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RESUMEN 

La infección por el virus del papiloma humano (VPH) es una infección de transmisión sexual 

frecuente y con potencial oncogénico. Si bien su asociación con la microbiota vaginal ha sido 

ampliamente documentada, se sabe poco sobre su relación con la microbiota de la piel del pene 

(MPP). Este estudio exploró si existe disbiosis de la MPP en hombres no circuncidados con 

infección subclínica por VPH. Acudieron un total de 103 hombres de entre 18 y 45 años de 

Mérida, México, de los cuales 70 fueron negativos (68%) y 33 positivos (32%) para VPH. Se 

excluyeron aquellos con VIH, uso reciente de antibióticos o lesiones genitales. Las muestras se 

obtuvieron mediante hisopado del pene y se analizó la MPP a través de secuenciación de 

amplicones de la región v4 gen del gen 16S rRNA. También se empleó metagenómica tipo 

shotgun en un subconjunto de muestras para mayor resolución taxonómica. Los hombres VPH-

positivos mostraron una mayor riqueza microbiana (p = 0.003), especialmente quienes portaban 

genotipos de alto riesgo. El análisis identificó cinco tipos de estado comunitario (CST), y el CST-

5, dominado por bacterias del género Finegoldia, fue el asociado con VPH (OR = 3.11; IC95%: 

1.22–8.22). Este grupo también presentó un aumento en la abundancia de géneros anaerobios 

oportunistas como Peptoniphilus y Anaerococcus, junto con una disminución de comensales 

como Corynebacterium y Staphylococcus. La metagenómica por shotgun confirmó la presencia 

de especies como Finegoldia magna y Peptoniphilus genitalis, así como cepas de 

Staphylococcus no detectadas por 16S. Estos resultados sugieren que la infección por VPH se 

asocia con una disbiosis del PSM caracterizada por un predominio de anaerobios oportunistas y 

pérdida de bacterias comensales, lo que podría afectar la inmunidad local. Aunque el diseño 

transversal impide establecer causalidad, los hallazgos abren nuevas líneas de investigación 

sobre el papel del microbioma en la patogénesis del VPH. Se recomienda continuar con estudios 

longitudinales dirigidos a las especies aquí señaladas para establecer causalidad. 
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ABSTRACT 

Human papillomavirus (HPV) infection is a common sexually transmitted infection with oncogenic 

potential. While its association with the vaginal microbiota has been widely documented in 

women, little is known about its relationship with the penile skin microbiota (PSM) in men. This 

study explored whether there is PSM dysbiosis in uncircumcised men with subclinical HPV 

infection. A total of 103 men aged 18 to 45 years in Mérida, Mexico, participated in the study, of 

whom 70 were HPV-negative and 33 were HPV-positive. Those with HIV, recent antibiotic use, 

or genital lesions were excluded. Samples were obtained by swabbing the penis, and PSM was 

analyzed by sequencing amplicons from the v4 region of the 16S rRNA gene. Shotgun 

metagenomics was also applied to a subset of samples to enhance taxonomic resolution. HPV-

positive men showed greater microbial richness (p = 0.003), especially those carrying high-risk 

genotypes. The analysis identified five community state types (CSTs), and CST-5, dominated by 

bacteria of the genus Finegoldia, was most strongly associated with HPV (OR = 3.11; 95% CI: 

1.22–8.22). This group also showed an increase in the abundance of opportunistic anaerobic 

genera such as Peptoniphilus and Anaerococcus, along with a decrease in commensals such as 

Corynebacterium and Staphylococcus. Shotgun metagenomics confirmed the presence of 

species such as Finegoldia magna and Peptoniphilus genitalis, as well as Staphylococcus strains 

not detected by 16S. These results suggest that HPV infection is associated with PSM dysbiosis 

characterized by a predominance of opportunistic anaerobes and loss of commensal bacteria, 

which could affect local immunity and favor viral persistence. Although the cross-sectional design 

prevents establishing causality, the findings open new lines of research on the role of the 

microbiome in HPV pathogenesis. Longitudinal studies targeting the species identified here are 

recommended to establish causality
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INTRODUCTION 

The human microbiome plays a critical role in health and disease, with microbial communities 

influencing host immunity, barrier integrity, and infection susceptibility. While research on the gut 

and vaginal microbiomes has expanded rapidly in the last decade, other anatomical sites remain 

less understood. One such site is the penile skin, whose microbiota is shaped by local tissue 

structure, hygiene practices, and host immune factors, yet remains relatively understudied (Grice 

& Segre, 2011; Gonçalves et al., 2022). 

HPV is the most common sexually transmitted infection worldwide (Weinstock et al., 2004). In 

men, HPV infections are often transient, but persistent infection can lead to genital warts and 

several cancers, including penile and anal malignancies (Gu et al., 2020). While the relationship 

between vaginal microbiota composition and HPV persistence has been well-documented (Gillet 

et al., 2011; Mitra et al., 2020), much less is known about how microbial communities on the 

penile skin might influence HPV acquisition, persistence, or clearance. This gap is notable, 

particularly given men’s role in HPV transmission and the limited understanding of microbial 

factors that may modulate viral infections at this site (Giuliano et al., 2008). 

The penile skin provides a unique microenvironment, with anatomical and histological variation 

across the penis. In uncircumcised men, the glans supports an anaerobic niche that harbors 

specific bacterial taxa such as Finegoldia and Anaerococcus (Humphrey, 2014; Price et al., 2010). 

Notably, circumcision has been shown to reduce HPV prevalence and alter microbial composition, 

suggesting a possible link between the penile microbiota and HPV infection risk (Castellsagué et 

al., 2002; Hernandez et al., 2008; Price et al., 2010). 

This thesis investigates the composition and structure of the penile skin microbiota in 

uncircumcised men with subclinical HPV infection. Using high-resolution microbiome profiling 

methods, including 16S rRNA gene sequencing and shotgun metagenomics, this work aims to 

characterize the microbial communities present and explore associations with HPV status. The 

findings add to the limited knowledge of microbial communities on the penile skin and their 

potential relationship with HPV. 
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CHAPTER I 

BACKGROUND 
1.1 The human skin as an ecosystem 

Covering over 1.8 m², the skin hosts diverse microhabitats, primarily categorized as dry, moist, or 

sebaceous (Grice & Segre, 2011). The skin is a harsh environment, constantly eroded by hygiene, 

sexual activity, and scratching. Additionally, it is in a perpetual state of shedding and renewal with 

limited nutrients (e.g. sweat, sebum, and skin cells debris). 

Human skin consists of distinct layers: epithelium, epidermis, and dermis. Functionally, physical 

and chemical barriers inhibit microbial growth. The skin’s physical barrier is the stratum corneum, 

the outermost layer of the epidermis, composed of keratinocytes known as squames. Squames 

are flattened, enucleated dead cells replaced roughly every two weeks (Fuchs & Raghavan, 

2002). This layer sheds continuously, making microbial attachment difficult. 

