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Abstract
Apart from other risk factors, chronic in�ammation is also associated with the onset of Prostate Cancer
(PCa), wherein pathogen infection and tissue microbiome dysbiosis are known to play a major role for
both in�ammatory response and cancer development. However, except for a few studies, the link between
microbes and PCa remained poorly understood. To explore the potential microbiome signature
associated with PCa in Indian patients, we investigated differential compositions of commensal bacteria
among patients with benign prostatic hyperplasia (BPH) and PCa using 16S rRNA amplicon sequencing
followed by qPCR analyses using two distinct primer sets. Using two independent cohorts, we show that
Prevotella copri, Cupriavidus campinensis and Propionibacterium acnes represent three most abundant
bacteria in diseased prostate lesions. LEfSe analyses identi�ed that while Cupriavidus taiwanensis and
Methylobacterium organophilum are distinctly elevated in PCa samples, Kocuria palustris and Cellvibrio
mixtus are signi�cantly enriched in BPH samples. Furthermore, we identify that a number of human
tumor viruses including Epstein-Barr virus (EBV), hepatitis B virus (HBV) along with two high risk human
papillomaviruses - HPV-16 and HPV-18 are signi�cantly associated with the PCa development and
strongly correlated with PCa bacterial signature. The study may thus offer to develop a framework for
exploiting this microbial signature for early diagnosis and prognosis of PCa development. 

Introduction
Prostate cancer (PCa) is the second most common cancer and the sixth leading cause of cancer
associated deaths among men, leading to a great public health concern worldwide1. Recently, due to the
increase of life expectancy, adoption of newer lifestyles and changes in food habit, the incidence rate of
PCa is gradually increasing in India2. Mounting evidence suggests that chronic in�ammation plays a vital
role for the initiation and progression of PCa3,4. Prostate gland harbors a relatively higher number of
lymphocytic population and other immune cells for protecting the male reproductive system from
invading pathogens through bladder and urethra3,5. Particularly in case of elderly male population, a
signi�cant increase of the immune cell population in the prostate leads to chronic and acute
in�ammatory condition, and thereby increasing the likelihood of PCa development. Prostate speci�c
antigen (PSA) testing followed by trans-urethral resection of the prostate has long been recommended for
diagnosis of prostate in�ammation, while prognosis of PCa is predicted by Gleason grading, a low-power
microscopic evaluation subjected to inter-observer variations and lacks precision6,7. However, through
this method, detection of PCa even at an early stage is not always accompanied by accurate
determination of morbidity risk and therefore mortality might result due to over-treatment in some cases
and under-treatment in others. Thus, a great attention has been made thereafter by the researchers to
explore better molecular approaches for the early diagnosis and prognosis of PCa.

The advent of several Next-Generation sequencing technologies has led to a new era of unbiased
identi�cation and characterization of complex microbial communities as well as its association with
several pathological conditions such as chronic in�ammation and its possible role in cancer
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development3,8. Pathogen including oncogenic viruses and bacterial infections are thought to play critical
role in prostatic in�ammation9. However, hitherto no single microorganism has appeared as a direct
contributor of chronic in�ammation in PCa patients. Nevertheless, a growing body of evidence suggests
that a number of bacterial species including E. coli and other species of Enterobacteriaceae can promote
prostatic in�ammation3,10. In addition, sexually transmitted infections with Chlamydia trachomatis,
Neisseria gonorrhoeae and Trichomonas vaginalis are also shown to increase prostatic in�ammation,
which in turn elevate serum PSA levels11,12. The pro-in�ammatory Propionibacterium species, in
particular P. acnes associated with human skin, has been well studied in connection to PCa development,
and has also been found to induce prostatic in�ammation in animal models13–16. Beside tissue
microbiome dysbiosis, tumor virus infections are also shown to play a major role in cancer development,
accounting to approximately 20% of all human cancers17. Studies have shown that a number of viruses
including multiple subtypes of human papillomaviruses (HPVs), polyomaviruses such as John
Cunningham virus (JCV), BK virus (BKV), and simian virus 40 (SV40) as well as herpesviruses like human
cytomegalovirus (HCMV) and Epstein-Barr virus (EBV) are associated with PCa specimens18–22.

Recently a number of Next-Generation sequencing as well as hybridization based microarray studies
identi�ed potential microbiome signature associated with PCa development19,23−25. Despite these efforts
in identifying the composition of the microbiome in prostate tissue and its implication of disease
progression, the pathogenic microbial composition of PCa may vary among the population of different
ethnicity across the globe. Given the increasing incidence of PCa patients in India26, a detailed and
comprehensive analysis of the microbial ecosystem coupled with the PCa development is of utmost
importance. Herein, we aim to identify speci�c microbial signature associated with the pathologic
prostate tissue specimens collected from patients in the Eastern region of India.

