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Emerging evidence suggests that microbial dysbiosis plays vital roles in many human cancers. However,
knowledge of whether the microbial community in thyroid tumor is related to tumorigenesis remains
elusive. In this study, we aimed to explore the microbial community in thyroid tissues and its contribu-
tion to papillary thyroid cancer (PTC). In parallel, we performed microbial profiling and transcriptome
sequencing in the tumor and adjacent normal tissues of a large cohort of 340 PTC and benign thyroid nod-
ule (BTN) patients. Distinct microbial signatures were identified in PTC, BTN, and their adjacent non-
tumor tissues. Intra-thyroid tissue bacteria were verified by means of bacteria staining, fluorescence
in situ hybridization, and immunoelectron microscopy. We found that 17 bacterial taxa were differen-
tially abundant in PTC compared with BTN, which included enrichment in PTC of the pathobionts
Rhodococcus, Neisseria, Streptococcus, Halomonas, and Devosia, and depletion of the beneficial bacteria
Amycolatopsis. These differentially abundant bacteria could differentiate PTC tumor tissues (PTC-T) from
BTN tissues (BTN-T) with an area under the curve (AUC) of 81.66%. Microbial network analysis showed
increased correlation strengths among the bacterial taxa in PTC-T in comparison with BTN-T. Immune-
function-corresponding bacteria (i.e., Erwinia, Bacillus, and Acinetobacter) were found to be enriched in
PTC with Hashimoto’s thyroiditis. Moreover, our integrative analysis revealed that the PTC-enriched bac-
teria had a positive association with key PTC-oncogenic pathway-related genes, including BRAF, KRAS,
IRAK4, CTNNB1, PIK3CA, MAP3K7, and EGFR. In conclusion, our results suggest that intratumor bacteria
dysbiosis is associated with the thyroid tumorigenesis and oncogenic signaling pathways of PTC.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction diagnosed in 2020 [1]. Papillary thyroid cancer (PTC) is the most
The incidence of thyroid cancer ranks ninth among all types of
cancers and fifth among cancers commonly found in women
worldwide. More than 586 000 thyroid cancer cases were newly
common form of thyroid cancer, accounting for more than 85% of
cases [2]. PTC involves indolent tumors characterized by a good
response to standard treatment but showing a perplexing discrep-
ancy between tumor aggressiveness and prognosis [3]. The number
of young PTC patients is growing rapidly, but these patients gener-
ally have a favorable prognosis—even if there is distant metasta-
sis—whereas a poor prognosis tends to occur in elderly patients.
The exact causes of thyroid cancer are still unknown; however,
more than 90% of thyroid cancer is sporadic in nature [4]. Risk
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factors, such as family history, radiation exposure, environment
pollutants, or genetic alterations, have been proposed [5]. Among
genetic alterations, mutations such as B-Raf proto-oncogene
(BRAFV600E) and rat sarcoma viral oncogene homolog (RAS) involv-
ing the effectors of the mitogen-activated protein kinase (MAPK)
pathway and the phosphoinositide 3-kinase (PI3K)–protein kinase
B (AKT) pathway are important for thyroid cancer initiation and
progression [4,6]. However, only a fraction of patients with a
genetic predisposition to PTC or who have been exposed to known
environmental risk factors actually develop PTC. Therefore, further
research on unexplored risk factors is of great significance in the
prevention, diagnosis, and treatment of thyroid cancer.

Emerging evidence has revealed that the gut microbiota is
increasingly considered to be an important factor associated with
tumor development. The effect of the gut microbiota on gastroin-
testinal cancers has been studied extensively. An investigation of
the gut microbial community in PTC patients identified six bacte-
ria genera—including Bacteroides and Roseburia—that could dis-
criminate between PTC patients and healthy controls with high
accuracy [7]. Recent studies have demonstrated the presence of
bacteria in several types of solid cancers, including breast, ovary,
melanoma, bone, and brain [8,9], suggesting an association
between the tissue microbiome and tumor development. There
is also increasing interest in microbiome research for thyroid
cancer. Gnanasekar et al. [10] characterized the abundance of
microbes in PTC using RNA sequencing data obtained from The
Cancer Genome Atlas (TCGA). Several recent studies have also
reported the presence of bacteria in small cohorts of thyroid can-
cer tissues subjected to ribosomal RNA (rRNA) sequencing
[11,12]. Moreover, Yuan et al. [13] analyzed the PTC intratumor
microbiome and found that the bacteria diversity in advanced
lesions was greater than that in mild lesions. Nevertheless, fur-
ther evidence is needed to confirm the presence of bacteria in
malignant and benign thyroid tissues, as well as their implication
in tumorigenesis for a large sample size.

As most of the microorganisms in tissues cannot be practically
cloned and cultured via conventional methods, the link between
the tissue microbiome and specific cancer types has been unrav-
eled through 16S rRNA metagenomics. In this study, we used 16S
rRNA gene sequencing to perform comprehensive microbial profil-
ing for intratumor microbial communities in 457 tissue biopsies of
tumor and adjacent normal tissues from 211 patients with PTC and
63 with benign thyroid nodule (BTN). In parallel, RNA sequencing
(RNA-seq) was performed on a total of 356 samples from 148
patients with PTC and 55 patients with BTN. Microbial signatures
were confirmed by means of bacteria immunobiological staining
and immunoelectron microscopy. We characterized the composi-
tion and diversity of the microbiome in malignant and benign thy-
roid tissues. The relationship between tumor-associated bacteria
and Hashimoto’s thyroiditis (HT) was also evaluated. Finally, we
illustrated the association of microbial heterogeneity with host
genetic alteration by performing integrative analyses of intratu-
moral bacteria profiling and host gene expression profiling.

2. Methods

2.1. Human subjects and sample collection

A total of 340 patients, including patients with PTC (n = 259)
and those with BTN (n = 81), were recruited from the Depart-
ment of Surgery at the First Affiliated Hospital of Sun Yat-Sen
University (Guangzhou, China) and Sun Yat-Sen University Can-
cer Center (Guangzhou, China) between February 2017 and
October 2019. The golden reference standard for patients was
histopathological diagnosis after surgical resection. Patients
diagnosed with other types of thyroid cancers, such as
180
anaplastic thyroid cancer or medullary thyroid cancer, were
not included in this study. In addition, patients who failed
any of the following criteria were excluded: ① No antibiotics
had been administered within the two months prior to sample
collection; ② no preoperative chemotherapy or radiotherapy
was received; ③ there was no history of malignancy; and
④ there was no history of autoimmune diseases such as
rheumatoid arthritis or multiple sclerosis. In total, 211 patients
with PTC and 63 patients with BTN were enrolled in this study
(Fig. 1(a)). All subjects provided written informed consent
before sample collection. This study was approved by the Insti-
tutional Research Ethics Committee of Sun Yat-Sen University.