The chemical barrier is primarily formed by sweat gland secretions. While its primary role is 

evaporative thermoregulation, sweat also inhibits microbial growth through salt, electrolytes, and 

acidification (Grice & Segre, 2011). Sebaceous glands also secrete sebum, a lipid-rich substance. 

While sebum primarily coats follicles and lubricates skin, its anoxic nature supports facultative 

anaerobes that hydrolyze triglycerides and release free fatty acids onto the skin (Marples et al., 

1971). These fatty acids help maintain the skin’s acidic pH (approximately 5.6). Some 

commensals metabolize these fatty acids and release antimicrobial compounds, forming an 

additional microbial barrier against foreign microbes (Bomar et al., 2016). This resident microbial 

community is the skin microbiota. 

 The penile shaft might be different ecosystems compared to other skin sites 

From a histological standpoint, the glans and penile shaft are different. The penile shaft is covered 

by thin, glandular skin containing sweat glands (Dinotta et al., 2013), whereas the glans is a 

mucosal surface lined by partially keratinized squamous epithelium without adnexal structures 

(Humphrey, 2014). In uncircumcised men, the prepuce creates a protected interspace, further 

differentiating the glans microenvironment. 
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The most relevant aspect may be smegma production at the base of the glans (corona) by 

sebaceous glands. Smegma is an oily mix of shed skin cells, oils, and moisture (Fahmy, 2020). 

Smegma can accumulate and trigger inflammation, likely by promoting bacterial growth. 

Circumcision does not prevent smegma production but may reduce its buildup by easing hygiene. 

The glans and shaft differ in ecosystem conditions (e.g., sweat vs. sebaceous glands, exposed 

vs. covered), potentially sustaining distinct microbiota. 

Circumcision lowers the anaerobic bacterial load in the glans (Price et al., 2010). Among the few 

studies characterizing penile skin microbiota (~10), none distinguish between shaft and glans 

communities. Most protocols pool samples from both sites into a single collection (Gonçalves et 

al., 2022). This methodological shortcut may mask anatomical differences in microbiota 

composition across studies. 

 Dysbiosis: when the skin ecosystem equilibrium is compromised  

Environmental equilibrium can be disrupted by antibiotics, skin trauma, or pathogen colonization, 

leading to dysbiosis. Dysbiosis refers to a harmful shift in the resident microbial community, 

typically involving loss of commensals, rise of pathobionts, or reduced diversity (Petersen & 

Round, 2014). Ecologically, dysbiosis represents a disruption in microbial equilibrium that 

overwhelms the system’s resistance and resilience, often due to environmental or host-related 

stressors, resulting in persistent shifts toward a new stable state (potentially harmful) (Levy et al., 

2017). 

Skin disorders can emerge when the commensal microbiota becomes dysbiotic. For example, 

psoriatic lesions show an imbalance between Corynebacterium and Cutibacterium (Quan et al., 

2020). This finding is counterintuitive, since Corynebacterium is a common skin symbiont; 

however, certain species can drive inflammation in response to host physiology (Ridaura et al., 

2018). Another notable feature of the skin microbiota in clinical settings is that certain species or 

strains can be harmful, making accurate identification essential. 
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1.2 The penile skin microbiota (PSM) 

 The skin microbiota is a conserved community 

The skin microbiota includes four dominant phyla: Actinobacteria, Firmicutes, Proteobacteria, and 

Bacteroidetes. Among these, the most prevalent skin genera are Corynebacterium and 

Cutibacterium (both in Actinobacteria, with the latter formerly known as Propionibacterium), and 

Staphylococcus (Firmicutes) (Grice et al., 2009). 

Despite the skin’s harsh environment, its microbiota is well adapted, with each genus utilizing 

nutrients from sebum or sweat. Staphylococcus is a facultative aerobe that thrives in moist areas. 

Cutibacterium is anaerobic but aerotolerant, preferring sebum-rich sites. Meanwhile, 

Corynebacterium species are generally aerobic or facultatively anaerobic and inhabit both sebum-

rich and moist areas (Byrd et al., 2018; Swaney et al., 2023). These niche preferences shape the 

spatial organization of skin microbiota. As a result, the skin microbiota is conserved rather than 

acquired, due to its adaptation to the skin’s unique environment (Oh et al., 2016). 

The skin microbiota not only resides on the skin but also performs key functions, including 

producing antimicrobial compounds and metabolites that modulate immune signaling (Bomar et 

al., 2016; Ridaura et al., 2018). 

 The penile skin microbiota appears to be more diverse than that of other regions of the 

skin 

Penile skin microbiota composition has been examined in a limited number of studies (reviewed 

in Gonçalves et al., 2022). To date, no studies have specifically characterized the normal penile 

skin microbiota or its ecosystem, as most available data come from comparisons across clinical 

conditions (Carda-Diéguez et al., 2019; Ghemrawi et al., 2021; Kigozi et al., 2020; C. M. Liu et 

al., 2015, 2017; Mehta et al., 2022, 2020; Nelson et al., 2012; Onywera, Williamson, Cozzuto, et 

al., 2020; Onywera, Williamson, Ponomarenko, et al., 2020; Price et al., 2010; Prodger et al., 

2021; Watchorn et al., 2021; Zozaya et al., 2016).  

The penile microbiota remains poorly defined, partly due to limited studies addressing its 

anatomical niches, such as moist or sebaceous regions. Notable features include smegma 
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production or accumulation at the glans and moisture along the shaft; sexual practices (e.g., 

vaginal, anal, oral) may also enrich the microbiota. These conditions may support a distinct 

microbial community compared to other skin sites (Grice & Segre, 2011; Harris-Tryon & Grice, 

2022). The most common families include Corynebacteriaceae, Prevotellaceae, Clostridiales 

Family XI, Porphyromonadaceae, Staphylococcaceae, Bifidobacteriaceae, and Lactobacillaceae 

(Nelson et al., 2012; Onywera, Williamson, Ponomarenko, et al., 2020; Price et al., 2010). 

Frequently reported genera include Staphylococcus, Corynebacterium, Finegoldia, 

Anaerococcus, Prevotella, Lactobacillus, Peptoniphilus, and Dialister, with less frequent detection 

of Porphyromonas, Mobiluncus, and Peptostreptococcus. No studies to date have characterized 

penile bacterial communities at the species or strain level. 

 Anaerobic opportunistic pathogens 

Several Gram-positive anaerobic cocci (GPAC), once considered benign commensals of the skin 

and mucosa, have emerged as significant opportunistic pathogens, particularly in dysbiotic 

conditions. Key genera include Anaerococcus, Finegoldia, Peptoniphilus, Parvimonas, and 

Peptostreptococcus (Murphy & Frick, 2013). These bacteria are strict anaerobes, incapable of 

growth in oxygenated environments, yet often thrive in polymicrobial biofilms where oxygen is 

depleted by aerobic colonizers such as Staphylococcus or Streptococcus spp. (Murphy & Frick, 

2013). 