Results
Sample characteristics and sequencing data summary of diseased prostate samples: To understand the
changes of microbial compositions associated with prostate cancer (PCa) development, we prospectively
collected a total 46 tissue biopsy samples from 13 benign prostatic hyperplasia (BPH) and 33 PCa
patients (‘Discovery Cohort’, Table S1). The total DNA of each specimen from the ‘Discovery Cohort’ was
extracted and subjected to 16S rRNA amplicon based sequencing on an Ion GeneStudio S5 System
targeting the hypervariable regions of 16S rRNA gene using two distinct primer sets as per manufacturer’s
instructions. While Set I primer was used for ampli�cation of hypervariable regions including V2, V4 and
V8, set II primer was used for hypervariable regions including V3, V6-7 and V9. Additionally, as described
later, in order to validate the sequencing data, we also collected another 31 tissue biopsy samples from
16 BPH and 15 PCa patients (‘Validation Cohort’, Table S1).

A total of 35,320,332 raw reads were generated after sequencing of the 46 samples from the ‘Discovery
Cohort’. The number of raw sequence reads varied by approximately 10 fold across samples. After quality
trimming and chimera checking, 30,641,026 high quality reads were mapped to two comprehensive 16S
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rRNA reference databases – Greengenes27 (v13.5) and the Thermo Fisher Scienti�c in-house MicroSeq
50028 (v2013.1). 6,301,956 reads were excluded from the analyses due to low copy number reads (less
than 10 copy numbers) and 41,312 reads were found to be un-mapped in both databases (Table S2).
24,297,758 mapped reads subsequently identi�ed Operational Taxonomic Units (OTUs) at the level of
family (95% and above similarity index), genus (97% and above similarity index) and species (99% and
above similarity index). Overall, a total of 6 phylum, 127 genera and 291 bacterial species were identi�ed
from all 46 samples in the discovery cohort.

Overall bacterial abundance and diversity among BPH and PCa samples: FASTQ �les from 16S rRNA
gene amplicon sequencing data of all 46 samples were analyzed using a web-based online tool -
MicrobiomeAnalyst for statistical analysis29. Rarefaction curves of species richness against sequences
per sample were plotted for BPH and PCa samples to determine the e�ciency of the sequencing process
(Fig. 1A-B). Most of the samples, though not completely, reached a saturated plateau phase, indicating
that the depth of sequencing was su�cient for the diversity analysis (Fig. 1A-B). Both observed species (p
= 0.015) and Chao1 index (p = 0.034) showed that species richness was signi�cantly decreased in PCa
samples as compared to BPH samples (Figs. 1C and 1D, respectively). In addition, the diversity
estimators both Shannon index (p = 0.158) and Simpson index (p = 0.411) indicated a trend of depletion
in relative diversity of species composition in PCa samples as compared to BPH samples, although the
data was not statistically signi�cant (Figs. 1E and 1F, respectively).

To assess the diversity among two groups, we evaluated weighted UniFrac distance matrix 30 from the
OTU abundance through utilizing Permutational Multivariate Analysis of Variance (PERMANOVA)
algorithm 31 and subsequently applied in Principal Component Analysis (PCoA) 32 (Fig. 1G). Given that
PCoA analyses revealed no signi�cant difference (p = 0.082) in the bacterial compositions between BPH
and PCa samples (Fig. 1G), a ‘Random Forest’ algorithm was applied to further con�rm the difference in
bacterial community among the BPH and PCa biopsy samples (Fig. 1H). The decision trees extracted
from the random forest classi�cation identi�ed distinct bacterial composition in 2 BPH samples and 11
BPH samples exhibited overlapping species with PCa samples (class error: 0.850; Fig. 1H). In contrast, all
33 PCa samples demonstrated unique bacterial compositions (Fig. 1H).

Taxonomic characterization of bacterial compositions among BPH and PCa samples: The bacterial
communities associated with the diseased prostate lesions were further analyzed at different taxonomic
levels. Six phyla including Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, Fusobacteria and
Deinococcus-Thermus collectively comprised of the entire sequences in both groups (Fig. 2A-B). In
general, Proteobacteria was the most abundant phylum in the prostate microbial ecology, contributing
~40.6% in diseased prostate lesions (Fig. 2A-B). Overall, the results indicated that only Actinobacteria
phylum was signi�cantly depleted in PCa samples as compared to the BPH category (Fig. 2A-B). At the
genus level, Prevotella, Cupriavidus, Propionibacterium, Acinetobacter and Corynebacterium represented
the top �ve genera in diseased prostate lesion, comprising of 19.94%, 13.54%, 6.54%, 5.8% and 5.23%
sequence coverage, respectively in BPH and 26.85%, 14.07%, 3.97%, 8.78% and 3.5% sequence coverage,
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respectively in PCa samples (Figs. 2C-D and S1). Of all genera detected, both groups shared
approximately half of the total genera identi�ed i.e. 56/107 in BPH category and 56/118 in PCa lesions
(Fig. S1).

To identify the differentially enriched genera within BPH and PCa samples, we employed Linear
Discrimination Analysis (LDA) Effect Size (LEfSe) method 33 (Fig. 2E). LEfSe analysis of top 20 bacterial
genera identi�ed Kocuria, Staphylococcus, Corynebacterium, Cellvibrio, Pseudomonas, Paracoccus,
Brachybacterium, Pseudoxanthomonas, Anaerococcus, Stenotrophomonas, Microvirga, Empedobacter,
Lysobacter, Brevibacterium, Comamonas, Serinicoccus, Rhodobacter, Chryseobacterium and
Aeromicrobium as enriched genera in BPH samples, whereas only Bradyrhizobium genus was found to be
signi�cantly elevated in PCa samples (Fig. 2E). Overall, the results indicated that enriched diversity of
bacterial taxa within diseased prostate lesions was mostly contributed by BPH samples.