Tissue samples were collected and processed immediately in the
operating room to reduce the risk of contamination. Adjacent non-
tumor tissue and adjacent benign non-nodule tissue were collected
outside the marginal zone, approximately 1 cm away from the nod-
ules. The sampleswerecollected in sterilemicrotubes, snap frozen in
liquid nitrogen, and kept at –80 �C until DNA extraction. In all cases,
separate sets of sterile instruments were used to collect the tissues
from different positions. After amplification and quality control, a
total of 457 tissue biopsies were admitted into our research. These
included 170 PTC tumor tissues (PTC-T) and 176 PTC-adjacent
non-tumor tissues (PTC-NT) from PTC patients (144 paired tissues),
as well as 53 BTN tissues (BTN-T) and 58 BTN-adjacent non-nodule
tissue (BTN-NT) from patients with BTN (49 paired tissues). The
diagnostic criteria for HT were based on a thyroid autoantibodies
test (thyroidperoxidase antibody (TPO-Ab) >35 IU�mL�1 and/or thy-
roglobulin antibody (Tg-Ab) > 20 IU�mL�1) and/or histopathological
features unique to HT [14]. Based on our analysis, 65 of the PTC
patients were diagnosed with HT (Figs. 1(b) and (c)).

2.2. DNA extraction and sequencing

Microbial DNA was extracted from the tissue samples using an
E.Z.N.A. Stool DNA Kit (Omega Bio-Tek, USA) according to the man-
ufacturer’s protocol. In brief, samples were homogenized for 5 min
with 200 mg of glass beads and 540 mL of SLX-Mlus buffer using a
Geno/Grinder 2010 (SPEX, USA), followed by incubation at 70 �C
for 13 min with 60 lL of DS Buffer (Omega Bio-Tek, USA) and
20 lL of Proteinase K Solution (Omega Bio-Tek). The total DNA
was eluted in 50lL of elution buffer. The V3–V4 region of the bacte-
rial 16S rRNA gene was amplified by means of universal primers
(341F, 50-barcode-CCTAYGGGRBGCASCAG-30 and 806 R, 50-bar-
code-GGACTACNNGGGTATCTAAT-30, where the barcode is an
eight-base sequence unique to each sample) using a polymerase
chain reaction (PCR) kit (AP221-01; TransGen BioTech, China). PCR
reactionswere performed in triplicate in a 20lLmixture containing
4 lL of 5� FastPfu Buffer (TransGen BioTech), 2 lL of 2.5 mmol�L–1
deoxy-ribonucleoside triphosphates (dNTPs), 0.8 lL of each primer
(5 lmol�L–1), 0.4 lL of FastPfu Polymerase (TransGen BioTech),
and 10 ng of template DNA. The procedures were as follows: 95 �C
for 5 min; followed by 27 cycles at 95 �C for 30 s, 55 �C for 30 s,
and 72 �C for 45 s; and a final extension at 72 �C for 5 min. The
PCR products were evaluated using 2% agarose gel electrophoresis.

Sequencing libraries were generated using a TruSeq DNA PCR-
Free Sample Preparation Kit (Illumina, Inc., USA) following the
manufacturer’s recommended protocol, with index codes added.
The libraries were quantified on a Qubit@ 2.0 Fluorometer (Thermo
Scientific, USA) and using an Bioanalyzer 2100 system (Agilent,
USA). Paired-end sequencing (2 � 250 bp) was performed on an
NovaSeq platform (Illumnia, Inc.).

2.3. Contamination control setting

To verify that our measurement of intratumor microbial
abundance was consistent across samples and was not due to



Fig. 1. Sample collection and study design. (a) A total of 340 subjects were enrolled in this study, of which 211 patients with PTC and 63 patients with BTN were included
based on the exclusion criteria. (b) Eligible samples (n = 457) included 170 PTC tumor tissues (PTC-T), 176 PTC-adjacent non-tumor tissues (PTC-NT), 53 BTN tissues (BTN-T),
and 58 BTN-adjacent non-nodule tissue (BTN-NT) for 16S rRNA gene sequencing. A total of 356 samples included 130 PTC-T, 129 PTC-NT, 46 BTN-T, and 51 BTN-NT for
parallel RNA sequencing. A total of 65 PTC patients were diagnosed with HT. (c) Bacterial imaging techniques were applied to detect the presence of bacteria and 16S rRNA
gene sequencing to analyze the microbiome characteristics of the tissue samples. PTC-nHT: PTC without HT; PTC-HT: PTC with HT; OTU: operational taxonomic unit.

S. Yu, Y. Ding, X. Wang et al. Engineering 28 (2023) 179–192
contamination, environmental controls and negative controls were
included in the sequencing, concomitant with the tissue samples.
Environmental controls were collected from the operating room,
collection tubes, and the equipment used. Three Eppendorf tubes
with 1 mL of sterile phosphate-buffered saline (PBS) each were
placed open in the operating room during the tissue sample collec-
tion. Negative controls were collected from the reagents used in
each step of the DNA extraction, library construction, and sequenc-
ing process. The environmental controls and negative controls
were subjected to 16S rRNA gene sequencing. Based on the
sequencing data from the environmental controls and negative
controls, the Decontam R package was used to remove any
contamination (‘‘prevalence” method, P < 0.05) [8].

2.4. Sequence curation and annotation

The quality of sequencing reads was evaluated using FastQC
v0.11.9 and MultiQC v1.9 with default parameters [15]. The anal-
ysis of the 16S rRNA gene sequences was performed using
QIIME2 v2019.4.0 [16]. In brief, sequencing reads with a
181
low-quality score were removed via a quality-filter plugin with
default parameters prior to read denoising and chimera
removal by means of a deblur algorithm with default settings.
Taxonomic assignment on the denoised reads was performed
using a vsearch taxonomic classifier against the Greengenes
reference sequence database preclustered at 99% sequence
identity. The resulting operational taxonomic unit (OTU) table
contained (13 845 ± 2913) (mean ± standard deviation (SD))
reads per sample (Fig. S1(a) in Appendix A). To compare the
microbial diversity of thyroid cancer with those of other cancers
(i.e., colorectal cancer (CRC) and hepatocellular carcinoma (HCC)),
the specaccum function of the vegan R package was used to
generate species accumulation curves.