Anerococcus spp., including A. vaginalis and A. lactolyticus, are frequently isolated from chronic 

wounds and biofilms (Dowd et al., 2008; A. Han et al., 2011). These bacteria are weakly 

saccharolytic, indole-negative, and produce butyrate as a major metabolic end product (Ezaki et 

al., 2001). Peptoniphilus spp., especially P. harei and P. ivorii, dominate in pressure ulcers, and 

some species like P. indolicus have been recovered from eye discharges and vaginal infections 

(Dowd et al., 2008; Murdoch et al., 1988). They do not ferment carbohydrates and rely on 

peptones and amino acids (Murphy & Frick, 2013). 

Finegoldia magna, considered the most pathogenic GPAC, is frequently found in pure cultures 

from abscesses and bone or joint infections  (Brazier et al., 2008). While strictly anaerobic, it 

shows some aerotolerance (Murdoch, 1998). Although not typically facultative, some GPAC 

demonstrate enhanced survival in oxygen-limited conditions and contribute significantly to chronic 
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skin infections by forming polymicrobial communities that impair healing (A. Han et al., 2011; 

Murphy & Frick, 2013). 

1.3 Human Papillomavirus (HPV) 

 General characteristics 

HPV is a non-enveloped, double-stranded DNA virus with a genome of approximately 8 kb. Its 

circular genome encodes eight proteins: E1–E7, involved in replication, transcription, and cellular 

transformation; and L1 and L2 capsid structural proteins. It also contains a noncoding regulatory 

region known as the long control region (Brianti et al., 2017).   

Human papillomaviruses belong to the family Papillomaviridae, formally recognized by the 

International Committee on Taxonomy of Viruses (ICTV). Within this hierarchy, they are placed in 

distinct taxonomic ranks that include family, genus,  species and types, following standardized 

rules for viral classification (Bernard et al., 2010). Their classification is based on sequence 

variation of the L1 gene (Arroyo Mühr et al., 2021; Burk et al., 2013), which provides a conserved 

yet discriminative region suitable for phylogenetic analysis. 

ICTV guidelines use percentage identity thresholds to separate taxonomic levels (Table 1.1) 

Papillomaviruses within the same species share 71–89% L1 nucleotide identity, while members 

of the same genus share more than 60% but less than 71% identity. Viruses below 60% identity 

belong to different genera. These cutoffs, combined with phylogenetic tree topology and biological 

features, ensure precise and reproducible placement of each papillomavirus within the official 

taxonomic hierarchy. As of November 2025, the International HPV Reference Center had 

recognized 229 HPV genotypes, while GenBank listed approximately 800 unique putative types 

(Arroyo Mühr et al., 2021). HPV genotypes are commonly classified as high-risk (HPV-HR) or 

low-risk (HPV-LR) in scientific literature.   
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Table 1.1. Taxonomy and homology percentage of HPV 

Taxonomic 
Level 

L1 Gene Identity Percentage 

Genus Members of the same genus share more than 60% L1 identity 

Species Members of the same species share 60% to 70% L1 identity 

Type Distinct types within the same species must share 71% to 89% L1 identity 

Variant For a variant of a known type to exist, the L1 identity must differ by less than 2% 

Human papillomaviruses (HPVs) can also be grouped according to their clinical relevance into 

high-risk (HR) and low-risk (LR) types (de Sanjosé et al., 2018). HPVs are also broadly classified 

as mucosal, infecting the anogenital tract and upper aerodigestive mucosa, or cutaneous, 

affecting keratinized skin and causing warts on the hands, feet, or other skin surfaces (Gheit, 

2019). This functional classification reflects their typical disease associations or tissue tropism 

rather than strict taxonomic placement. HR types, such as HPV16 and HPV18, are strongly linked 

to the development of malignant lesions, including cervical, anogenital, and oropharyngeal 

cancers. They can integrate into the host genome and disrupt cell cycle regulation through the 

expression of oncogenes (Münger et al., 2004). In contrast, LR types, such as HPV6 and HPV11, 

are typically associated with benign lesions like genital warts (Egawa & Doorbar, 2017). A more 

comprehensive list of types is presented in Table 1.2. 

Table 1.2 Classification of Human papillomaviruses types by oncogenic risk and tissue tropism 

Category HPV Types 

High risk 
(confirmed 

carcinogens) 
16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 

Possible high 
risk 

26, 30, 34, 53, 66, 67, 68, 69, 70, 73, 82, 85, 97 

Low risk 
mucosal 

6, 11, 40, 42, 43, 44, 54, 61, 72, 81, 89 

Low risk 
cutaneous 

1, 2, 3, 4, 7, 10, 27, 28, 29, 41, 57, 63 
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 HPV and its clinical manifestations 

HPV is transmitted through direct skin-to-skin or skin-to-mucosa contact. Infection begins when 

the virus enters the basal epithelial layer, typically through microlesions in the upper strata. Most 

men remain asymptomatic (Giuliano et al., 2010), and 75% clear the infection within a year 

(Giuliano et al., 2008). However, some men develop clinical disease, typically presenting as 

genital warts or, less commonly, cancer. 

References to genital warts appear in classical medical literature, beginning with Hippocrates 

(460–370 BC), who described anal warts as condylomas (Littré, 1861). Genital warts are benign 

lesions caused mainly by HPV genotypes 6 and 11. However, their high transmission and 

recurrence rates can significantly impact quality of life, particularly in individuals with 

compromised immunity, such as those with HIV, where clearance is impaired (Abu El-Hamd et 

al., 2019). Although benign, genital warts often pose a psychological burden due to their visible 

and occasionally disfiguring appearance (Jeynes et al., 2009). 

Genital warts also pose a burden for sexual partners due to their high transmissibility. For 

example, among heterosexual couples, 68% of male partners of women with genital warts also 

had warts (Krebs & Helmkamp, 1991). Similarly, up to 64% of sexual partners develop warts 

(Oriel, 1971). Men with a history of genital warts or asymptomatic infection have an increased risk 

of acquiring new HPV infections, suggesting that warts may act as reservoirs for self-inoculation 

(Brenda Y. Hernandez et al., 2011). 

HPV infections are linked to anogenital cancers, including cervical, vulvar, vaginal, penile, and 

anal cancer. In men, HPV has been detected in 50% of penile cancer lesions (W. Gu et al., 2020). 

Penile cancer is more commonly diagnosed in men over 60 (Ingles et al., 2015), while genital 

warts are more prevalent among younger men aged 18–30 (Anic et al., 2011). Men with 

subclinical infection represent the largest group and have the greatest impact on infection 

dynamics. Therefore, this thesis focuses exclusively on subclinical infections. 
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1.4 Microbiota and HPV  

 Microbiota and viral infections 

Microbial symbionts, viruses, and human cells inevitably interact within their shared environment, 

though not always directly. 