Comparable enrichment analysis at species level identi�ed signi�cant bacterial compositions between
BPH and PCa samples: Detailed analyses of bacterial compositions at species level demonstrated
Prevotella copri, Cupriavidus campinensis, Propionibacterium acnes and Paracoccus sp. covered almost
50% of species variety among diseased prostate lesions including both BPH and PCa samples (Figs. 3A-
B). Next, as similar to the genus level, cladogram and LEfSe analyses were conducted to further uncover
the differential species compositions between BPH and PCa tissue biopsy samples (Figs. 3C-D). The LDA
scores demonstrated that among top 20 most signi�cantly enriched species Kocuria palustris, Cellvibrio
mixtus, Pseudomonas stutzeri, Paracoccus sp, Staphylococcus hominis, Corynebacterium
tuberculostearicum, Brachybacterium paraconglomeratum, Staphylococcus arlettae, Staphylococcus
cohnii and Anaerococcus octavius were notably elevated in the BPH samples, while Cupriavidus
taiwanensis, Methylobacterium organophilum, Brevundimonas vancanneytii, Neisseria �avescens,
Acinetobacter junii, Bradyrhizobium cytisi, Cupriavidus basilensis, Caulobacter segnis, Leclercia
adecarboxylata and Neisseria elongata were signi�cantly increased in the PCa samples (Fig. 3D).

Validation of species identi�ed in 16S rRNA sequencing by quantitative real-time PCR analyses in BPH
and PCa samples: Although 16S rRNA amplicon based sequencing can produce robust data regarding
the presence and abundance of bacterial species, horizontal gene transfer, multiple copies of 16S rRNA
and other limitations can generate error prone abundance data 8,34. To con�rm the 16S rRNA sequencing
data, quantitative real-time PCR (qPCR) analyses were performed of top 2 bacteria in each category –
BPH (K. palustris and C. mixtus) and PCa (C. taiwanensis and Methylobacterium organophilum), along
with 3 most abundant bacteria (P. copri, C. campinensis and P. acnes) identi�ed in diseased prostate
lesions, using two distinct species-speci�c primers (Fig. 4). Moreover, in order to further corroborate the
results, we used two sample cohorts – ‘Cohort - 1’ (Discovery cohort, used in 16S rRNA amplicon based
sequencing) and ‘Cohort - 2’ (Validation cohort) as described in Table S1. As similar to LEfSe analyses
between BPH and PCa biopsy samples, qPCR data further con�rmed Kocuria palustris and Cellvibrio
mixtus as BPH speci�c and Cupriavidus taiwanensis, and Methylobacterium organophilum as PCa
speci�c bacterial species in both sample cohorts (Figs. 4A-B and 4C-D, respectively). In contrast to 16S
rRNA sequencing results, qPCR analyses demonstrated Prevotella copri, Cupriavidus campinensis and
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Propionibacterium acnes were signi�cantly enriched in PCa samples as compared to the BPH group in
both sample cohorts (Fig. 4E-G).

Functional prediction of altered microbiome associated with the PCa development: In order to visualize
the functional effects resulting from the altered microbial community associated with disease
progression in prostate, we employed Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) software 35. PICRUSt analyses can predict the functional Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways related to the composition of a metagenome,
and have been demonstrated to provide a good representation of metagenomic prediction 36. The LEfSe
outputs of KEGG pathways among BPH and PCa tissue biopsy samples identi�ed functions related to
starch and sucrose metabolism, galactose metabolism, carbohydrate metabolism, primary
immunode�ciency, ubiquitin system, Ion channels, proteasome, phenylpropanoid biosynthesis, electron
transfer carriers, glycan degradation and N-Glycan biosynthesis were signi�cantly associated with BPH
condition, while pathways such as nitrotoluene degradation, steroid hormone biosynthesis, non-
homologous end-joining and primary bile acid biosynthesis were directly linked to PCa development (Fig.
5A). PCoA also demonstrated that the predicted functions of bacterial compositions among BPH and
PCa were signi�cantly clustered (p < 0.05) (Fig. 5B).

