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Abstract

Background The study purpose was to characterize the mycobiome and its associations with the expression of pathogenic
genes in esophageal squamous cell carcinoma (ESCC).
Methods Patients with primary ESCC were recruited from two central hospitals. We performed internal transcribed spacer 1
(ITS1) ribosomal DNA sequencing analysis. We compared differential fungi and explored the ecology of fungi and the inter-
action of bacteria and fungi.
Results The mycobiota diversity was significantly different between tumors and tumor-adjacent samples. We further analysed
the differences between the two groups, at the species level, confirming that Rhodotorula toruloides, Malassezia dermatis,
Hanseniaspora lachancei, and Spegazzinia tessarthra were excessively colonized in the tumor samples, whereas Preussia persica,
Fusarium solani, Nigrospora oryzae, Acremonium furcatum, Golovinomyces artemisiae, and Tausonia pullulans were significantly more
abundant in tumor-adjacent samples. The fungal co-occurrence network in tumor-adjacent samples was larger and denser than
that in tumors. Similarly, the more complex bacterial–fungal interactions in tumor-adjacent samples were also detected. The ex-
pression of mechanistic target of rapamycin kinase was positively correlated with the abundance of N. oryzae and T. pullulans in
tumor-adjacent samples. In tumors, the expression of MET proto-oncogene, receptor tyrosine kinase (MET) had a negative
correlation and a positive correlation with the abundance of R. toruloides and S. tessarthra, respectively.
Conclusion This study revealed the landscape of the esophageal mycobiome characterized by an altered fungal composition
and bacterial and fungal ecology in ESCC.
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Introduction

Esophageal cancer is the 6th leading cause of death from cancer
and the 10th most common cancer in the world [1], with aggres-
sive nature and poor prognosis. Its two main histological types
(squamous cell carcinoma and adenocarcinoma) have different
incidences and distributions worldwide. Esophageal squamous
cell carcinoma (ESCC) shows the highest incidence in China [1]
and poses a greater threat to less-developed than developed
regions [2]. Tobacco consumption [3], alcohol use [4], and low in-
take of fruits and vegetables [5] are the major risk factors for
ESCC. Further studies are needed to clarify the pathogenesis of
ESCC and to explore new diagnostic and therapeutic
possibilities.

More attention has been given to the relationship between
the microbiome and ESCC in recent years. Yang et al. [6] demon-
strated that esophageal mucosal microbiota is different be-
tween ESCC cases and normal controls. Li et al. [7] showed that
certain esophageal microbiota dysbiosis has the potential to
predict the progression of ESCC. A previous study found that
the high abundance of esophageal Streptococcus and Prevotella
was associated with poor prognosis in ESCC [8].

In addition to bacterial dysbiosis, alterations in the myco-
biota should be considered. The mycobiota, only a small part of
the microbiome, has been shown to contribute to disease in a
complex manner. Wheeler and his colleagues [9] suggested that
the fungal community in the gut is important for modulating
immune function in colon diseases. Intestinal fungal dysbiosis
has been observed in patients with alcoholic hepatitis [10].
Papon et al. [11] indicated that the gastric fungal imbalance was
associated with gastric cancer. These observations suggest that
mycobiota dysbiosis could be an important factor in the devel-
opment or progression of gastrointestinal diseases. However,
unlike bacteria, little is known about the role of fungi within the
esophageal microbiota. In this study, we used non-culture-
based high-throughput amplicon sequencing to characterize
the esophageal mycobiota in tumor and tumor-adjacent sam-
ples from patients with ESCC. The co-occurrence network be-
tween two tissues and cross-domain association of bacterial
and fungal communities was also investigated. Finally, we elu-
cidated the associations between the expression of pathogenic
genes including MET proto-oncogene, receptor tyrosine kinase
(MET) and mechanistic target of rapamycin kinase (MTOR), and
differential mycobiota.