Direct interactions between viruses and microbiota can either enhance or inhibit viral infectivity 

(Robinson & Pfeiffer, 2014). For example, the mouse mammary tumor virus (MMTV) relies on 

commensal microbiota for effective transmission, as germ-free mice cannot be infected through 

the natural route (Kane et al., 2011). Similarly, bacterial flagellin increases viral attachment to 

human epithelial cells (Benedikz et al., 2019). 

Viruses can also benefit indirectly when the microbiota enters a dysbiotic state. Such dysbiosis 

may initiate or sustain disease by disrupting microbiota-driven immune regulation. In this 

disrupted environment, beneficial commensals decline while pathobionts emerge, contributing to 

disease. 

Studies on HPV and vaginal microbiota have shown that shifts from a Lactobacillus-dominant 

community, along with increased species richness, were associated with HPV acquisition (Gillet 

et al., 2011). Lactobacillus-dominant communities maintain low vaginal pH by producing lactic 

acid. When dysbiosis disrupts this balance, pH increases, creating a more permissive 

environment for pathogens (Łaniewski et al., 2018). 

To date, only one study has examined the relationship between microbiota and HPV in men 

(Onywera, Williamson, Cozzuto, et al., 2020). However, the cohort included men over 60 and 

some individuals co-infected with HIV. As a result, no study has exclusively investigated the penile 

skin microbiota in HPV-positive, but HIV-negative men. 

Onywera et al. (2020) reported an increased abundance of anaerobes (Prevotella, Peptoniphilus, 

and Dialister) alongside reduced Corynebacterium, indicating a dysbiotic state. They also applied 

community state type (CST) analysis, finding that CST-1, dominated by Corynebacterium, had 

fewer HPV-positive samples, though HPV was detected across all CSTs. Overall, evidence linking 

penile skin microbiota to HPV remains limited. 
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IMPORTANCE OF THE PRESENT STUDY 

HPV is the most common sexually transmitted virus, posing a significant health burden for both 

men and women (Weinstock et al., 2004). Although men face a lower risk of HPV-related cancers, 

they contribute to its transmission while asymptomatic. 

In women, HPV infections are linked to vaginal microbiota dysbiosis; however, it remains unclear 

whether subclinical HPV infections in men are associated with shifts in the penile skin microbiota 

(PSM). This question is relevant because sexual partners may be exposed not only to the virus 

but also to an altered microbiota, with unknown consequences. To date, only one study has 

compared the PSM of subclinical HPV-positive and HPV-negative men, reporting increased 

abundance of Prevotella, Dialister, and Peptoniphilus in HPV-positive samples. However, the 

results are inconclusive due to inclusion of men co-infected with HIV and HPV. Additionally, the 

study focused exclusively on men who have sex with women (MSW), excluding men who have 

sex with men (MSM), a group at higher risk for HPV-related conditions (Meites et al., 2022). This 

study aims to determine whether PSM of the shaft is associated with HPV infection, providing a 

basis for future causal inference models and in vivo experimentation. 

This thesis will contribute to the field by: (1) generating HPV infection data from Yucatecan men, 

including both MSW and MSM; (2) identifying taxonomic groups associated with subclinical HPV 

infections; and (3) expanding current knowledge of microbiota profiles linked to HPV infection. 
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GENERAL OBJECTIVE AND SPECIFIC OBJECTIVES 

To characterize potential patterns of dysbiosis in the penile skin microbiota associated with 

subclinical HPV infections in uncircumcised men. 

SPECIFIC OBJECTIVES 

● To compare microbial diversity (alpha and beta diversity) between HPV-positive and HPV-

negative uncircumcised men.  

● To characterize the bacterial composition of the penile skin microbiota in uncircumcised men 

with subclinical HPV infection 

● To identify differentially abundant bacterial taxa (genera/ASVs) associated with subclinical 

HPV infection. 

● To explore the taxonomic profiles of pooled penile skin samples using shotgun metagenomics 

in order to identify key taxa at the lowest possible taxonomic level 
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STUDY DESIGN  

1.1. Study rationale  

We hypothesized that subclinical HPV infection is associated with dysbiosis of the PSM, 

characterized by an increased abundance of anaerobic opportunistic bacteria and a reduction in 

beneficial commensals. The analysis began at the community level to identify differences in the 

diversity metrics between HPV-negative and HPV-positive penile skin microbiota. Alpha diversity 

metrics were assessed by HPV status, providing an overview of species richness (S) and diversity 

(H’) using the Shannon index. Greater richness reflects a higher number of species, while 

increased diversity with constant richness indicates greater evenness (i.e., more balanced 

species proportions). Subsequently, to characterize the bacterial composition of the penile skin 

microbiota a Community State Type (CST) analysis was performed to cluster samples based on 

similarity; highlighting potential microbiota-HPV associations. Next, a taxa-specific analysis was 

conducted to identify taxonomic groups of interest. These groups are selected based on 

differential abundance analysis.  

Once the 16S survey is completed, we expect to identify candidate genera or ASVs associated 

with HPV subclinical infection. However, 16S-based profiling is inherently limited in its taxonomic 

resolution, often failing to discriminate at the species or strain level. This limitation is critical, as 

clinical relevance and mechanistic hypotheses frequently depend on fine-scale taxonomic 

identification. Therefore, the final part of this thesis will focus on exploring the possibility of refining 

these taxonomic classifications through shotgun metagenomics. By employing this approach, we 

can analyze longer genomic fragments and obtain richer genetic information, which could lead to 

more accurate taxonomic classification. This higher-resolution data will allow us to identify species 

or strain-level features potentially linked to HPV infection, providing a foundation for future 

hypothesis-driven studies and targeted microbiome manipulation.  

1.2. Participants and sample collection  

The project was approved by the ethics committee of the “Centro de Investigaciones Regionales 

Dr. Hideyo Noguchi” of the “Universidad Autónoma de Yucatán” (identification number: CEI- 01-

2020).  
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To address the study objectives, we employed a multi-dataset strategy based on a cohort of 103 

participants, including 70 HPV-negative and 33 HPV-positive individuals. Among the HPV-

positive group, 33 tested positive in the penile shaft and 26 in the glans. To avoid confounding 

factors, these samples were analyzed separately, with one chapter dedicated to the glans and 

another to the penile shaft. 

A recruitment campaign under the slogan in spanish “Por ti, por los que amas: Detección VPH en 

Hombres” (For you, for those you love: HPV Screening in Men) was conducted via social networks 

(Facebook™) to invite sexually active men aged 18-45 living in the city of Merida, Mexico (Figure 

1.1). Exclusion criteria were: presence of genital warts, HIV positivity, antibiotic use within the 4 

weeks prior to sample collection, and the presence of genital lesions. Enrolled participants were 

instructed to abstain from sexual intercourse and refrain from genital hygiene for 24 hours prior 

to sample collection. 

Trained project staff obtained two samples by swabbing the penile glans or the penile shaft of 

each subject with a flocked dacron swab moistened with saline solution. One sample was 

preserved in 50% ethanol, while the other sample was preserved in DNA/RNA shield solution 

(Zymo Research).   