The OTU table was rarefied to 6000 reads prior to the microbial
diversity analyses (alpha diversity and beta diversity). Alpha diver-
sity was evaluated by means of the Shannon entropy index with
QIIME2 software, and the differences between groups (e.g., PTC-T
vs BTN-T) were tested by means of a Wilcoxon rank-sum test.
For the ordination analysis, principal coordinate analysis (PCoA)
on an unweighted UniFrac distance matrix was performed using
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the vegan R package and visualized using Origin v2021y. The
significance of differences among groups was determined by permu-
tational multivariate analysis of variance (PERMANOVA) on the
unweighted UniFrac distance with 999 iterations. A redundancy
analysis (RDA) was used to evaluate the importance of various clini-
cal traits (i.e., gender, age, tumor size, PTC, BTN, HT, papillary thyroid
microcarcinoma (PTMC), and lymph node metastatic carcinoma
(LNMC)) to the observed differences in the microbial communities
across the samples. After RDA analyses, significant differences in
the Bray–Curtis distance between groups (e.g., PTMC and PTC tumor
size > 1 cm (nPTMC), Young: age � 55 years old and Old:
age > 55 years old) was evaluated using Student’s two-sample t-test.

2.5. Differential abundance bacteria and classification model

Prior to the differential abundance analysis, confounding factors
including age, gender, HT, and LNMC were first adjusted using
RUVSeq [17]—an algorithm capable of removing unwanted varia-
tion. As a continuous factor, age was considered as two groups
with a cutoff value of 55. A differential abundance analysis was
carried out on the adjusted count data using DESeq2 [18]. The sam-
ples were randomly split into training cohorts and validation
cohorts with an 8:2 ratio. A logistic regression classifier based on
the selected differential abundance bacteria (P < 0.05) was imple-
mented with the caret R package. Receiver operating characteristic
(ROC) curves were computed with the pROC R package.

2.6. Microbial association network analysis

Correlation coefficients (r) among bacterial taxa were calculated
based on the OTU table separately in the PTC-T, BTN-T, PTC with
HT (PTC-HT), and PTC without HT (PTC-nHT) groups with the
SparCC algorithm [19], which can limit the number of spurious cor-
relations identified in the compositional data. The P value was
computed based on 100 bootstraps from the input data. Significant
co-occurrence and co-excluding interactions were selected with
the igraph R package. In detail, for the differential abundance bac-
teria, interactions with r > 0.1 or r < �0.1 and P < 0.05 were
selected; for the overall bacteria, interactions with r > 0.4 or
r < �0.4 and P < 0.05 were selected. Significant co-occurrence
and co-excluding interactions were visualized using Cytoscape
3.8.2 [20].

2.7. Prediction of functional potential

The functional potential of the microbial communities was
inferred based on the abundance of representative sequences using
PICRUSt2 [21], which is software for predicting functional abun-
dances based only on marker gene sequences. The MetaCyc Meta-
bolic Pathway Database [22], a curated database of experimentally
elucidated metabolic pathways, was used for functional assign-
ment. The functional potential of the microbial communities was
determined by the abundance distribution of each MetaCyc meta-
bolic pathway in each sample.

2.8. Transcriptome sequencing and analysis

Transcriptome sequencing was performed on paired tumor and
adjacent non-tumor tissue samples from 203 patients with PTC
(n = 148) and BTN (n = 55). The adapter sequences of raw sequenc-
ing reads were removed using Cutadapt v3.4 [23]. FastQC v0.11.9
was then used to evaluate the quality of the sequencing reads,
and low-quality reads were discarded. Filtered reads were mapped
y https://www.originlab.com/.
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to the human reference genome vGRCh37 using the BWA package
[24] with default parameters. The expression count value of the
gene was calculated using featureCounts [25] with the default
parameters. Differential expression analysis was carried out on
the count data using DESeq2 [18]. An adjusted P < 0.05 and
|log2FC| > 1 (FC: fold change) were considered to be statistically
significant.

2.9. Integrative analysis of microbial profiling and host genomic gene
expression

A total of 356 samples with paired transcriptome and 16S rRNA
gene sequencing data were selected (130 PTC-T, 129 PTC-NT, 46
BTN-T, and 51 BTN-NT). Bacteria–genes association analyses were
conducted based on the bacteria OTU table and genes count table
with a Pearson algorithm. Significant positive and negative interac-
tions were selected using the igraph R package and then visualized
using Cytoscape 3.8.2 [20]. Heatmaps were generated using the
ComplexHeatmap R package [26]. Genes positively related to bac-
teria were selected for gene ontology (GO) enrichment analysis
using the clusterprofiler R package [27].

2.10. Bacteria immunostaining and Gram staining

A total of 30 formalin-fixed paraffin-embedded (FFPE) thyroid
tissue samples were subjected to bacteria immunostaining and
Gram staining. The FFPE slides were stained for bacterial
lipopolysaccharide (LPS) (monoclonal antibody (mAb) WN1 222-
5; #HM6011; 1:150 dilution; HycultBiotech, Netherlands) and bac-
terial lipoteichoic acid (LTA) (mAb 55; #HM2048; 1:100 dilution;
HycultBiotech) [28,29]. The slides were subsequently probed with
a secondary antibody (#GK500705; Dako System, Denmark).
Bacterial Gram staining was performed using a Gram Stain Kit
(Modified Brown & Brenn; #BTN160634; BaiAoLaiBo, China). Slides
were inspected using an OLYMPUS BX63F #9072693 automated
fluorescence microscope at 40� and 100�.