Materials and methods
Study population

We performed a hospital-based retrospective study in patients
pathologically diagnosed with primary ESCC between February
2015 and October 2020 at Fujian Provincial Cancer Hospital
(Fuzhou, Fujian, China) and Zhangzhou Municipal Hospital
(Zhangzhou, Fujian, China). Subjects were chosen according to
the following criteria. Inclusion criteria: (i) underwent esopha-
gectomy; (ii) pathologically diagnosed with primary ESCC; (iii)
tumor stage clarified with number of harvested lymph nodes of
�20; (iv) undergoing neither preoperative radiotherapy nor che-
motherapy; (v) no record of other infectious diseases; and (vi)
resident of Fujian province for >10 years. Exclusion criteria: (i)
incomplete clinicopathological data and non-availability of

tissue samples; (ii) metastatic malignancy or recurrent esopha-
geal cancer; (iii) had received pharmacotherapy (such as oral,
intramuscular, and intravenous antibacterial drugs, various
probiotics, or other drugs affecting the microbiota) within
2 months. All procedures performed in studies involving human
participants were carried out by the ethical standards of the in-
stitutional and/or national research committee, and with the
1964 Helsinki Declaration and its later amendments or compa-
rable ethical standards. Written informed consent was obtained
from all the patients. The study was approved by the Ethics
Committee of Fujian Medical University (approval No. 201495).

Demographic and clinical information

The basic information of all the participants was collected from
their medical records and through a detailed questionnaire
evaluating sociodemographic status and clinicopathological
features (i.e. tumor location and tumor, node, and metastasis
[TNM] stage).

Sample collection and preservation

Paired tumor and tumor-adjacent samples were obtained from
patients with ESCC immediately after surgical resection in the
operating room. The tumor-adjacent samples were obtained
from an area at a distance of 3 cm from the cancerous tissue.
The samples were cut into small pieces and placed in auto-
claved cryovials, stored in liquid nitrogen for 1 h, and then
transferred to a �80�C freezer for storage. All samples were
evaluated by using pathological hematoxylin and eosin
staining.

Microbial DNA extraction and sequencing

All samples were lysed by using vortex with lysozyme and glass
beads (mixed with 1.0 mm and 0.5 mm). The microbial DNA was
extracted using a Mag Maxi Kit (LGC; Berlin, Germany). The
extracted DNA of paired tumor and tumor-adjacent tissues
from patients was quantitatively detected by using a Qubit fluo-
rometer (Invitrogen; Carlsbad, CA, USA); only those with
Internal Transcribed Spacer Region (ITS) region amplification
and available libraries were acceptable. Each extraction was
performed using a blank buffer control to detect contaminants
from either reagent or other unintentional sources. Too little
DNA was detected in the negative controls to prepare libraries;
hence, these samples were not sequenced.

The V3–V4 region of 16S ribosomal Ribonucleic Acid (RNA)
(rRNA; representing bacteria) and the internal transcribed
spacer region 1 (ITS1) rRNA (representing fungi) were amplified
with the following primers (for 16S rRNA, primers 341F: 50-
CCTAYGGGRBGCASCAG-30 and 806R: 50-
GGACTACNNGGGTATCTAAT-30; for ITS1 rRNA, primers 1F-F: 50-
CTTGGTCATTTAGAGGAAGTAA-30 and 1F-R: 50-
GCTGCGTTCTTCATCGATGC-30). The sequencing platform was
the HiSeq2500 PE250 (Illumina; San Diego, CA, USA).