Quantitative real-time PCR analyses detected strong association of multiple human tumor viruses with
PCa progression: Studies suggest that a number of human oncogenic viruses including human papilloma
viruses (HPVs) and Epstein-Barr virus (EBV) are associated with PCa development18,20,37. To evaluate the
potential involvement of viral etiology in our samples we designed qPCR primers for seven human tumor
viruses including EBV, two high risk HPVs – HPV-16 and HPV-18, hepatitis B virus (HBV), human T-cell
leukaemia virus type 1 (HTLV-1), hepatitis C virus (HCV), Kaposi’s sarcoma associated herpesvirus
(KSHV) and Merkel cell polyomavirus (MCPyV) along with two more human polyomaviruses – JC virus
(JCV) and BK virus (BKV) (Table S3). qPCR analyses of cohort-1 with primer set-I comprising of EBV
encoded EBNA3A (Gene ID: 3783762), HPV-16 encoded E2 (Gene ID: 1489080) and HPV-18 encoded E6
(Gene ID: 1489088), HBV encoded polymerase (Gene ID: 944565), HCV encoded polyprotein (Gene ID:
951475), KSHV encoded ORF27 (Gene ID: 4961487), HTLV-1 encoded envelope (Gene ID: 1491939),
MCPyV encoded VP1 (Gene ID: 10987416), BKV encoded VP1 (Gene ID: 1489515) and JCV encoded
Jvgp4 (Gene ID: 1489518) genes demonstrated that only EBV, HPV-16, HPV-18 and HBV are signi�cantly
associated with PCa samples as compared to BPH samples (Figs. 6A-D and SA-F). The housekeeping
gene human GAPDH gene was utilized as control assuming the genomic segment bearing GAPDH gene
remained unaffected in both BPH and PCa samples. A higher negative -ΔCt (average GAPDH Ct value –
average target primer Ct value) indicated elevated presence of the virus in the sample as detected by
speci�c primer set targeting speci�c viral gene. We further validated the association of these four
selected tumor viruses in cohort-2 using second set of primers (Fig. 6A-D and Table S3). The results
clearly demonstrated that all four tumor viruses were signi�cantly associated with the PCa lesions in
comparison to BPH samples (Fig. 6A-D).
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Co-occurrence of tumor viruses with microbiome signature linked to BPH and PCa lesions: In order to
further corroborate the connection of these tumor viruses with the identi�ed microbial signature
associated with BPH and PCa lesions, the co-occurrence and co-exclusion patterns of EBV, HPV-16, HPV-
18 and HBV with the most abundant bacterial species identi�ed in LEfSe and qPCR analyses in each
category were further investigated (Fig. 7). As depicted in both LEfSe and qPCR analyses, BPH speci�c
bacteria K. palustris and C. mixtus and PCa speci�c bacteria C. taiwanensis and M. organophylum were
moderately correlated with each other (r = 0.362 and 0.394, respectively), indicating that they fell into two
distinct groups (Fig. 7). Among BPH speci�c bacteria, interestingly only K. palustris was positively
correlated with EBV (r = 0.446) and as expected negatively correlated with HPV-16 (r = -0.461) and to
lesser extent with HBV (r = -0.263) (Fig. 7). In contrast, BPH speci�c bacterium C. mixtus was only found
to be moderately negatively correlated with HPV-16 (r = -0.263) (Fig. 7). Among PCa speci�c bacteria,
while C. taiwanensis was positively correlated with HPV-16 (r = 0.411) and to lesser extents with HPV-18
(r = 0.328) and HBV (r = 0.246), M. organophylum were positively correlated with EBV (r = 0.456) and to
lesser extents with HPV-18 (r = 0.325) and HPV-16 (r = 0.261) (Fig. 7). Among the most abundant bacteria
in both BPH and PCa tissue samples, all there species P. copri, C. campinensis and P. acnes were in
general found to somewhat positively correlated with the PCa speci�c bacteria but not with BPH speci�c
bacteria (Fig. 7). Among these three species P. copri and P. acnes were found to be particularly strongly
correlated (r = 0.543) (Fig. 7). In addition, while P. copri was positively correlated with both C. taiwanensis
(r = 0.369) and to a lesser extent M. organophylum (r = 0.246), C. campinensis and P. acnes were
correlated with only M. organophylum (r = 0.318, and 0.282, respectively) (Fig. 7). While P. copri and P.
acnes were robustly correlated with two tumor viruses – EBV (r = 0.551 and 0.599, respectively) and HPV-
18 (r = 0.509 and 0.444, respectively), C. campinenesis was weakly correlated with only HPV-18 (r =
0.279) (Fig. 7). Among the 4 tumor viruses, EBV and HPV-18 were positively correlated with each other (r
= 0.551), whereas HPV-16 and HBV were grouped together (r = 0.370) (Fig. 7).

Discussion
A growing body of evidence indicated microbial infection as one of the predominant risk factors for PCa
development10,12,20,38. In addition, several studies derived from 16S rRNA amplicon based sequencing,
whole genome shotgun sequencing as well as hybridization based microarray techniques have evidently
documented microbiome dysbiosis associated with disease progression9,19,23,24. Despite the increasing
incidence of PCa 26, to date, there are no reports describing the microbial dysbiosis associated with PCa
development among Indian patients. Herein, we identi�ed speci�c microbial signature including both
alteration of tissue speci�c commensal bacteria along with infection status of several human tumor
viruses linked with the pathologic prostate tissue specimens collected from patients in the Eastern region
of India.