2.11. Fluorescence in situ hybridization

rRNA fluorescence in situ hybridization (FISH) was used to vali-
date the presence of bacterial DNA in the human thyroid tumor tis-
sue. The FFPE samples were deparaffinized and rehydrated. A
bacterium FISH pretreatment kit (#D-0015; Focobio, China) was
used according to the manufacturer’s instruction. A cyanine 3
(Cy3)-labeled universal bacterial probe (EUB338-GCTGCCTCCC
GTAGGAGT) was used [30]. Staining was visualized and observed
using a ZEISS #LSM880 confocal laser-scanning microscope at
40� and 100�.

2.12. Correlative light and electron microscopy

Fresh tumor tissues were collected under sterile conditions dur-
ing surgery and stored on ice immediately for further processing.
Each tissue was sliced into 100 lm by means of a vibratome (cata-
log no. VT1200S; Leica, Germany) and immersed in cryoprotectant
solution (25% sucrose and 10% glycerol in 0.1 mol�L–1 PBS) for 1 h.
Liquid nitrogen was used for a quick freeze–thaw of the tissue
slices in cryoprotectant solution, which was repeated three times.
The tissues were then blocked by 20% goat serum in PBS for 2 h at
room temperature. Tissue slices were incubated with LPS overnight
at 4 �C. After washing with PBS, tissue slices were incubated in
horseradish peroxidase conjugated secondary antibody for 2 h at
37 �C. Post-fixation of the tissues was done using 1% glutaralde-
hyde in 0.1 mol�L–1 phosphate buffer (PB) for 10 min. A 3–30

diaminobenzidine (DAB) staining kit (#GK500705; Dako System)
was used for DAB staining. After DAB staining, each tissue slice
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was subjected to osmium tetroxide and gradient dehydration, and
was embedded with Epon812 (Ted Pella, USA). Finally, a transmis-
sion electron microscope was used to screen the ultrathin tissue
sections. This protocol was optimized based on a previous study
[31].

2.13. Statistical analysis

The statistical significance of the differences in alpha diversity,
Bray–Curtis distance, risk index, and r were determined using a
Wilcoxon rank-sum test, Student’s two-sample t-test, or
Kolmogorov–Smirnov tests in R 4.0.3. Differentially abundant
functional compositions of the microbial communities were
analyzed using a linear discriminant analysis effective size (Lefse)
algorithm [32]. Correlations of the differentially abundant taxa
and clinical parameters related to HT diagnosis (TPO-Ab and Tg-
Ab) were calculated with the Spearman method, and a smoother
line was added with the linear smoothing method in R 4.0.3.
P < 0.05 was considered to be statistically significant. For multiple
comparisons, P values were adjusted with the false discovery rate
(FDR) method.
3. Results

3.1. Clinical characteristics of the study cohorts

To investigate the tumor-associated microbial community, 340
patients including 259 patients with PTC and 81 patients with BTN
were enrolled in this study. Among the enrolled subjects, 48 PTC
and 18 BTN patients did not meet the selection criteria and were
excluded. A final total of 457 tissue biopsies, including 170 PTC-
T, 176 PTC-NT, 53 BTN-T, and 58 BTN-NT samples, were included
for 16S rRNA gene sequencing. In parallel, RNA-seq was performed
on 356 tissue biopsies (130 PTC-T, 129 PTC-NT, 46 BTN-T, and 51
BTN-NT) for a bacteria-genes association analysis (Fig. 1 and
Fig. S1(a)). The patients with PTC or BTN were mainly females with
a median age of 37.08 and 44.74 years, respectively. Among the
PTC patients, 73.7% had a tumor greater than 1 cm in size and
66.8% had lymph node metastasis. The majority of the PTC patients
were diagnosed in an early stage (Tumor Node Metastasis Classifi-
cation (TNM) stages I/II), and only 2.5% were diagnosed in
advanced stages (TNM stages III/IV). In addition, 65 patients were
diagnosed with HT. The demographic and clinical details of sam-
ples are shown in Table S1 in Appendix A.

3.2. Taxonomic profiles of tumor-associated bacteria

We first explored the diversity of the tumor-associated micro-
bial community by profiling microbial 16S rRNA gene sequences.
Despite the low microbial biomass in the samples, the sequencing
data yielded a high mean quality score (Fig. S1(b) in Appendix A).
The overall alpha diversity (Shannon entropy index) was lower in
PTC than in BTN (P = 0.0002). However, the difference in alpha
diversity between the tumor and the corresponding adjacent nor-
mal tissues was not significant in PTC and BTN (Figs. 2(a) and
(b)). We further evaluated the correlation between clinical param-
eters (e.g., age, gender, tumor size, lymph node metastasis,
extrathyroidal invasion, and TNM stage) and alpha diversity and
found that there was a significant difference in alpha diversity
between the age groups ‘‘35–45” and ‘‘45–55” in PTC-T (P < 0.05)
(Figs. S2(a)–(f) in Appendix A). The PCoA based on the unweighted
UniFrac showed that the microbial composition between PTC and
BTN was markedly different, based either on tumor samples alone
(P = 0.0003; PERMANOVA) (Fig. 2(c)), or tumor and adjacent
normal tissues combined (P = 0.00005; PERMANOVA) (Fig. 2(d)).
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Consistent with the alpha diversity, we did not observe any signif-
icant difference in microbial composition (beta diversity) between
tumor and adjacent normal tissues in both PTC and BTN (Figs.
S2(g) and (h) in Appendix A). RDA was performed to explore the
correlation of clinical factors contributing to microbiota diversity.
We found that PTMC (P = 0.009) was associated with microbiota
diversity in PTC (Fig. 2(e)). Microbiota diversity in BTN was associ-
ated with age (P = 0.04) (Fig. 2(f)). Moreover, we observed signifi-
cant differences in microbiota diversity between samples with
different tumor sizes (PTMC and nPTMC) in PTC-T and PTC-NT
(Fig. 2(g)), as well as between samples in different age groups
(Young and Old) in BTN-T and BTN-NT (Fig. 2(h)).