Quantitative reverse transcription PCR

Total RNA was extracted using TRIzol total RNA isolation re-
agent (Hunan Accurate Bio-Medical Co., Ltd; Changsha, Hunan,
China). RNA was used to reverse transcribe complementary
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DNA (cDNA) using an Evo M-MLV RT Kit with gDNA Clean for
qPCR (Hunan Accurate Bio-Medical Co., Ltd). Fusarium solani (for-
ward primer, 50-ATCTCTTGGCTCTGGCATC-30; reverse primer,
50-ACATTACTTATCGCATTTCGC-30), MET (forward primer, 50-
TCAGGAGGTGTTTGGAAAG-30; reverse primer, 50-GCAGTATG
ATTGTGGGGAA-30), MTOR (forward primer, 50-GTTGGCCCTCA
CCTCAC-30; reverse primer, 50-CTTGGCAGCTCTCTCACC-30), and
GAPDH (forward primer, 50-GCACCGTCAAGGCTGAGAAC-30; re-
verse primer, 50-TGGTGAAGACGCCAGTGGA-30) mRNA levels
were measured by using quantitative reverse transcription PCR
(qRT-PCR). Amplification was performed using the ABI
QuantStudioTM 5 RealTime Polymerase Chain Reaction (PCR)
system (Applied Biosystems; Foster City, CA, USA) using the fol-
lowing reaction conditions: 95�C for 30 s followed by 40 cycles of
95�C for 5 s and 60�C for 30 s.

Sequence data processing

The bacterial analysis of samples from patients with ESCC was
performed using the modified methods described in our previ-
ous reports [12]. Raw ITS sequencing data were imported into
Quantitative Insights Into Microbial Ecology (QIIME2-2020.02)
[13] and processed using the DADA2 algorithm to denoise and
then inferred exact amplicon sequence variants (ASVs). The
retained ASVs were aligned and annotated by using the Naı̈ve
Bayes classifier using the UNITE (version 2020.4) database.
Before diversity analysis, the threshold for rarefaction depth
was determined by minimizing sequence loss while maximiz-
ing the number of samples. At a depth of 10,000 sequences per
sample, the richness of the observed communities had tended
to be saturated, with 84 tumor and tumor-adjacent samples
kept for the alpha and beta diversity metric construction. To
provide better resolution and limit the false discovery rate pen-
alty on statistical tests, the low abundance features (with total
ASV counts of <50 or detected in fewer than five samples) were
filtered before the differential abundance analysis.

Statistical analysis

Questionnaires and clinicopathological data were entered twice
into EpiData (version 3.1; Odense, Syddanmark, Denmark). The
demographic and baseline clinical features are presented as
numbers of cases followed by percentages in parentheses. All
statistical analyses were performed using R software (R version
4.0.4) and results with a two-tailed P< 0.05 were considered sta-
tistically significant.

The Wilcoxon rank-sum test was applied for comparisons of
alpha diversity (observed ASVs, Shannon index, and evenness)
between tumor and tumor-adjacent samples. The beta diversity
was examined by using the one-way permutational multivari-
ate analysis of variance comparison of Bray–Curtis and Jaccard
distance matrices. Additionally, the Adonis tests were per-
formed to evaluate whether the variation in distances could be
explained by other controlled variables (sampling season,
residential region, tumor location, and TNM stage). Principal
coordinates analysis (PCoA) plotting, which was based on the
Bray–Curtis and Jaccard distances, were used to depict the
microbiome composition. The analysis of composition of
microbiomes II (ANCOM-II) [14] was performed to detect the
differential abundance in different sample groups.

The strength of the edges of the fungal co-occurrence net-
work was assessed by using the SparCC [15] algorithm and the
interaction network diagram was visualized using Cytoscape
[16]. The top hub taxa were assessed by using the cytoHubba

plugin [17] in Cytoscape. The cross-domain association of bacte-
rial and fungal communities was calculated and visualized by
using the NetCoMi R package [18].

Results
Study participant characteristics

A total of 92 esophageal tissues were obtained from 66 patients
with ESCC in this study. These patients’ baseline demographic
and clinical information is presented in Supplementary Table 1.
The most patients with ESCC in this study were male (n¼ 50).
Approximately 40.9% of patients had Stage I/II ESCC.