Multiple studies suggested that an in�ammatory microenvironment is involved in the development of
PCa precursor lesions that promote tumor initiation3,39,40. Although microbial infections are considered
as mainstay of chronic in�ammation, to date, no single microbe was identi�ed as a speci�c inducer of
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prostatic in�ammation or as a direct contributor to PCa development. However, several bacteria are
known to induce prostatic in�ammation. For example, several species commonly implicated in bacterial
prostatitis such as E. coli and Enterococcus faecalis as well as species responsible for sexually
transmitted diseases including Chlamydia trachomatis, Neisseria gonorrhoeae and Trichomonas
vaginalis have been shown to induce prostatic in�ammation3,5,11,12. In addition, Propionibacterium acnes,
an anaerobic Gram-positive pro-in�ammatory bacterium ubiquitously found in sebaceous follicles of the
human skin, has been detected with elevated levels in prostate tissue specimens from patients with
prostatitis and PCa and can promote prostatic in�ammation in both human prostate epithelial cells as
well as in animal models13,14,38,41,42. Moreover, P. acnes infection in prostate epithelial cells resulted in
increased cell proliferation and anchorage-independent cell growth42, indicating the possibility of P. acnes
as one of the major contributing in�ammatory factors for the onset and subsequent development of PCa.
In addition, transcriptomic analyses using RNA-Seq data of human prostate samples collected from both
Caucasian and Chinese patients demonstrated signi�cant expression of P. acnes genes in PCa samples
as compared to the matched controls25. In agreement to this, our 16S rRNA amplicon sequencing results
also demonstrated that P. acnes represented as one of the most abundant bacterial species in diseased
prostate specimens including both BPH and PCa. Moreover, our qPCR analyses using two different primer
sets of both discovery and validation sample cohorts further demonstrated that P. acnes was likely to be
more associated with PCa samples in comparison to BPH samples. In addition, due to anatomical
proximity urinary microbiota has also been shown to in�uence prostate pathophysiology43,44. Various
studies pro�led urinary microbiota of adult men, which include genera Corynebacterium, Streptococcus,
Veillonella, Prevotella, Anaerococcus, Propionibacterium, Finegoldia, Staphylococcus, and Lactobacillus
45–47. Another study suggested prevalence of pro-in�ammatory bacteria and uropathogens in the urinary
tract of PCa patients 43. In agreement to these previous reports, our results also demonstrated Prevotella,
Propionibacterium, and Corynebacterium among the top �ve genera in diseased prostate lesions
including BPH and PCa tissue samples.

Increasing evidence suggested that the gastrointestinal (GI) microbiome controls the e�cacy of various
cancer treatments, including both chemotherapy and immunotherapy48–51. To date, these studies have
largely been conducted in animal models and have evidently demonstrated that the compositions of gut
microbiome are vital for appropriate functioning of immunotherapeutic agents and modulation of gut
microbiome thus could enhance treatment responses. It has been suggested that GI microbiome induced
immune modulation is a result of disruption of the intestinal mucosal barrier, which enables interaction
between luminal microbiota and mucosa associated lymphoid cells, and thereby a speci�c composition
of the GI microbiome in�uences this interaction3. Although, there are no published data describing the
interplay between the GI microbiome and immunotherapy response, similar mechanisms could certainly
in�uence immunotherapy response in case of PCa patients. Thus, in future it would be interesting to
investigate to assess the prognostic value of GI microbiome in relation to PCa susceptibility using only
diagnostically-con�rmed cases of PCa as compared to normal healthy individuals. Of note, recently,
Sfanos et al. demonstrated difference in GI microbiome compositions in men undergoing treatment with
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androgen deprivation therapies (ADT) commonly used to treat PCa, which may further in�uence
treatment response to oral ADT or to subsequent treatments such as immunotherapy52. In functional
analyses, an enriched representation of bacterial gene pathways involved in steroid biosynthesis and
steroid hormone biosynthesis was observed in the GI microbiome of patients undergoing ADT
therapy52,53. In agreement to this, our study also demonstrated signi�cant enrichment of steroid hormone
biosynthesis pathway in PCa as compared to BPH samples. Prevotella copri is a frequent resident of the
GI microbiome, and its higher prevalence has been consistently reported in non-Westernized
populations54. Moreover, P. copri was found to be strongly associated with rheumatoid arthritis, a
widespread systemic autoimmune disease55. Colonization of mice with P. copri demonstrated increased
susceptibility to chemically induced colitis, signifying a pro-in�ammatory function of this organism55.
Interestingly, our 16S rRNA sequencing results also demonstrated that P. copri was the most abundant
species in both BPH and PCa lesions. In addition, qPCR analyses showed P. copri was signi�cantly
associated with PCa samples, indicating potential involvement of GI microbiota with PCa development
possibly through modulating in�ammatory response.