 

Figure 1.1 Cover photo from the Facebook page “Por ti, por los que amas: Detección VPH en 
Hombres” 
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1.3. Detection of HPV DNA and genotyping 

DNA from samples preserved in ethanol was extracted for HPV identification using a commercial 

kit (DNeasy Blood & Tissue, Qiagen). DNA quantification and purity were determined using a 

Nanodrop 2000 (Thermo) spectrophotometer. DNA quality was assessed by amplifying the 

human beta-globin gene (Saiki et al., 1986).  The presence of HPV was determined using classical 

PCR with two pairs of universal primers targeting the genes L1, MY09/MY11 and L1C1 (Husnjak 

et al., 2000). Negative controls included PCR reactions without DNA, while the positive control 

comprised the HPV-16 genome cloned in the pBR322 vector (kindly donated by E.M. De Villiers).  

HPV genotyping was performed using a proprietary real-time PCR assay (Biomédicos de Mérida 

S.A. de C.V., a certified diagnostic laboratory under ISO 15189:2012). The assay detects high-

risk HPV genotypes (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82) and low-risk 

genotypes (6, 11, 13, 40, 42, 43, 44, 54, 61, 70, 72, 81, 84, 89, and 91). Men who had at least 

one high risk genotype were considered as HR-HPV positive, and only those who had only low 

risk genotypes were considered low risk.  

1.4. 16S rRNA amplicon sequence analyses 

Sequence analyses were performed using R 4.2.2 (Team, 2013). Raw pair-end sequences were 

processed in DADA2 1.18 (Callahan et al., 2016) for denoising, merging, and chimera removal. 

Reads were trimmed (truncLen = c(230, 130)) to maintain Phred scores >20. ASV inference used 

pooled reads dada(pool = TRUE) for sensitive variant detection. Sequences were merged (≥50 

bp overlap), and chimeras were removed removeBimeraDenovo(method="pooled", 

minFoldParentOverAbundance = 8). 

Classification was performed using the implementation of the RDP naive Bayesian classifier in 

DADA2 to search ASVs against the Silva database 138.1 (Quast et al., 2013), 

assignTaxonomy(minBoot= 50). Samples were rarefied to the depth of the sample with the lowest 

number of reads. Finally, to capture general patterns of the resident microbiota and to remove 

species that might be unique to an individual, ASV’s were filtered out if they were present in less 

than 10% of the samples.  
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Alpha diversity metrics (Observed species, Chao1 and Shannon diversity) were calculated using 

the vegan package (Oksanen et al., 2007). A Non-metric multidimensional scaling (NMDS) based 

on Jensen-Shannon divergence distance with permutational multivariate analyses of variance 

(PERMANOVAs) was constructed using vegan. The Jensen-Shannon divergence was selected 

over Bray-Curtis as a beta diversity metric because it measures compositional differences by 

considering subtle shifts across the entire microbial community, including less abundant taxa. 

This sensitivity is particularly valuable when detecting early or subclinical dysbiosis associated 

with HPV infection, where ecological changes may be subtle yet meaningful. 

1.5. Statistical analyses 

The statistical analyses were performed using R 4.2.2 and the rstatix package (Kassambara, 

2019). Comparison of the HPV and negative characteristics were conducted using Fisher’s exact 

test. Linear regression models were constructed using the lm function from the base R package 

to assess the relationships between diversity metrics and predictor variables, including HPV 

status, HPV risk based on genotype, and sexual preference.  

For each diversity metric (observed species, Chao1, and Shannon diversity), separate models 

were fitted as follows: lm(div_metric ~ hpv_status + sex_pref) this model evaluated the 

association between HPV status (positive or negative) and microbial richness, controlling for 

sexual preference. lm(div_metric ~ hpv_risk + sex_pref) this model evaluated the association 

between HPV risk (high-risk, low-risk, or negative) and microbial richness, controlling for sexual 

preference.  

For community composition comparisons, the Adonis nonparametric test was used. The distance 

matrix was used to calculate the effect size (R² value) that showed the extent of variation 

explained by the metadata category.   
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CHAPTER II 
Alpha and beta diversity of the penile glans microbiota in relation to HPV 
infection 

2. INTRODUCTION 

The glans is a mucosal surface that differs histologically and immunologically from the keratinized 

shaft skin. It is lined by partially keratinized squamous epithelium and lacks adnexal glands 

(Humphrey, 2014; Dinotta et al., 2013). In uncircumcised men, the preputial space creates a 

moist, low-oxygen niche conducive to anaerobic colonization (Price et al., 2010; Fahmy, 2020). 

Smegma, composed of exfoliated cells and lipids, may accumulate and promote inflammation 

when not properly cleared in uncircumcised men (Fahmy, 2020).  

A clinically relevant remark is that circumcision reduces HPV risk (B. Y. Hernandez et al., 2008); 

this environmental shift is accompanied with a decreased load of anaerobic bacteria. Despite its 

clinical relevance, the microbial ecology of the glans remains poorly characterized, partly because 

sampling often combines swabs from the shaft and glans, potentially masking region-specific 

microbial signatures (Gonçalves et al., 2022). 

Previous studies in women have shown that a shift away from protective Lactobacillus-dominated 

communities with increased microbial richness correlates to persistent HPV infection, suggesting 

that viral persistence can be influenced by local microbiota (Gillet et al., 2011; Mitra et al., 2020). 

However, evidence for analogous interactions at the male genital mucosa remains scarce. 

Notably, studies examining penile microbiota in relation to HPV infection often include 

confounding factors such as circumcision status, HIV coinfection, or advanced age (Onywera et 

al., 2020; Liu et al., 2017). As such, whether subclinical HPV infection is associated with 

measurable microbial alterations in the glans of HIV-negative, uncircumcised men remains an 

open question. 

This chapter explores that gap by analyzing the glans microbiota at the community level, using 

ecological metrics to assess diversity and composition. Alpha diversity metrics (such as observed 

richness and the Shannon index) capture within-sample variability, while beta diversity compares 

differences across individuals. Dysbiosis may manifest as increased richness due to colonization 
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by opportunistic taxa, or as altered community structure marked by the dominance of specific 

groups (Petersen and Round, 2014; Levy et al., 2017). By applying these metrics, we aim to 

determine whether subclinical HPV infection is associated with ecological disruption in the glans 

microbiota. 

3. METHODS 

Samples were processed as described in the study design section. In this chapter, samples were 

rarefied to 8,812 reads, the depth of the sample with the lowest number of reads.  

4. RESULTS  

4.1. General characteristics of the study population 

A total of 96 men were included in the study. Their basic characteristics are shown in Table 2.1. 

The median age was 29 years. HPV was detected in 26 (27%) men, with 10 high-risk, 5 low-risk, 

and 11 untyped infections (Table 2.2). 

Sexual preference was the only factor significantly linked to HPV status (Fisher’s test, p > 0.05). 