Mycobiota communities in cancer tissue differ from
those in adjacent tissue

Unlike in the tumor samples, tumor-adjacent samples showed a
significantly higher mycobiota alpha diversity (observed ASVs,
P¼ 0.001; Shannon index, P¼ 0.013; Figure 1A–C). The PCoA dis-
played that the tumor tissues could be grouped separately from
tumor-adjacent samples, which indicated that changes in the fun-
gal communities might be one of the factors influencing the dis-
ease (Bray–Curtis distance, Panova ¼ 0.001, Figure 1D; Jaccard
distance, Panova ¼ 0.001, Figure 1E). Multivariate Adonis analysis
suggested that sample type accounted for 1%–3% of the variation
within mycobiota beta diversity to some extent (Figure 1F and G).
A detailed comparison of the relative abundance of fungi in the tu-
mor and tumor-adjacent samples (Supplementary Figure 1A)
showed that the phyla Ascomycota and Basidiomycota dominated
in both groups and the proportions of Basidiomycota were higher
in tumors than in tumor-adjacent samples. Among the most dom-
inant genera, Cladosporium, Aspergillus, and Pseudallescheria
were more abundant in tumors than in tumor-adjacent samples
(Supplementary Figure 1B).

Altered mycobiota in different tissues

The fungi comparison between tumor and tumor-adjacent sam-
ples using the ANCOM-II algorithm (Table 1) revealed that abun-
dance of Ascomycota was higher than that of Basidiomycota in
both groups. Among the top three high-abundant species
(Hanseniaspora lachancei, Spegazzinia tessarthra, and F. solani) in
Ascomycota, F. solani were significantly more abundant in tumor-
adjacent samples than in tumors. The phylum Basidiomycota was
dominant in tumors, which may primarily have been due to the
abundance of Rhodotorula toruloides and Malassezia dermatis.

Fungal co-occurrence network analysis

To investigate the interaction among esophageal fungi in tumor
and tumor-adjacent samples, we constructed the fungal co-
occurrence networks of two groups (Figure 2). The network of
tumor-adjacent samples was obviously larger and denser than
that of tumors. The top five hub taxa in tumor samples were from
the phyla Ascomycota, Mortierellomycota, and Rozellomycota,
whereas those in tumor-adjacent samples were from phyla
Ascomycota and Basidiomycota. Interestingly, the differential spe-
cies Preussia persica played an important role in both networks.

Cross-domain association of bacterial and fungal
communities

To explore interactions among members of the esophageal bac-
terial and fungal species in patients with ESCC, we used
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Figure 1. The mycobiota diversity in tumor and tumor-adjacent samples in ESCC. (A)–(C) Mycobiota alpha diversity including (A) the evenness index, (B) observed ASVs

index, and (C) Shannon index. (D) and (E) Univariate and multivariate analyses of mycobiota beta diversity including (D) PCoA plots based on Bray–Curtis distance and

(E) PCoA plots based on Jaccard distance. (F) and (G) Bar plot of Adonis R square based on Bray–Curtis distance (F) and Jaccard distance (G) adjusted by residential region,

sampling season, sample type, tumor location, age, TNM stage, and sex.
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Table 1. Differential fungi between tumor and tumor-adjacent samples in ESCC selected by using ANCOM-IIa