3.3. Validation of microbes in human thyroid tissues

To confirm the presence of bacteria in the thyroid tissue, we
first compared our results with a microbiome analysis of CRC
and HCC tissues. On average, 36 genera were detected per PTC
sample, which was significantly fewer than the number detected
in HCC tissue (78 genera per sample) and CRC tissue (230 genera
per sample) (Fig. 3(a)). The microbiota diversity of PTC was also
significantly lower than those of HCC and CRC (Fig. 3(b)), support-
ing our assumption that PTC has smaller bacteria populations than
the other two tumor types. The presence of bacteria within the tis-
sues of PTC and BTN was verified by Gram staining and immuno-
histochemistry using bacterial LPS-specific and LTA-specific
antibodies (Fig. 3(c)). FISH using a universal bacterial probe and
antisense probes as the control further confirmed the presence of
bacterial DNA in both the PTC-T and the BTN-T (Fig. 3(d) and
Fig. S3 in Appendix A). In addition, through immunoelectron
microscopy, we determined that the bacteria were mainly
distributed in the cytoplasm of the PTC-T and BTN-T samples
(Fig. 3(e)). These findings collectively confirmed the presence of
bacteria in both the PTC-T and the BTN-T.

3.4. Tissue microbiome dysbiosis in PTC compared with BTN

We next studied the microbial composition at different taxo-
nomic levels. At the phylum level, Proteobacteria and Actinobacte-
ria were the dominant phyla, collectively representing more than
95% of the microbial communities in PTC and BTN (Fig. 4(a)). At
the genus level, Mycobacterium (23.28% in PTC-T; 24.92% in BTN-
T), Phyllobacterium (12.71% in PTC-T; 14.10% in BTN-T), and
Rhodococcus (12.19% in PTC-T; 6.32% in BTN-T) were the top three
most abundant genera, accounting for the major portion of bacteria
in PTC and BTN (Fig. 4(b)). After adjusting for potential confound-
ing factors (i.e., age, gender, HT, and LNMC), our differential abun-
dance analysis showed that 17 bacterial taxa from three phyla
differed significantly between PTC-T and BTN-T (Fig. 4(c)). Nine
bacterial taxa were significantly enriched in PTC-T compared with
BTN-T, including Brevibacterium, Neisseria, Rhodococcus, Staphylo-
coccus, Streptococcus, Halomonas, Corynebacterium, Acinetobacter,
and Devosia. Of these, Neisseria, Rhodococcus, Streptococcus, Halo-
monas, and Devosia have been previously reported to be tumor-
promotive pathogens [33–36]. On the other hand, eight bacterial
taxa, including tumor-protective Amycolatopsis [37], were found
to be depleted in PTC-T compared to BTN-T. Amycolatopsis was
the most significantly depleted bacterial taxa (Fig. 4(c)). By com-
paring the microbiomes of the tumor tissue and the adjacent nor-
mal tissue, we observed that the abundances of 13 bacterial taxa
were significantly different. Nine bacterial genera, including the
tumor-promotive bacteria Neisseria, Halomonas, Streptococcus,
and Devosia, were enriched in PTC-T compared with PTC-NT, while
the four protective bacteria taxa of Brevundimonas, Lactobacillus,
Prevotella, and Phaeospirillum were depleted in PTC-T compared
with PTC-NT (Fig. 4(d)). Taken together, these results indicate a



Fig. 2. Overall features of thyroid microbiota communities. Alpha diversity was evaluated by the Shannon entropy index between (a) overall PTC-T and BTN-T; and (b) PTC-T
and PTC-NT, and BTN-T and BTN-NT. A beta diversity analysis was done via PCoA on an unweighted UniFrac distance matrix in (c) PTC-T and BTN-T, and (d) overall PTC-T and
BTN-T. (e, f) A RDA was used to evaluate the importance of clinical traits (gender, age, tumor size, PTC, BTN, HT, PTMC, and LNMC). An association was found for PTMC and age
in PTC and BTN, respectively. (g, h) The influence of PTMC and age on the PTC and BTN microbiomes was evaluated using the Bray–Curtis distance.
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Fig. 3. Bacterial components detected in human thyroid tissue. (a) The number of bacteria genera found per tissue sample for PTC, HCC, and CRC. Dotted lines indicate the
average number of bacteria genera in each group. (b) Comparison of the genera accumulation curves for PTC, CRC, and HCC. (c) Bacterial LPS, LTA, and Gram staining were
demonstrated in PTC-T and BTN-T. The arrows point to positive staining for PTC-T and BTN-T (scale bar: 20 lm). (d) Bacterial 16S rRNA gene sequences were detected using
FISH in PTC-T and BTN-T (red) and cell nuclei stained with 40 ,6-diamidino-2phenylindole (blue) (scale bars: 10 lm). (e) Transmission electron microscope images
demonstrating intracellular bacteria in PTC-T and BTN-T. The boxed area marks the region selected for higher magnification, which is shown in the second row.
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state of dysbiosis, indicated by enriched pathogenic bacteria taxa
and depleted protective bacteria taxa, in the tissue microbiome
of the patients with PTC.

3.5. Microbial ecological network differs in BTN and PTC

To evaluate the interactions of the microbial taxa within and
across different tissue types, we calculated the taxa’s pair-wise
correlations using SparCC. The distributions of taxonomic pairs
with co-occurrence (r > 0) or co-excluding (r < 0) interaction were
significantly different among the tissue types of BTN and PTC
(P < 0.05) (Fig. S4 in Appendix A).

We then determined the relationships among the differentially
abundant bacteria in PTC compared with BTN (nine enriched and
eight depleted) in the microbial ecological networks. We observed
that both co-occurrence and co-excluding interactions among PTC-
enriched and PTC-depleted bacterial taxa were significantly differ-
185
ent across the benign and malignant thyroid nodules (Fig. 4(e)).
The positive correlations among the enriched bacterial taxa were
stronger in PTC-T than in BTN-T (P < 0.05). Co-excluding patterns
were also observed between the enriched and depleted taxa in
PTC-T (Fig. 4(e)).
3.6. Microbial dysbiosis markers differentiate PTC-T from BTN-T

To determine whether the PTC differentially abundant bacteria
could be used to differentiate between PTC-T and BTN-T, we per-
formed ROC analyses. The samples were randomly split into train-
ing and validation cohorts. The 17 bacteria markers (Fig. 4(c))
distinguished PTC-T from BTN-T with an area under the curve
(AUC) of 81.66% (95% confidence interval (95% CI): 74.3%–89.01%)
in the training cohort and an AUC of 77.29% (95% CI: 62.81%–
91.78%) in the validation cohort (Fig. 4(f)).