Men who have sex with women (MSW) were 4.31times (95% CI: 1.34-15.25) more likely to be 

HPV positive than men who have sex with men (MSM). Consequently, subsequent multiple linear 

regression models were adjusted to control for the effect of sexual preference. 
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Table 2.1 General characteristics of the male population studied.  

 

*Sum of previous and current sexual partners. P values are calculated using Fisher's exact test 

General characteristic # HPV-negative (%) # HPV-positive (%) p.value 

Sampled men 70 (72.9%) 26 (27.1%)  

Age   0.93 

20-24 13 (13.5%) 5 (5.2%)  

25-29 27 (28.1%) 8 (8.3%)  

30-49 30 (31.2%) 13 (13.5%)  

Sex of sexual partners   0.01  

Men who have sex with men (MSM) 28 (29.2%) 4 (4.2%)  

Men who have sex with women (MSW) 42 (43.8%) 22 (22.9%)  

Number of sexual partners*   0.14 

0-4 9 (9.4%) 1 (1.0%)  

5-9 18 (18.8%) 7 (7.3%)  

10-19 22 (22.9%) 7 (7.3%)  

<20 20 (20.8%) 11 (11.5%)  

Tobacco use   0.36 

Non-smoker 47 (46%) 21 (21%)  

Smoker 23 (22%) 5 (5%)  
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Table 2.2 Low and High risk genotypes  

Code Genotypes HPV-risk 

VM 3 40, 84 Low risk 

VM 9 58 High risk 

VM 10 52, 59, 66, 89 High risk 

VM 30 31, 52 High risk 

VM 50 6, 53, 91 Low risk 

VM 61 91 Low risk 

VM 62 43, 51, 56, 84, 91 High risk 

VM 65 51, 61, 84 High risk 

VM 68 45, 51, 73, 91 High risk 

VM 100 66 Low risk 

VM 113 45, 84 High risk 

VM 130 33 High risk 

VM 148 16, 66, 89, 91 High risk 

VM 162 13, 43, 45, 53, 
66, 84, 91 

High risk 

VM 186 NA — 

VM 50 NA — 

VM 59 NA — 
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NA=No amplify any genotype 

Genotypes considered as High-risk 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 59 

  

VM 115 NA — 

VM 150 NA — 

VM 155 NA — 

VM 41 NA — 

VM 120 NA — 

VM 190 NA — 

VM 88 NA — 



   

 

 

      

 

21 

4.2. Alpha diversity  

We used multiple linear regression to assess the association between HPV infection and microbial 

diversity, adjusting for sexual preference (MSM vs MSW). Compared to HPV-negative 

participants, HPV-positive men showed no significant associations with any alpha diversity indices 

(Table 2.3), though Shannon diversity trended higher (coefficient = 0.28, p = 0.07).  

To examine differences by HPV genotype, we stratified a second set of models by risk group, 

using HPV-negative men as the reference (Table 2.4). Men with high-risk HPV (HR-HPV) had 

significantly higher diversity than HPV-negative men in three of four metrics: observed species 

(coefficient = 10.04, p = 0.02), Shannon diversity (0.48, p = 0.04), and Pielou’s evenness (0.10, p 

= 0.03). Low-risk HPV (LR-HPV) was not associated with any diversity measures, and sexual 

preference remained non-significant across all models. 

Despite significant associations for HR-HPV, the overall models did not reach statistical 

significance (Table 2.5), suggesting HPV status and sexual preference explained little variance.   
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Table 2.3 Multiple linear regression analysis for the relationship between HPV status, sexual 
preference, and microbial diversity.  

Diversity metric Variable Coefficient Standard error p-value 

Species Observed HPV status (Positive) 6.16 3.40 0.96 

 Sexual preference (MSW) -0.14 3.60 0.08 

Species richness 
(Chao1) HPV status (Positive) 4.68 4.06 0.25 

 Sexual preference (MSW) -1.54 4.29 0.72 

Shannon HPV status (Positive) 0.28 0.16 0.07 

 Sexual preference (MSW) -0.03 0.16 0.81 

Evenness HPV status (Positive) 0.06 0.03 0.06 

 Sexual preference (MSW) -0.008 0.03 0.81 

Results from multiple linear regression models assessing the relationship between HPV status, sexual 
preference, and microbial diversity (Observed species, species richness (Chao1), Shannon, and Pielou 
evenness) adjusting for sexual preference (MSM). Coefficients, standard errors and p.values for each 
model are shown, significant values are in bold. MSW: Men who have sex with women.  
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Table 2.4 Multiple linear regression analysis for the relationship between HPV genotypes and 
microbial diversity.  

Diversity metric Variable Coefficient Standard error p-value 

Species Observed LR-HPV -1.32 5.40 0.80 

 HR-HPV 10.04 4.45 0.02 

 Sexual preference (MSW) -3.69 3.74 0.32 

Species richness (Chao1) LR-HPV -2.67 6.64 0.69 

 HR-HPV 8.28 5.47 0.13 

 Sexual preference (MSW) -5.51 6.60 0.23 

Shannon LR-HPV -0.01 0.27 0.96 

 HR-HPV 0.48 0.23 0.04 

 Sexual preference (MSW) -0.08 -0.44 0.65 

Evenness LR-HPV 0.001 0.05 0.98 

 HR-HPV 0.10 0.04 0.03 

 Sexual preference (MSW) -0.01 0.04 0.80 

Results from multiple linear regression models assessing the relationship between HPV genotypes (LR and 
HR vs. Negative) and microbial diversity (Observed species, species richness (Chao1), Shannon, and 
Pielou evenness), adjusting for sexual preference (MSM). Coefficients, standard errors and p.values for 
each model are shown, significant values are in bold. Negative HPV status was used as the reference 
group. MSW: Men who have sex with woman. 



   

 

   

 

Table 2.5 Models summary for multiple linear regression analysis evaluating the relationship 
between HPV genotypes and microbial diversity.  

 

Residual Std. Error R2 (Adjusted) F-statistic (DF) Model p-value 

Observed species 11.19 0.054 1.86 (3, 42) 0.15 

Chao1 richness 13.76 0.003 1.06 (3, 42) 0.37 

Shannon 
0.578 0.040 1.63 (3, 42) 0.19 

Pielou's evenness 
0.122 0.049 1.78 (3, 42) 0.16 

Note: None of the models reached statistical significance (all p > 0.15), indicating that HPV risk group and 

sexual preference explained only a small portion of the variability in microbial diversity. 
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4.3. Beta diversity  

NMDS ordination revealed overlapping in microbial community composition between HPV-

positive and HPV-negative individuals (Figure 2.1). The PERMANOVA analysis revealed no effect 

of infection status on microbial composition (adonis2: R² = 0.03513, p = 0.09). The PERMANOVA 

was not significant when evaluating according to genotype risk (adonis2 p = 0.385). 