Phylum Class Order Family Genus Species W value Relative abundance Fold changeb

Tumor Tumor-adjacent

Ascomycota Sordariomycetes Sordariales – – – 186 8.05E-04 3.00E-03 0.268
Ascomycota Sordariomycetes Hypocreales Nectriaceae – – 203 1.80E-02 3.50E-02 0.514
Ascomycota Dothideomycetes Pleosporales Sporormiaceae Preussia P. persica 187 3.00E-03 7.00E-03 0.429
Ascomycota Saccharomycetes Saccharomycetales Saccharomycodaceae Hanseniaspora H. lachancei 256 1.93E-01 1.23E-04 1,569.106
Ascomycota Sordariomycetes Hypocreales Nectriaceae Fusarium F. solani 205 8.00E-03 1.70E-02 0.471
Ascomycota Sordariomycetes Trichosphaeriales Trichosphaeriaceae Nigrospora N. oryzae Inf 0 2.26E-04 0
Ascomycota Sordariomycetes Hypocreales Hypocreales_fam_Incertae_sedis Acremonium A. furcatum Inf 0 8.28E-04 0
Ascomycota Leotiomycetes Erysiphales Erysiphaceae Golovinomyces G. artemisiae Inf 9.03E-07 7.91E-05 0.011
Ascomycota Dothideomycetes Pleosporales Didymosphaeriaceae Spegazzinia S. tessarthra 225 3.06E-03 4.85E-04 6.313
Basidiomycota Microbotryomycetes Sporidiobolales Sporidiobolaceae Rhodotorula R. toruloides 209 4.00E-03 4.03E-04 9.926
Basidiomycota Tremellomycetes Cystofilobasidiales Mrakiaceae Tausonia T. pullulans 184 2.06E-04 2.00E-03 0.103
Basidiomycota Malasseziomycetes Malasseziales Malasseziaceae Malassezia M. dermatis 232 6.98E-04 3.12E-05 22.372

aAdjusted by sex, age, TNM stage, sampling season, tumor location, and residential region.
bFold change ¼ tumor relative abundance/tumor-adjacent relative abundance.

ESCC, esophageal squamous cell carcinoma; ANCOM-II, analysis of composition of microbiomes II; Inf, infinity.
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NetCoMi to build correlation networks of abundant taxa and
analysed both bacterial and fungal communities in 39 samples
performing both 16S sequencing and ITS sequencing (Figure 3).
The fungal and bacterial co-occurrence network in tumor-
adjacent samples was denser than that in tumors. The above
differential mycobiota also participated in both networks.

Notably, F. solani abundance exhibited a positive correlation
with the abundance of unclassified species in the genus
Leptotrichia and negative with the abundance of unclassified
species in the family Peptostreptococcaceae in tumor samples.
However, no correlation was observed between the abundance
of F. solani and any bacteria in tumor-adjacent samples. The

Figure 3. The potential cross-domain interactions between tumor (A) and tumor-adjacent (B) samples in ESCC. Nodes represent features involved in bacteria (circle) or

fungi (square). The color of each node indicates the phylum of the feature; the size denotes the degree centrality of each feature. The edges indicate the correlations

(solid line, positive; dotted line, negative); the line thickness corresponds to the strength of the association. Only correlations with an absolute correlation magnitude

�0.25 or � �0.25 are presented for visual clarity. “UC” means the unclassified microbiota according to the database.

Figure 2. Fungal co-occurrence network in ESCC. Separate network plots were generated for (A) tumor and (B) tumor-adjacent samples. Nodes represent amplicon se-

quence variants (ASVs) involved in fungi. The size of each node denotes the centered log-ratio transformation of the abundance of each ASV. The edges indicate the

SparCC correlations (solid line, positive; dotted line, negative); the line thickness corresponds to the strength of the association. Only significant correlations (two-sided

pseudo P � 0.05 based on bootstrapping of 1,000 repetitions) with an absolute correlation magnitude of �0.4 or � �0.4 are presented for visual clarity. “UC” means the

unclassified mycobiota according to the database.
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abundance of the family Nectriaceae showed a negative correla-
tion with that of Faecalibacterium prausnitzii in tumor-adjacent
samples. In tumors, only the within-domain correlations were
found between the Nectriaceae family and other members of
fungi. Taken together, these results suggested complex and
close bacterial–fungal interactions in the esophageal microbiota
in patients with ESCC. Consequently, we could infer that the
taxa might have different clusters in different tissues.