Intriguing evidence is emerging that indicates a potential association of several human oncogenic viruses
with PCa18,19,21,22,25,56,57. For example, a number of HPV subtypes, several polyomaviruses such as JCV,
BKV and SV-40 as well as herpesviruses including HCMV and EBV were shown to be associated with PCa
samples across the globe18, 20–22,56,58,59. Moreover, the frequency of co-infection of EBV and high-risk
HPV-18 subtype has been shown to be signi�cantly higher in PCa as compared to benign and normal
prostate samples20. In agreement to this, our results also demonstrated that EBV was strongly correlated
with HPV-18 but not with HPV-16 in PCa samples. A recent report by Ishiguro et al. using 30 non-cancer
and 182 PCa tissue specimens suggested that HBV and HCV infection are not linked with PCa
development in Japanese patients60. In contrast, using two different qPCR primer sets our study for the
�rst time demonstrated that HBV infection was signi�cantly associated with PCa development.
Importantly, a number of studies suggested that both HBV and HCV infection can promote androgen
receptor (AR) signaling in hepatocellular carcinoma (HCC). Intriguingly, the gender preference of HCC
differs between HBV and HCV related cases. The male predominance in HBV-linked HCC is signi�cantly
higher than that of HCV-linked HCC61, indicating potential link of AR-signaling and HBV infection. It has
been demonstrated that HBV encoded oncoprotein HBx induces AR-responsive gene expression in an
androgen concentration dependent manner62–64. Targeting the AR signaling axis has been, over decades,
the mainstay of PCa therapy53,65. Although ADT therapy using several speci�c AR inhibitors blocks
further tumor growth for some patients, most patients develop resistance to the treatment and
subsequently develop to castration-resistant PCa (CRPC) associated with poor prognosis65,66. Given that
AR overexpression enables PCa to progress to castration levels of androgen53,66; it would be fascinating
to investigate the role of HBV infection emphasizing its oncoprotein HBx in PCa progression. Altogether, it
is still unclear whether the co-existence of these tumor viruses along with dysbiosis of tissue speci�c
microbiome acts as a promoter or bystander in PCa development. Nevertheless, in order to improve the
treatment strategy as well as development of diagnosis and prognosis markers, it is important, from the
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perspective of genetic etiology, to clarify the connection. Our study clearly revealed that C. taiwanensis,
M. organophylum followed by P. acnes and P. copri were the most correlated bacterial species with the
infection status of EBV and HPV-18 and to lesser extents HPV-16 and HBV in PCa tissue specimens.

In sum, our study demonstrated that dysbiosis of tissue speci�c microbiome is directly linked to prostate
health and disease. Future in-depth investigations with larger sample cohorts of different socio-economic
and ethnic background are required to discern whether the microbiota and/or their metabolites can be
considered as novel biomarkers and therapeutic targets for PCa in Indian scenario. The mechanisms by
which the dysbiosis of commensal microbiota as well as infection of oncogenic viruses facilitate
tumorigenesis through in�uencing systemic in�ammatory state, affecting hormone levels, metabolism as
well as genotoxicity, can provide unique opportunities to explore the microbiome signature for diagnostic,
preventive, as well as expansion of current therapeutic strategies against PCa onset and progression.

Materials And Methods
Ethics Statement: The study was approved by the Institutional Review Board of Institute of Post Graduate
Medical Education & Research (IPGME&R), Kolkata, India. Written informed consent was obtained from
all participants and all methods in this study were performed in accordance with the ethical principles
founded in the Declaration of Helsinki.

Subject recruitment and specimen collection: Affected individuals were recruited at Dept. of Urology,
IPGME&R, Kolkata. Affected individuals with prostatic lesions suspected to have either BPH or PCa
accessible by image-guided biopsy were eligible for inclusion. A standard TRUS-guided 18-core prostate
biopsy with subsequent histopathological analysis was carried out in those with abnormal serum PSA
level (>4.0 ng/ml). All cases included were newly diagnosed patients without any prior treatment before
surgery and diagnosis was based on the histopathological analysis. Individuals with clinical evidence of
prostatic lesions receiving radiotherapy and/or undergoing ADT were excluded. In addition, none of the
patients reported prior known sexually transmitted infection or a recent history of urinary tract infections.
Samples categorized as BPH were being evaluated for suspicion of PCa, but subsequently had a negative
biopsy according to histopathological analysis. Digital images of biopsy slides were reviewed by
genitourinary oncology pathologist. Samples were collected into two cohorts. Cohort 1 (Discovery Cohort)
containing 13 BPH and 33 PCa tissue biopsy samples were subjected to 16S rRNA amplicon sequencing.
Cohort 2 (Validation Cohort) containing 15 BPH and 16 PCa tissue biopsy samples together with Cohort 1
were used for validation using real-time qPCR analyses. The median age of the controls was 68 years
(range 42–78), whereas the PCa cases had a mean age of 70 years (range 55–79). Clinical
characteristics and other information related to both sample cohorts are described in Table S1.

Nucleic acid extraction: A total of 77 formalin-�xed para�n-embedded (FFPE) tissue samples in both
cohorts including 28 BPH and 49 PCa tissue biopsy specimens were received as 10 µm sections on non-
charged glass slides. Genomic DNA was isolated according to the standard procedure as previously
described27. Brie�y, both tissue and �uid samples were homogenized in TNE buffer (50 mM Tris-HCl pH
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7.4, 100 mM NaCl, 0.1 mM EDTA), mixed with 10% SDS and followed by incubation at 650C for 10 min.
Next, 1 mg/ml Proteinase K (Thermo Fisher Scienti�c Inc., Waltham, MA, USA) was added into the
solution and incubated at 370C for overnight. DNA was puri�ed from the solution using 25:24:1 phenol:
Chloroform: isoamyl alcohol (Sigma-Aldrich Corp. St. Louis, MO, USA). Following centrifugation, the
aqueous phase containing the puri�ed DNA was subjected to precipitation using cold Ethanol in the
presence of sodium acetate at -200C for overnight. Subsequently, the precipitated DNA was washed in
70% ethanol and dissolved in 1xTE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA). DNA was then stored in
-200C for future use. The quality and quantity of extracted DNA was determined by agarose gel
electrophoresis and the A260/280 ratio using Synergy H1 Multimode Microplate Reader (BioTek
Instruments, Inc., VT, USA). Approximately 50 ng and 1 ng of DNA from each sample were used for 16S
rRNA amplicon sequencing and real-time qPCR analyses, respectively, as described below.

