked Bacteroides to high-fat diets and
Western-style diets, as the groups with the highest BMI in this study also showed high fat intake'®. Prevotella,
associated with fiber intake, was more abundant in healthy-weight participants. P. copri’s increased presence in
healthy subjects may improve glucose metabolism*. In this study, groups with high BMI had a higher presence
of Akkermansia, specifically Akkermansia muciniphila. However, these results differ from those reported in previ-
ous studies by Roshanravan et al.*® and Xu et al.>!, who found an inverse relationship between A. muciniphila
and weight gain. Other studies have reported that the presence of A. muciniphila in obese subjects can improve
certain metabolic parameters, such as insulin sensitivity, total plasma cholesterol, glucose, and triglycerides,
leading to an overall improvement in metabolic state®***. Our findings are consistent with these studies, as
overweight and obese participants with a high abundance of A. muciniphila exhibited a healthier lipid and glucose
profile compared to those with a lower abundance of this microorganism. In this study, Ascomycota and Basidi-
omycota dominated intestinal mycobiota across all groups, similar to other studies'®. Key fungal genera found
included Nakaseomyces, Saccharomyces, Kazachstania, Candida, Hanseniaspora, and Malassezia, mirroring prior
findings suggesting Saccharomyces as the most abundant gut fungus, followed by Malassezia and Candida*'.
Musumeci et al.** reported that Candida albicans is an opportunistic pathogen and a major component of the
intestinal mycobiome. They also described the relationship between the intestinal mycobiota and diet, showing
a positive correlation between Candida and carbohydrate consumption. Our study found similar results, as the
overweight and obese groups reported higher carbohydrate intake. This could be related to Candida’s ability to
break down polysaccharides in food, releasing simple sugars that can be fermented by intestinal bacteria such
as Ruminococcus® or Prevotella®®. Bardagjy and Steinberg (2019)*” reported that C. albicans has a positive correla-
tion with obesity-related parameters and metabolic diseases, showing a negative correlation with high-density
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Figure 5. Spearman correlation analysis of intestinal bacterial genera among the healthy-weight, overweight,
and obese groups with anthropometric (a), biochemical (b), and dietary (c) variables. Total iron-binding
capacity (TIBC) high-density lipoprotein (HDL), low-density lipoprotein (LDL), very low-density lipoprotein
(VLDL), alanine aminotransferase (ALT), aspartate aminotransferase (AST), glutamic gamma transferase
(GGT), and lactate dehydrogenase (LDH). *p <0.05.

lipoproteins and lean mass. Our previous study of the cultivable mycobiota in the gut found a high presence of
C. albicans, particularly in the obese group’. In the current study, the overweight group showed a higher preva-
lence of Candida, with C. zeylanoides being the most abundant species. While reports indicate that C. zeylanoides
can inhabit the gastrointestinal tract®, its role in host physiology and pathology is not well studied. In addition,
C. parapsilosis was highly abundant in overweight subjects. This yeast has been linked to high-fat diets and the
development of obesity, as it can secrete lipases that break down and utilize fats in the gastrointestinal tract™.
These findings are consistent with our previous study, where C. parapsilosis showed greater abundance in the
overweight group'®. The cultivable mycobiota overlooked important fungi like Saccharomyces, Nakaseomyces,
or Malassezia, likely due to their unique growth requirements. Malassezia, for instance, needs stricter conditions
than readily available media like Sabouraud Dextrose*!. Overweight and obese individuals had slightly more
Basidiomycota, possibly due to higher Malassezia levels. This microorganism, mainly found on skin®, is con-
troversially linked to gut issues but was also present in healthy individuals in other studies***. Our study found
M. globosa highest in overweight and obese, but its connection to obesity is unclear. Malassezia differed notably
in obese individuals, but their link to weight gain is unclear. A positive correlation between Saccharomyces and
BMI was observed, though its role in obesity development remains unknown>®. However, Saccharomyces boulardii
may reduce weight and BMI®', and its variations have been linked to weight changes®