Fig. 4. Microbial compositions and differential abundances between PTC and BTN. Bacterial distribution for the (a) top five bacteria phyla and (b) top ten bacteria genera in
PTC and BTN. (c) Heatmap showing the relative fold change of the differentially abundant bacteria genera of PTC-T vs BTN-T. (d) The relative fold change of the differentially
abundant bacteria genera of PTC-T vs PTC-NT. The red and blue genera names represent the tumor-promoting and consistent bacteria reported in the previous literature,
respectively. (e) Correlation network of PTC-T-enriched and PTC-T-depleted bacteria in PTC-T and BTN-T. r were estimated using the SparCC algorithm. Significant (P < 0.05)
co-occurrence and co-excluding interactions with strengths of at least 0.1 were selected for visualization using Cytoscape 3.8.2. (f) ROC analysis based on differential
abundance bacteria for discriminating PTC-T from BTN-T.
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3.7. Microbiome functional capacity changes in PTC-T compared with
BTN-T

Basedon thedifferentialmicrobial abundanceandecologicalnet-
works between PTC-T and BTN-T, the functional capabilities of the
tissue-associated microbiome were predicted using Phylogenetic
Investigation of Communities by Reconstruction of Unobserved
States 2 (PICRUSt2) [38] and then subjected to discrimination
analysis using the Lefse algorithm. The functional changes in the
PTC-Tmicrobiomes included a significantly increased B12 synthesis
pathway (adenosylcobalamin salvage from cobinamide), while the
depleted pathways included protein/amino acid biosynthesis
(aspartate superpathway; superpathway of L-methionine biosyn-
thesis; superpathway of L-lysine, L-threonine, and L-methionine
biosynthesis), fatty acid biosynthesis (palmitate biosynthesis), and
purine nucleotide biosynthesis (5-aminoimidazole ribonucleotide
biosynthesis II) (Fig. S5 in Appendix A).

3.8. Microbial profiles of PTC associated with HT

HT is an autoimmune disease and has been shown to have an
association with PTC [39]. We assessed the microbial diversity and
richness of PTC tumor samples from 65 PTC-HT and 105 PTC-nHT
patients. There were no significant differences in microbial diversi-
ties (alpha and beta diversity) between PTC-HT and PTC-nHT
(Figs. S6(a) and (b) inAppendixA). PTMCwas associatedwithmicro-
biota diversity in PTC-HT and PTC-nHT patients (P < 0.05) (Fig. S6(c)
in Appendix A). We observed a significant difference in microbiota
diversity between samples with different tumor sizes (PTMC and
nPTMC) in PTC-nHT patients (P = 1.9�10–14) (Fig. S6(d) in Appendix
A). After adjusting for potential confounding factors, the abundances
of 14 bacterial taxawere found to be significantly different between
PTC-HT and PTC-nHT, including eight bacterial taxa being enriched
in PTC-HT (Streptomyces, Blastomonas, Erwinia, Erysipelothrix, Sphin-
gobium, Bacillus, Acinetobacter, and Ralstonia) and six bacterial taxa
being depleted (Candidatus Xiphinematobacter, Brevibacterium, Sta-
phylococcus, Rhodococcus, Stenotrophomonas, and Sphingomonas)
(Fig. S6(e) in Appendix A). We observed that both the
co-occurrence and co-excluding interactions among these PTC-HT-
enriched and PTC-HT-depleted taxa were significantly different
from those in PTC-nHT (Fig. S6(f) in Appendix A). Moreover, these
14 differential bacteria taxa could be used to distinguish PTC-HT
from PTC-nHT with an AUC of 82.33% (95% CI: 75.33%–89.32%) in
the training cohort, which was validated in the validation cohort
with an AUC of 80.22% (95% CI: 65.23%–95.21%) (Fig. S7(a) in in
AppendixA). The functional enrichment analysis revealed that path-
ways involved in amino acid biosynthesis (e.g., glutamine) and
starch metabolism were significantly enriched in PTC-HT (Fig.
S7(b) in Appendix A).

The correlation between the differentially abundant taxa in
PTC-HT and clinical parameters related to key HT diagnostic factors
revealed that Ralstonia was positively correlated with anti-Tg-Ab
(r = 0.26, P = 0.0026) and TPO-Ab (r = 0.23, P = 0.0029), while Ste-
notrophomonas was negatively correlated with Tg-Ab (r = –0.21,
P = 0.014) and TPO-Ab (r = –0.22, P = 0.0048) (Fig. S8 in Appendix
A). Collectively, these findings indicate that there is potential that
tissue microbial dysbiosis contributes to PTC-HT.

3.9. Thyroid tumor microbiome is associated with host gene expression
in PTC and BTN patients

To understand the potential interplay between microbiome
profiling and host differential gene expression, we performed par-
allel microbiome profiling and transcriptional sequencing from the
same set of samples and analyzed their association using Pearson’s
correlation-based analysis. We observed that the distributions of
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both positive and negative associations among the bacteria and
differentially expressed genes were significantly different between
PTC-T and PTC-NT (Fig. 5(a-I)), as well as between BTN-T and BTN-
NT (Fig. 5(b-I)). The bacteria found in tumor/nodule tissues had
more association with the differentially expressed genes than
those in non-tumor/non-nodule tissues. Succiniclasticum and
Agrobacterium were the top two bacteria genera that showed sig-
nificant associations with differentially expressed genes in PTC-T
compared with PTC-NT (Fig. 5(a-II)), while Bacillus and Mycobac-
terium were the top two bacteria genera associated with differen-
tially expressed genes in BTN-T compared with BTN-NT (Fig.
5(b-II)). The differential bacteria–host associations between the
thyroid tumor tissues and adjacent non-tumor tissues imply a
potential contribution of pathogenic bacteria to thyroid
tumorigenesis.