The association between the expression of MET and
MTOR and differential fungi

To validate the species we identified as differentially abundant
in ESCC from our ITS1-based microbiome analyses, we quanti-
fied the presence of F. solani. An increase in F. solani abundance
in tumor-adjacent samples (Figure 4A) is consistent with the re-
sult of the altered abundance of this species by ITS1-based anal-
yses. Next, we evaluated the association between the levels of
reported pathogenic genes and differential fungi using
Spearman correlation analysis (Figure 4B–E). The results sug-
gested that the abundance of Nigrospora oryzae (r¼ 0.38,
P¼ 0.026, Figure 4B) and Tausonia pullulans (r¼ 0.35, P¼ 0.042,
Figure 4C) in tumor-adjacent samples were positively correlated
with the expression of MTOR. The abundance of R. toruloides
(r¼�0.42, P¼ 0.029, Figure 4D) in tumors exhibited a negative
correlation with the expression of MET. The abundance of S. tes-
sarthra (r¼ 0.63, P< 0.001, Figure 4E) in tumors had a positive
correlation with the expression of MET.

Discussion

In this study, we investigated the landscape of fungi associated
with ESCC. Investigating the colonization of tissue samples can
better demonstrate the microbial characteristics in the

surrounding environment in the context of esophageal carcino-
genesis than analysing fecal samples [19]. Therefore, we utilized
high-throughput ITS1 and 16S sequencing of fungal and bacte-
rial ribosomal DNA to explore distinct mycobiota patterns and
altered bacterial–fungal interactions in the esophagus of
patients with ESCC, which is a relatively young research field in
the context of the esophageal microbiome dysbiosis in ESCC.

The tumor samples showed a lower species richness and di-
versity than did the tumor-adjacent samples. This finding is in
agreement with that reported by Zhong et al., who found that
the fungal alpha diversity in gastric cancer lesions was signifi-
cantly lower than that in adjacent non-cancerous tissues [20].
Similarly, significantly lower diversity of intestinal fungi in
patients than in healthy controls was also demonstrated [21].

Additionally, the mycobiota beta diversity between subjects
suggested that except for the effect of different tissues, the host
residential regions accounted for the most variation. This find-
ing was consistent with the influence of geographic variations
[22]; geography has been considered a potential factor structur-
ing the gut mycobiota. Besides, seasonal variation related to
meteorological conditions might account for changes in the
mycobiota composition [23]. In addition, our stratified analyses
(Supplementary Figures 2–4) suggested the difference in diver-
sity and fungi between tumor and tumor-adjacent samples are
also observed in different regions and seasons.

Notably, we identified specific fungal composition changes
in ESCC. At the phylum level, Ascomycota and Basidiomycota
were the most enriched in the tumor samples compared with
the tumor-adjacent samples, while Chytridiomycota was less
enriched. Indeed, these two dominant taxa, Ascomycota and
Basidiomycota, accounted for >80% of the fungi in all samples.
This observation is consistent with the mycobiota composition
in the environment and may reflect the fact that esophageal
mycobiota constituents are derived from ingestion [24]. We

Figure 4. The association between the expression of MET and MTOR and differential mycobiota. (A) The abundance of Fusarium solani in tumor vs that in paired tumor-

adjacent samples. (B)–(E) The abundance of differential mycobiota associated with the mRNA expression of MTOR and MET. (B) MTOR mRNA and Nigrospora oryzae; (C)

MTOR mRNA and Tausonia pullulans; (D) MET mRNA and Rhodotorula toruloides; (E) MET mRNA and Spegazzinia tessarthra.
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further analysed the differences between the two sample types
and, at the species level, which confirmed that R. toruloides, M.
dermatis, H. lachancei, and S. tessarthra were excessively colo-
nized in the tumor samples, whereas P. persica, F. solani, N. ory-
zae, Acremonium furcatum, Golovinomyces artemisiae, and
T. pullulans were significantly more abundant in tumor-adjacent
samples. Rhodotorula toruloides is a robust producer of fatty acids
biosynthesis owing to its fast growth and strong metabolic flux
under conditions of high abundance [25]. Moreover, previous
studies reported that R. toruloides [26] and the species in Preussia
[27] might be involved in glucose metabolism and the specific
mechanism remains to be confirmed [28]. These microorgan-
isms might be implicated in the metabolic perturbations in-
volved in promoting tumor formation in ESCC. Han et al. [29]
reported that M. dermatis was more abundant in adult patients
with atopic dermatitis than that in healthy controls, while lev-
els of other Malassezia species were not significantly altered. It
is possible that this fungus participated in host inflammation.
Peters and his colleagues [30] determined that a higher abun-
dance of Fusarium species was found in samples from partici-
pants with good oral health than in participants with
periodontal disease, which is similar to our results in ESCC that
this microbe was more abundant in tumor-adjacent samples
than in tumor samples. Future research is needed to clarify
whether these differential fungi are commensals in the esopha-
gus or whether they are introduced via the environment, as
well as to determine their role in ESCC.