 

 

Figure 2.1 Beta diversity of the penile glans on a NMDS computed by Jensen-Shannon 
distance of the glans microbiota. Ellipses represent 95% confidence intervals.  HPV-positive 

samples are closer together compared to HPV-negative samples (adonis2 R² = 0.03513, p = 

0.09).  
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5. DISCUSSION  

This cross-sectional study is the first to examine the relationship between subclinical HPV 

infection and the microbial ecology of the penile glans in uncircumcised, HIV-negative men. The 

analysis aimed to identify signs of dysbiosis in the glans microbiota associated with HPV infection. 

Exploratory analyses showed no differences in alpha diversity metrics between HPV-positive and 

HPV-negative men. None of the global regression models reached statistical significance (F-test 

p > 0.05), and intra-group variability was substantial. These results do not provide conclusive 

evidence of diversity differences linked to HPV infection and highlight the need for studies with 

larger populations to clarify potential microbial shifts associated with specific HPV genotypes. 

In microbial ecology, dysbiosis can appear as changes in alpha diversity, indicating colonization 

by opportunistic taxa or reduced diversity associated with community restructuring (Petersen and 

Round, 2014; Levy et al., 2017). Metrics such as observed richness and the Shannon index 

quantify within-sample diversity. Studies of the vaginal microbiota have demonstrated that 

persistent HPV infection is associated with both increased richness and a loss of protective 

Lactobacillus dominance (Gillet et al., 2011; Mitra et al., 2020), indicating that viral establishment 

is driven by changes in the microbiota. This chapter applies the same framework to the penile 

glans. 

Beta diversity analyses showed no significant compositional differences between HPV-positive 

and HPV-negative individuals (PERMANOVA R² = 0.035, p = 0.09), nor when stratified by 

genotype risk (p = 0.385). The strong overlap in NMDS ordination supported the compositional 

stability of the glans microbiota despite HPV infection, within the limits of a cross-sectional design. 

This anatomical resilience is biologically plausible. The glans, a partially keratinized mucosal 

surface without adnexal glands (Humphrey, 2014; Dinotta et al., 2013), resides in a semi-

anaerobic niche enclosed by the preputial space in uncircumcised men (Price et al., 2010). These 

features may confer resistance to environmental perturbations, unlike the more exposed, 

glandular, sweat-rich shaft.  

A major challenge in this study was the anatomical discordance in HPV detection, with many 

participants testing positive at one site but negative at the other. This discordance complicates 

ecological interpretation, as HPV stage (acquisition or clearance) likely affects microbial dynamics 
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in ways not captured by cross-sectional data (Giuliano et al., 2008). Methodologically, it 

introduces ambiguity in modeling. Treating glans and shaft samples as independent overlooks 

within-subject correlations, while paired designs assume synchronicity that may not reflect 

biological reality. These limitations highlight the need for in-depth studies using targeted sampling 

and host immune profiling to clarify the spatiotemporal dynamics of site-specific HPV infections.  

Although the entire penis may harbor HPV, inadequate sampling can yield false negatives, which 

has critical implications for clinical decision-making. Avoiding urethral sampling reduces 

invasiveness and improves patient comfort, addressing a key barrier to diagnostic participation 

(Wang et al 2021). However, the observed pattern of site-specific positivity warrants serious and 

rigorous evaluation to ensure accurate interpretation and effective clinical management. 

However, this goes beyond the scope of this work. 

This chapter provides foundational insights into glans-specific microbial ecology. It supports future 

research on how anatomical differences may shape HPV-microbiota interactions. Advanced 

approaches, such as meta-transcriptomics or spatial profiling, may reveal subtle functional shifts 

in the glans not captured by 16S rRNA sequencing (Gonçalves et al., 2022). 

In summary, HPV infection was not associated with differences in microbial diversity on the glans, 

and overall community structure remained stable. This resilience may reflect the glans unique 

microenvironment or the transient nature of HPV infections in men.  



   

 

   

 

CHAPTER III 
Alpha and beta diversity of the penile shaft microbiota in relation to HPV infection 

1. INTRODUCTION 

The penile shaft forms a distinct cutaneous habitat, lined with keratinized stratified squamous 

epithelium and abundant in eccrine and sebaceous glands (Grice & Segre, 2011; Humphrey, 

2014). These adnexal structures release sweat and sebum, creating lipid-rich micro-niches 

subject to fluctuations in moisture and oxygen due to air exposure, friction, and hygiene practices. 

This dynamic environment supports diverse skin commensals, including Staphylococcus and 

Corynebacterium, along with facultative and obligate anaerobes (Byrd et al., 2018). 

Chapter II reported trends in dysbiosis signals in the glans microbiota associated with subclinical 

HPV infection. Alpha diversity shifts appeared only in high-risk genotype carriers, and beta 

diversity analyses showed no clear separation between infected and uninfected individuals. A 

possible explanation is that the glans semi-anaerobic niche, enclosed by the prepuce, resists 

transient perturbations from HPV. In contrast, the shaft’s alternating occluded–exposed state and 

by far more extensive in surface may increase susceptibility to ecological shifts linked to viral 

either infection or behavioral factors. 

Several participants showed discordant HPV detection between the glans and shaft, indicating 

independent infection status across sites. More individuals tested positive on the shaft than on 

the glans, increasing the effective sample size and enhancing statistical power for shaft-based 

analyses. Previous studies often pooled glans and shaft samples, obscuring region-specific 

associations (Gonçalves et al., 2022). By focusing on the shaft, this chapter aims to increase 

statistical power, as the shaft represents a less colonized environment with fewer available 

nutrients compared to the smegma-rich glans. A more limited microbial community may exhibit 

stronger responses to HPV infection. Additionally, analyzing only the shaft reduces the risk of a 

dilution effect. If glans and shaft communities differ, combining them could obscure HPV-

associated signals. This site-specific approach enhances sensitivity to detect microbial 

differences linked to infection.  

This chapter characterizes the penile shaft microbiota in uncircumcised, HIV-negative men with 

and without subclinical HPV infection. Alpha diversity will be quantified using observed ASV 
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richness, Chao1, and the Shannon index to assess within-sample complexity. Beta diversity will 

be evaluated through NMDS ordination based on Jensen–Shannon divergence and 

PERMANOVA to test for compositional shifts by infection status and genotype risk. This targeted 

analysis will reveal whether the shaft microbiota displays dysbiotic patterns. 

2. METHODS 

2.1. Sample processing and diversity analyses for the penile shaft 

Samples were processed as described in the study design section. This chapter included subjects 

who were negative in both anatomical sites and positive only in the shaft of the penis. All 

remaining samples were rarefied to 12,223 sequences per sample, the minimum observed depth. 

3. RESULTS  

3.1. General characteristics of the study population 

A total of 103 men were included in this chapter. Their basic characteristics are shown in Table 

3.1. In this data set HPV was detected in 33 (32.03%) men, with 15 high-risk, 10 low-risk, and 8 

untyped infections (Table 3.2).  

Sexual preference was the only factor significantly linked to HPV status (Fisher’s test, p = 

0.013). Men who have sex with women (MSW) were 3.69 times (95% CI: 1.21-13.73) more 

likely to be HPV positive than men who have sex with men (MSM). Consequently, subsequent 

multiple linear regression models were adjusted to control for the effect of sexual preference.  
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Table 3.1 General characteristics of the male population studied.  