3.10. Microbial dysbiosis shows significant interaction with oncogene
expression in PTC-T

Since 17 bacterial taxa were differentially abundant in PTC-T vs
BTN-T (Fig. 4(c)), we next assessed the association of microbiome
dysbiosis with host differentially expressed genes. We found that
six dysbiosis bacteria taxa were significantly associated with dif-
ferential gene expression in PTC compared with BTN, including
45 up-regulated genes and 16 down-regulated genes (Fig. 6(a)
and Fig. S9 in Appendix A). The enriched bacterial taxa Halomonas
and Neisseria were predominantly positively correlated with
up-regulated oncogenes, including dual specificity phosphatase 4
gene (DUSP4), dual specificity phosphatase 6 gene (DUSP6), four-
point-one ezrin-radixin-moesin homology domain-containing pro-
tein 5 gene (FRMD5), transforming growth factor alpha gene
(TGFA), and nucleotide-binding oligomerization domain-
containing protein 1 gene (NOD1), whose function as oncogenes
has been well reported [40–44]. The enriched bacterial taxa
Rhodococcus was positively correlated with the oncogenes myosin
binding protein H gene (MYBPH) and leucine-rich repeat-
containing G-protein-coupled receptor 5 gene (LGR5) [45,46], and
negatively correlated with the tumor-suppressing gene secretin
receptor gene (SCTR) [47] (Fig. 6(a)). Among the 17 bacterial taxa,
Rhodococcus, Brevibacterium, Devosia, and Halomonas had the most
significant associations with differentially expressed genes in PTC-
T compared with PTC-NT (Fig. 6(b)), while Rhodococcus, Amyco-
latopsis, Neisseria, and Streptococcus had the most significant asso-
ciations with differentially expressed genes in BTN-T compared
with BTN-NT (Fig. 6(c)). We then explored the association of micro-
biome dysbiosis with gene expression in detail. As shown in Fig.
6(d), Rhodococcus exhibited strong positive interactions with the
oncogenes BRAF, kirsten rat sarcoma viral gene (KRAS),
interleukin-1 receptor-associated kinase 4 gene (IRAK4), catenin
beta 1 gene (CTNNB1), phosphatidylinositol-4,5-bisphosphate
3-kinase, catalytic subunit alpha gene (PIK3CA), mitogen-
activated protein 3 kinase 7 gene (MAP3K7), and epidermal growth
factor receptor gene (EGFR) in PTC-T; these are key genes in the
oncogenic signaling pathways of MAPK, PI3K–AKT and
Wnt/b-catenin, which are well-known signaling pathways in PTC.
Brevibacterium, Devosia, and Halomonas were also positive associ-
ated with the majority of these oncogenic pathway-related genes
in PTC-T (Fig. 6(d)). These results suggest that PTC-enriched bacte-
ria may contribute to PTC development by inducing host oncogene
expression and the activation of oncogenic signaling pathways.

4. Discussion

In this study, we demonstrated the presence of and character-
ized the microbes in tumor and adjacent normal tissues from
PTC and BTN patients using 16S rRNA gene sequencing. As



Fig. 5. Correlation of thyroid tumor transcriptome with tissue microbiota. (a) Interaction network of the differentially expressed genes (PTC-T vs PTC-NT) with the
microbiota. (b) Interaction network of the differentially expressed genes (BTN-T vs BTN-NT) with the microbiota. Both positive and negative interactions among the
differentially expressed genes and associated microbiota were stronger in (a-I) PTC-T than PTC-NT and (b-I) BTN-T than BTN-NT. Heatmaps were appended to the above
microbiota-gene interaction network in (a-II) PTC-T and PTC-NT and (b-II) BTN-T and BTN-NT.
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expected, the abundance and richness of the PTC-associated
microbes were significantly lower and less diverse (36 bacteria
genera) than those observed in CRC (230 bacterial genera) and
HCC (78 genera) [48]. The intratumoral bacteria were further con-
firmed by Gram staining, immunobiological staining, FISH, and
transmission electronic microscopy. Our study demonstrated the
presence of bacteria and, for the first time, confirmed the signature
bacteria in thyroid tumor tissues, as identified by multiple
approaches.

We observed a significant difference in the microbiota diversi-
ties between PTC and BTN, indicating a possible shift in host home-
ostasis/physiological condition over the course of tumor
progression, which subsequently exerts a selection pressure on
tumor-associated microbial communities. The association between
tumor size and microbiota diversity in PTC further suggests a link
between host homeostasis/physiological condition and the compo-
sition of tumor-associated microbiota. We noticed no significant
difference in the overall composition (beta diversity) of the micro-
bial communities of tumor versus adjacent normal tissues of PTC.
This finding aligns with a previous study that reported that the
microbial composition of the tumor was similar to that of the
para-tumor; in contrast, a difference in bacterial abundance was
identified in the analysis of TCGA data [10]. As the thyroid is an
188
encapsulated organ with rich vascular flow, we speculate that bac-
teria may penetrate into the thyroid via blood circulation, resulting
in a relatively homogeneous microbial composition throughout the
entire thyroid gland. Moreover, due to the blood circulation, the
close distance between the tumor and para-tumor samples we col-
lected might also be a possible reason explaining this result. Taking
together the lack of difference in the overall composition of the
microbial communities of tumor versus adjacent normal tissues
of PTC and the significant difference in microbiota diversity
between benign and malignant thyroid nodules suggests the
potential relevance of the microbiome composition in mediating
thyroid cancer progression.

We found 17 differentially abundant bacterial taxa between
PTC-T and BTN-T. The enriched intratumor Neisseria and Strepto-
coccus in PTC in this study have been previously reported to be
enriched in the gut of PTC patients [49]. Since microbes can be
detected in the blood of healthy subjects [50], we speculate that
gut microbes might enter the blood circulation and colonize the
thyroid tissues due to impaired gut barrier function, resulting in
an elevated risk of PTC [51]. Previously, a study showed that Neis-
seria could evade the surveillance of the host adaptive immune
system, stimulating the infiltration of neutrophils and causing
inflammation—a risk factor of thyroid cancer [52]. In keeping with



Fig. 6. Microbial dysbiosis interaction with gene expression. (a) Interaction network of the tissue microbiota with different abundances with differentially expressed genes in
PTC-T and BTN-T. The PTC-enriched bacterial taxa Halomonas, Neisseria, and Rhodococcus and the PTC-depleted bacterial taxa Amycolatopsis, Phaeospirillum, and Variovorax
showed significant associations with differentially expressed genes. (b) Heatmap appended to the microbiota–gene interaction in PTC-T and PTC-NT. (c) Heatmap appended
to the microbiota-gene interaction in BTN-T and BTN-NT. (d) Interactions between bacteria involving Rhodococcus, Brevibacterium, Devosia, and Halomonas and BRAF, KRAS,
IRAK4, CTNNB1, PIK3CA, MAP3K7, and EGFR are depicted separately in the PTC-T and PTC-NT groups. Green: positive association; Red: negative association.
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our findings, a high abundance of Rhodococcus has been reported in
prostate cancer [35] and Halomonas in lung cancer [34]. Rhodococ-
cus is an aerobic and opportunistic pathogen from the phylum Acti-
nobacteria, which has predominantly been detected in
immunocompromised patients and thyroid abscesses [53]. Devosia
is significantly enriched in the gut microbiota of CRC patients [36].
On the other hand, the depleted bacterium Amycolatopsis has been
reported to have an anticancer effect in breast cancer through the
synthesis of thioalbamide, which exhibits an anti-proliferative
effect on cancer cells [37]. Collectively, the differential abundances
of these microbiomes are associated with PTC, possibly through
interaction with the host cells and the activation of oncogenic sig-
naling pathways.