16S rRNA amplicon sequencing and OTU assignments: For characterization of bacterial populations,
taxonomical analysis, and species identi�cation, different hypervariable regions of 16S rRNA gene were
ampli�ed and sequenced on an Ion GeneStudio S5 System (Thermo Fisher Scienti�c Inc., Waltham, MA,
USA) using Ion 550 Chip after generation of library by two distinct primer sets as per manufacturer’s
instructions. While Set I primer was used for ampli�cation of hyper variable regions V2, V4 and V8, set II
primer was used for hyper variable regions V3, V6-7 and V9. Ion AmpliSeq Libraries were prepared using
an automated Ion Chef system (Thermo Fisher Scienti�c Inc., Waltham, MA, USA) and subsequently
placed in the Ion Chef System for emulsion PCR. The concentration of the amplicons was measured
using Qubit �uorometer (Thermo Fisher Scienti�c Inc., Waltham, MA, USA) and the quality was checked
using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

To assign taxonomy, each unique sequence was mapped using two comprehensive 16S rRNA reference
databases – Greengenes v13.528 and the Thermo Fisher Scienti�c in-house MicroSeq 500 v2013.1.29

Reads were aligned against the databases using MegaBLAST 30. The expectation value (E-value) for the
searches was set to 0.01, and the max target hits value was set to 10030. To assign taxonomy, the
minimum alignment percentage of a read to a subject sequence was set to a threshold of 90. A read was
assigned to a genus only when the identity score of the sequence alignment was at 97% or higher. For
species assignment, the minimum percentage identity of the alignment was set to 99%. The taxonomy
distribution counts or abundance derived from the clustered reads was subsequently transformed into the
relative abundance of the individual species.

Diversity and bacterial enrichment analyses: For statistical analysis MicrobiomeAnalyst31, a web-based
tool for comprehensive analysis of microbiome data, was utilized. ‘Quantitative Insights Into Microbial
Ecology’ (QIIME v1.9.0)32 was used to evaluate alpha diversity including Observed Species, Chao1,
Shannon indexes. While Observed Species and Chao1 indexes are the indicators of species richness,
Shannon index evaluates species diversity. The difference of alpha diversity between groups was
evaluated by Wilcoxon Rank-Sum Test (group number = 2) and Kruskal–Wallis test (n > 2) using SPSS
(version 22).
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To compare microbial compositions between different groups, beta diversity was evaluated by
calculating weighted UniFrac distances33 using Bray-Curtis method from the OTU abundance and utilized
in Principal Component Analysis (PCoA). PERMANOVA algorithm 34 on weighted UniFrac distance
matrices for statistical signi�cance between groups using 999 permutations in QIIME was applied to
generate PCoA plots. The Differential abundance analysis between groups was performed using
Metastats and P-values were adjusted for multiple hypotheses testing using the False Discovery Rate
(FDR) based on the Benjamini-Hochberg. The differential abundances of OTUs and speci�c OTU
enrichment between different groups were determined using LEfSe based on Kruskal–Wallis H test. P-
value and FDR were adjusted to 0.05. The unique bacterial composition among sample groups was
identi�ed using Random Forest classi�cation algorithm 35 within MicrobiomeAnalyst. Galaxy36, an online
tool for metagenomics analysis, was used to build the Cladogram.

Functional pathways prediction: Functional compositions of the bacterial communities among different
groups were predicted using Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States (PICRUSt)37 according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database38

using STAMP v2.1.339. P value and FDR cut off was adjusted to 0.05 level of signi�cance.

Real-time qPCR analyses: Gene-speci�c primers for human Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), bacteria including Kocuria palustris, Cellvibrio mixtus, Cupriavidus taiwanensis,
Methylobacterium organophilum, Prevotella copri, Cupriavidus campinensis, Propionibacterium acnes,
and oncogenic viruses including EBV, HPV-16, HPV-18, HBV, HCV, HTLV-1, KSHV, MCPyV, BKV, JCV were
designed using Primer-BLAST tool in National Center for Biotechnology Information (NCBI) database for
real-time qPCR analyses and are listed in Table S3. qPCR primers were obtained from Integrated DNA
Technologies, Inc. (Coralville, IA, USA). The optimum primer melting temperature (Tm) was set at 60°C
and the maximum GC content was kept at 55%. qPCR analysis was performed using iTaq Universal SYBR
Green Supermix (BIO-RAD, CA, USA) in CFX Connect Real-Time PCR detection System (BIO-RAD, CA, USA)
with the following thermal pro�le – one cycle: 95°C for 10 min; 40 cycles: 95°C for 10 s followed by 60°C
for 10 s; and �nally the dissociation curve at – 95°C for 1 min, 55°C 10 s, and 95°C for 10 s. Unless and
otherwise stated, each sample was performed in duplicate and calculation was made using a -ΔCT
method to quantify relative abundance compared with human genomic GAPDH control. The -ΔCt values
of each sample was plotted using GraphPad Prism 8.0.1 for data output.