An important finding from a previous study of cultivable mycobiota was the high abundance of Rhodoto-
rula in the obese group®. However, in the present study, Rhodotorula was not found in any of the groups. High
abundance of Rhodotorula has been linked to intestinal dysbiosis®® and obesity, as it can produce saturated and
unsaturated fatty acids by using glucose, acetic acid, and propionic acid as a carbon source®. Thus, it is possible
to hypothesize that the intestinal mycobiota, particularly Rhodotorula, can modulate the production of fatty acids,
energy, and nutritional status of the host, contributing to the development of obesity. The presence of Kazach-
stania in the healthy-weight group was similar to that found in the cultivable mycobiota study'®. Kazachstania
exigua was the main species found in both studies. While no studies have reported on the role of K. exigua in
the human intestinal microbiota, some studies have noted its presence in the intestinal microbiota of animals,
especially pigs®. This highlights the importance of Kazachstania in developing a healthy porcine microbiome,
as it promotes the growth of bacteria that produce short-chain fatty acids®, which can be beneficial for intestinal
health. Therefore, future studies should investigate the functions of this microorganism and its role in the human
intestinal mycobiota. Witherden et al.%’, reported an antagonistic effect between Pichia and Candida, meaning
that an increase in the abundance of Pichia is associated with a reduction in Candida. This is consistent with the
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Figure 6. Spearman correlation analysis of intestinal fungal genera among the healthy-weight, overweight, and

obese groups with anthropometric (a), biochemical (b), and dietary (c) variables. Total iron-binding capacity
(TIBC) high-density lipoprotein (HDL), low-density lipoprotein (LDL), very low-density lipoprotein (VLDL),
alanine aminotransferase (ALT), aspartate aminotransferase (AST), glutamic gamma transferase (GGT), and

lactate dehydrogenase (LDH). *p <0.05.
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results obtained in the current study, where the obese group showed higher presence of Pichia than of Candida
albicans compared to overweight and healthy-weight participants. The presence of Pichia in the obese group was
also similar to the data reported by Rodriguez et al.’ and Gouba et al.%. The antagonistic effect of Pichia may be
due to Pichia limiting nutrients and modulating the synthesis of growth and virulence factors against Candida,
as reported by Mukherjee et al.%. This highlights the importance of investigating further the role of interactions
between microorganisms that are part of the intestinal bacteriota and mycobiota, particularly in the development
of overweight and obesity. An important finding revealed by both the current study and the cultivable mycobiota
study’® was the distinct clustering of the healthy-weight, overweight, and obese groups based on the fungal micro-
organism abundance in the linear discriminant analysis. Although no reports have grouped individuals based on
their BMI and fungal community composition, these results underscore the significance of further investigating
the role of the intestinal mycobiota in obesity. Candida was found in overweight individuals, C. parapsilosis in
healthy-weight and overweight groups, Pichia in the obese group, and Kazachstania in healthy-weight subjects
in both studies. These shared findings through cultivable and sequencing techniques may generate interest in
exploring the functional and microbial diversity aspects of the intestinal mycobiota, which may be approached
from various perspectives such as human nutrition, health, disease, drug metabolism, and more.

Conclusions

In conclusion, the gut microbiome in all three groups showed greater diversity in bacteria than fungal microor-
ganisms. In the beta analysis at the genus level, a distinct cluster of bacteria was observed within the overweight
group. The Bacillota/Bacteroidota and Bacteroides/Prevotella ratios positively correlated with BMI, which is an
obesity-related parameter. Overweight and obese participants with higher abundance of Akkermansia muciniphila
demonstrated a healthier lipid and glucose profile, in comparison to those with a lower abundance of A. mucin-
iphila. The healthy-weight group showed differential bacterial genera, including Faecalibacterium, Histophilus,
Rikenella, Odoribacter, and Marvinbryantia. These genera positively correlated with anthropometric, biochemical,
and dietary parameters related to good health and ideal weight. Ascomycota and Basidiomycota were the most
abundant phyla in the intestinal mycobiota of the three study groups, with Ascomycota showing higher abun-
dance. Nakaseomyces and Saccharomyces were the most abundant fungal genera across all three groups. In the
healthy-weight group, Nakaseomyces, Kazachstania, Kluyveromyces, and Hanseniaspora were the most abundant
genera, and they showed a negative relationship with BMI. Conversely, Saccharomyces, Debaryomyces, and Pichia
were the most abundant genera in the overweight and obese groups and showed a positive relationship with BMI.
Candida was most abundant in overweight subjects and showed a positive correlation with the consumption of
simple carbohydrates. Malassezia and Aspergillus were the differential fungal genera in the obese group and were
associated with anthropometric, biochemical, and dietary parameters related to weight gain.

Data availability

The data presented in this study are available on request from the corresponding author. The sequencing datasets
used in this study are publicly available in the NCBI Sequence Read Archive (SRA) under the BioProject IDs:
PRJNA1031701 and PRJNA1032058.
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