As specific microbial networks can reflect a disease-specific
microenvironment, we examined the ecological networks of the
associated microbiome in PTC formation. We observed increasing
strengths of co-occurrence and co-excluding interactions among
PTC-enriched and PTC-depleted bacteria from BTN to PTC.
Co-excluding relationships were observed between PTC-enriched
and PTC-depleted bacteria. The results of the microbial network
analysis highlight the potential roles of these altered bacterial
compositions as an important factor, at least, in the progression
of thyroid carcinogenesis. The 17 bacterial markers may serve as
potential diagnostic tissue markers for differentiating PTC from
BTN, as demonstrated by the AUCs of 81.66% and 77.29% in the
training and validation cohorts, respectively. Additional compara-
tive analyses of PTC microbiome markers by means of quantitative
PCR will be a step forward in the potential use of these bacteria for
diagnostic purposes.

HT is an autoimmune disease characterized by a cellular
immune response with lymphocytic infiltration of the thyroid
gland. Although it is a known risk factor for PTC, the mechanism
underlying this relationship remains unclear. We identified a sig-
nificant association between microbiota diversity and HT status
in PTC patients, as well as an ecological network shift between
PTC-HT and PTC-nHT. The bacterial dysbiosis could differentiate
PTC-HT from PTC-nHT, with AUCs of 82.33% in the discovery and
80.22% in the validation cohorts, indicating an association between
intratumor bacteria dysbiosis and the HT status in PTC patients.
Higher relative abundances of Erwinia and Acinetobacter were
observed in PTC-HT compared with PTC-nHT. The abundances of
these two genera have been reported to be increased in the gut
microbiome of patients with autoimmune multiple sclerosis dis-
ease [54]. Also, increased abundance of Bacillus has been reported
to promote the production of T helper 17 (Th17) cells, leading to
autoimmune diseases [55]. In particular, we found that the key
clinical HT immune parameters Tg-Ab and TPO-Ab have a positive
correlation with Ralstonia and a negative correlation with Stenotro-
phomonas. Ralstonia can induce allergic disease by inhibiting T
regulatory cell (Treg) differentiation, as reflected by the positive
correlation of the Th2/Treg ratio with Ralstonia population [56],
while Stenotrophomonas cannot promote the up-regulation of the
host immune function but may lead to the exhaustion of T lympho-
cytes [57]. Taken together, these findings suggest that intratumor
bacteria—at least in part—play an important role in PTC-HC by
modulating host immune function.

To identify significant associations between PTC-associated
bacteria and host gene expression, we performed concurrent 16S
rRNA gene sequencing and RNA-seq from the same samples. We
discovered novel associations between the PTC-enriched bacteria
and transcriptome gene expression in PTC compared with BTN
(Fig. 5). We characterized the PTC-enriched bacteria Halomonas,
Neisseria, and Rhodococcus as potential PTC-promoting bacteria
that affect the host transcriptome gene expression of PTC (Fig.
6(a)). Halomonas has been shown to be positively correlated with
DUSP6 in the regulation of extracellular signal-regulated kinase
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1/2 (ERK1/2) (MAPK3/1)-dependent transcription, as a predictor
of invasiveness [40]. Halomonas has also been shown to be posi-
tively correlated with FRMD5, a downstream effector of telomerase
reverse transcriptase gene (TERT) that can enhance BRAFV600E

mutation in thyroid cancer [42,58]. A strong link between Neisseria
and NOD1 expression was observed in PTC. NOD1 has been linked
to inflammatory pathologies and cancer metastasis modulated by
the microbiota in subtle ways [43,59]. Rhodococcus has been shown
to be positively correlated with the oncogene MYBPH [45] and
negatively correlated with the tumor-suppressing gene SCTR [47].
Moreover, when compared to the key PTC cancer pathway-
related genes, the PTC-enriched bacteria Rhodococcus, Brevibac-
terium, Devosia, and Halomonas exhibited strong positive interac-
tion with critical pathway-associated genes including BRAF, KRAS,
IRAK4, CTNNB1, PIK3CA,MAP3K7, and EGFR (Fig. 6(d)), which prefer-
entially activate the MAPK, PI3K–AKT, andWnt/b-catenin signaling
pathways in thyroid tumorigenesis. Collectively, our findings sug-
gest that altered microbiota pathogens—especially the PTC-
enriched bacteria—are associated with aberrant tumor-related
gene expression and the oncogenic signaling pathways of PTC.
5. Conclusions

In this work, we identified the presence of intratumoral micro-
bial signatures in thyroid tissues. Bacteria dysbiosis and the asso-
ciated microecological changes were found to be associated with
PTC and to critically influence how the thyroid microenvironment
is shaped, thereby contributing to thyroid carcinogenesis. A speci-
fic type of bacteria dysbiosis was found to be associated with PTC-
HT patients, potentially through modulating the host immune
function. Moreover, our integrative analysis revealed that the
PTC-enriched bacteria had strong positive correlations with key
oncogenes of oncogenic signaling pathways in PTC.

Our study has a few limitations. First, additional approaches
such as in vitro bacteria culture and direct tracking of microbes
in mice may be valuable for further identifying microbes in fresh
tumor tissues. Second, in-depth exploration by animal experi-
ments would be helpful for interpreting the causal correlation
and direct interaction between intratumoral bacteria and PTC.
Third, due to the current technical limitations of metagenomic
sequencing, it remains highly challenging to achieve a complete
microbial genome, especially in tumors with relatively low bio-
mass. In conclusion, our findings provide novel insights into
microbiome-relevant thyroid tumorigenesis.
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