Correlation analysis between microbes: Correlation among bacteria and oncogenic viruses were analysed
using R software. Spearman’s rank test was performed using the ΔCt value of both bacteria and viruses.
P value cutoff was adjusted to 0.05 signi�cance level.
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Figure 1

Comparison of prostate microbial ecology among benign prostatic hyperplasia (BPH) and prostate
cancer (PCa) specimens. (A-B) Rarefaction analysis of bacterial 16S rRNA amplicon sequences of (A) 13
BPH (red) and (B) 33 PCa (blue) tissue biopsy samples. Each line represents one sample. (C-F) Box-
Whisker plots of (C) Observed species, (D) Chao 1, (E) Shannon Index and (F) Simpson Index, respectively
among BPH and PCa samples. (G) Principal Component Analysis (PCoA) plot based on weighted UniFrac
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distance matrices with respect to the bacterial abundance and composition among BPH and PCa tissue
biopsy specimens. Axis 1 (PCoA1): 32.6% of variation explained. Axis 2 (PCoA2): 12.1% of variation
explained. (H) The error plots identi�ed from random forest classi�cation analyses of BPH and PCa
samples. Red-line indicates the overall species present in all samples including. While green-line indicates
the distinct species present in BPH samples, purple-line indicates the speci�c species present in PCa
lesions.
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Figure 2

Composition of bacterial communities across samples at the phylum and genus levels. (A-D) Relative
abundance of bacterial communities at the (A-B) phylum and (C-D) genus levels in (A and C) BPH and (B
and D) PCa tissue samples. (E) Association of speci�c microbiota taxa (top 20 bacterial genera) by LEfSe
analyses in BPH and PCa samples. Orange indicates taxa enriched in BPH and green indicates taxa
enriched in PCa.

Figure 3

Cladogram and enrichment analysis of speci�c bacterial species among BPH and PCa lesions. (A-B)
Relative and actual abundance of bacterial communities at the species levels in (A) BPH and (B) PCa
tissue samples. (C) Cladogram derived from LEfSe analyses showing the taxonomic differences among
BPH (red) and PCa (green) tissue biopsy specimens. (D) Association of speci�c microbiota taxa (top 20
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bacterial species) with BPH and PCa samples by LEfSe analyses. Orange indicates taxa enriched in BPH
and green indicates taxa enriched in PCa samples.

Figure 4

Real-time qPCR con�rmation of bacterial species among BPH and PCa lesions. (A-G) Box Whisker plots
(left panels) of species enrichment analysis of (A-D) top two bacterial species identi�ed in LEfSe analysis
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as described in Fig. 3D and (E-G) top three most abundant bacterial species as described in Fig. 3A-B
among BPH (orange) and PCa (green) tissue biopsy lesions of Cohort-1 16S rRNA sequencing results. (A-
G) Relative qPCR analyses (right panels) of (A) Kocuria palustris, (B) Cellvibrio mixtus, (C) Cupriavidus
taiwanensis, (D) Methylobacterium organophilum (E) Prevotella copri, (F) Cupriavidus campinensis and
(G) Propionibacterium acnes among BPH (orange) and PCa (green) samples of both cohort-1 and cohort-
2 using two sets of primers. Speci�c gene primer is indicated on the top of each graph. Primers were
designed using Primer-BLAST tool of NCBI web-portal. PCR calculation was performed by -ΔCT method
to quantify relative abundance of each bacterium using human genomic GAPDH as control. The -ΔCt
values of each sample were plotted using GraphPad Prism 8.0.1.

Figure 5

Predicted functional pathways associated with BPH and PCa lesions. (A) LEfSe analyses of potential
functional pathways associated with BPH (orange) and PCa (green) tissue biopsy samples. Functional
compositions of the bacterial species among different samples groups were predicted using PICRUSt
according to the KEGG database. P value and FDR cut off was adjusted to 0.05 level of signi�cance. (B)
Principal Component Analysis (PCoA) plot comparing the bacterial functions associated with BPH and
PCa tissue biopsy samples. Axis 1 (PCoA1): 80.1% of variation explained. Axis 2 (PCoA2): 17.1% of
variation explained.
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Figure 6

Real-time qPCR analyses of human tumor viruses with two different sets of primers in BPH and PCa
lesions. (A-D) Comparative qPCR data of (A) EBV, (B) HPV-16, (C) HPV-18 and (D) HBV among BPH and
PCa samples of both cohort-1 and cohort-2 using two sets of primers. Speci�c gene primer is indicated
on the top of each graph. Primers were designed using Primer-BLAST tool in NCBI database. PCR
calculation was performed by -ΔCT method to quantify relative abundance of each tumor virus using
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human genomic GAPDH as control. The -ΔCt values of each sample were plotted using GraphPad Prism
8.0.1.

Figure 7

Co-occurrence and co-exclusion analyses between most abundant bacteria and human oncogenic viruses
in normal and diseased prostate lesions. Pearson correlations among EBV, HPV-16, HPV-18 and HBV with
the top 2 most abundant bacterial species identi�ed in LEfSe and qPCR analyses in each group of
normal, BPH, PCa tissue biopsy samples along with normal healthy controls were calculated and
analyzed. Correlation values range from -1.0 (red) to +1.0 (blue). Orange: BPH speci�c; Green: PCa
speci�c.  
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