Here, the tumor-adjacent ecological network showed more
abundant fungi and denser correlations than that in tumors in
ESCC, which was consistent with a previous bacterial study on
gastric cancer [31]. This finding reveals that the process of carci-
nogenesis may alter the esophageal microenvironment, reduce
the interaction of microorganisms, and hasten cancer progres-
sion. Interestingly, several hub fungi showed the most associa-
tion with others in the networks. Among these, the complex
interactions formed by P. persica showed the high centralities in
the two networks. In addition, the mycobiota differed between
tumor and tumor-adjacent tissue. These findings indicate that
even the same fungi in different tissues displayed important
roles.

Fungi and bacteria cohabit and interact with each other in
the human and animal gastrointestinal tract [32, 33]. Increased
or decreased levels of fungi were observed in mice after antibi-
otic treatment or after cessation of antibiotic treatment, sug-
gesting a balance between fungal and bacterial microbiota [34].
Cross-domain correlations in community composition dissimi-
larities between tumor and tumor-adjacent samples in ESCC
were detected in this study. Our findings showed that a high
abundance of F. solani and Firmicutes coexisted in the esopha-
gus, which is in agreement with observations of the intestine
[35]. From a clinical perspective, cross-domain relationships
have been proven to affect the physiology, pathogenicity, and
virulence of organisms, and their interaction with the host’s im-
munity [36, 37]. These significant correlations observed may be
biologically important for the microbiota and hosts. Therefore,
future longitudinal analyses of the esophageal mycobiome will
extend our understanding of the role of bacterial and fungal
organisms in the etiology and pathogenesis of ESCC.

Expression of several markers, e.g. MET [38] and MTOR [39],
may play a role in the development of ESCC. However, the
mechanism of esophageal dysbiosis of the mycobiota involved
in ESCC carcinogenesis is still uncertain. In the current study,
the levels of MTOR and MET were associated with the abun-
dance of N. oryzae, T. pullulans, R. toruloides, and S. tessarthra.

Interestingly, the relative abundances of N. oryzae and T. pullu-
lans were richer in tumor-adjacent samples and also positively
correlated with MTOR expression. It could be speculated that
high levels of fungi and MTOR in non-cancer tissues may inter-
act to promote ESCC development. Furthermore, the higher
abundance of S. tessarthra in cancer is strongly positively associ-
ated with MET expression, suggesting that the mycobiota in the
tumor microenvironment can affect gene expression and fur-
ther influence ESCC.

This study investigated the esophageal mycobiota landscape
and the combined exploration of esophageal bacterial and fun-
gal communities in patients with ESCC. However, this study still
had several limitations. Major limiting factors were the small
sample size and heterogeneous sampling across regions and
seasons. Another limiting factor was the observational study
design, which provides only the possible statistical relation-
ships among cross-domain microbes. Therefore, future in vivo
and in vitro experiments are required to confirm the potential
mechanism linking these microorganisms with the host.

In conclusion, this study comprehensively described the
characteristics of the esophageal mycobiota, the ecology of
fungi, and the interkingdom interaction of bacteria and fungi.
Moreover, the abundance of several dysbiotic fungi was corre-
lated with the expression of the carcinogenic genes MTOR and
MET, which revealed the possible mechanisms involved in the
development of ESCC.

Supplementary Data

Supplementary data is available at Gastroenterology Report
online.
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