General characteristic # HPV-negative (%) # HPV-positive (%) p.value 

Sampled men 70 (68%) 33 (32%)  

Age   0.88 

20-24 13 (13%) 6 (6%)  

25-29 27 (26%) 11 (11%)  

30-49 30 (29%) 16 (16%)  

Sex of sexual partners   0.01 

Men who have sex with men (MSM) 28 (27%) 5 (5%)  

Men who have sex with women (MSW) 42 (41%) 28 (27%)  

Number of sexual partners*   0.57 

0-4 9 (9%) 1 (1%)  

5-9 18 (17%) 10 (10%)  

10-19 22 (21%) 11 (11%)  

<20 20 (19%) 11 (11%)  

Unanswered 1 (1%) 0 (0%)  

Tobacco use   0.65 

Non-smoker 47 (46%) 24 (23%)  

Smoker 23 (22%) 9 (8%)  

*Sum of previous and current sexual partners. P values are calculated using Fisher's exact test 
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Table 3.2 General characteristics of the male population studied 

Code Genotypes HPV-risk 

VM 002 61, 42, 89 Low risk 

VM 003 84, 40 Low risk 

VM 009 58 High risk 

VM 0010 66, 52, 59, 89 High risk 

VM 0021 91 Low risk 

VM 0028 66 Low risk 

VM 0030 31, 52 High risk 

VM 0039 56, 84, 53, 39 High risk 

VM 0050 6 ,53 ,91 Low risk 

VM 0061 91 Low risk 

VM 0062 56, 51, 84, 43, 91 High risk 

VM 0064 45, 40 ,91 High risk 

VM 0065 51, 61, 84 High risk 

VM 0068 51, 73, 45, 91 High risk 

VM 0075 51, 84, 13 High risk 

VM 0100 66 Low risk 

VM 0105 44 Low risk 

VM 0113 84, 45 High risk 
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VM 0130 33 High risk 

VM 0148 66, 16, 89, 91 High risk 

VM 0158 51, 59 High risk 

VM 0162 66, 84, 45, 43, 53, 13, 91 High risk 

VM 0163 66, 59, 43 High risk 

VM 0191 61 Low risk 

VM 0196 66, 84, 33 High risk 

Genotypes considered as High-risk 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58 and 59 
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3.2. Alpha diversity  

Multiple linear regression analyses revealed that HPV-positive men exhibited significantly higher 

observed and predicted richness (S.obs: +9.34 ASVs, p = 0.003; Chao1: +8.33 ASVs, p = 0.02) 

compared to HPV-negative individuals (Table 2.3). However, no significant differences were 

observed in Shannon diversity (p = 0.23) or Pielou’s evenness (p = 0.68) between the two groups. 

When stratified by HPV genotype present (Table 2.4), men with high-risk (HR) genotypes showed 

significantly higher observed richness (S.obs: +11.79 ASVs, p = 0.003; Chao1: +10.06 ASVs, p 

= 0.03) compared to HPV-negative individuals, while no significant differences were observed for 

low-risk (LR) genotypes (S.obs: p = 0.16; Chao1: p = 0.26). 
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Table 3.3 Multiple linear regression analysis for the relationship between HPV status, sexual 
preference, and microbial diversity.  

Diversity metric Variable Coefficient Standard error p-value 

Species Observed HPV status (Positive) 9.34 3.08 0.003 

 Sexual preference (MSM) -0.7 2.87 0.806 

Species richness (Chao1) HPV status (Positive) 8.33 3.75 0.029 

 Sexual preference (MSM) -1.05 3.49 0.765 

Shannon HPV status (Positive) 0.16 0.14 0.234 

 Sexual preference (MSM) 0.06 0.13 0.655 

Evenness HPV status (Positive) 0.01 0.03 0.681 

 Sexual preference (MSM) 0.02 0.03 0.577 

Results from multiple linear regression models assessing the relationship between HPV status, sexual 
preference, and microbial diversity (Observed species, species richness (Chao1), Shannon, and Pielou 
evenness) adjusting for sexual preference (MSM). Coefficients, standard errors and p.values for each 
model are shown, significant values are in bold. MSM: Men who have sex with men.  
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Table 3.4  Multiple linear regression analysis for the relationship between HPV genotypes and 
microbial diversity.  

Diversity metric Variable Coefficient Standard error p-value 

Species Observed LR-HPV 6.07 4.35 0.166 

 HR-HPV 11.79 3.84 0.003 

 Sexual preference (MSM) -1.39 2.94 0.638 

Species richness (Chao1) LR-HPV 6.03 5.32 0.261 

 HR-HPV 10.06 4.7 0.035 

 Sexual preference (MSM) -1.53 3.59 0.672 

Shannon LR-HPV 0.04 0.19 0.822 

 HR-HPV 0.25 0.17 0.142 

 Sexual preference (MSM) 0.03 0.13 0.806 

Evenness LR-HPV -0.02 0.04 0.736 

 HR-HPV 0.03 0.04 0.39 

 Sexual preference (MSM) 0.01 0.03 0.726 

Results from multiple linear regression models assessing the relationship between HPV genotypes (LR and 
HR vs. Negative) and microbial diversity (Observed species, species richness (Chao1), Shannon, and 
Pielou evenness), adjusting for sexual preference (MSM). Coefficients, standard errors and p.values for 
each model are shown, significant values are in bold. Negative HPV status was used as the reference 
group. MSM: Men who have sex with men. 



   

 

   

 

3.3. Beta diversity  

NMDS ordination revealed overlapping in microbial community composition between HPV-

positive and HPV-negative individuals (Figure 3.1). However, the PERMANOVA analysis 

revealed a modest but statistically significant effect of infection status on microbial composition 

(adonis2: R² = 0.0298, p = 0.0130). The PERMANOVA was not significant when evaluating 

according to genotype risk (adonis2 p = 0.1289). 

 

 

Figure 3.1 Beta diversity of the penile glans on a NMDS computed by Jensen-Shannon 
distance of the penile skin microbiota. Ellipses represent 95% confidence intervals.  HPV-

positive samples are closer together compared to HPV-negative samples (adonis2 R² = 

0.03513, p = 0.09).  
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4. DISCUSSION 

A total of 103 men were included in this cross-sectional analysis of penile shaft microbiota to 

identify microbial differences between HPV-positive and HPV-negative individuals. Alpha and 

beta diversity analyses revealed significant differences in species richness and modest but 

consistent divergence in community composition associated HR-HPV infection.  

The analysis of shaft microbiota in this chapter followed the same bioinformatic pipeline as 

described previously, with two methodological improvements. First, a larger number of samples 

increased statistical power. Second, rarefaction was performed at 12,223 reads per sample, 

approximately 4,000 more than in the glans dataset. This higher sequencing depth improved the 

resolution for detecting low-abundance ASVs and reduced stochastic variability in diversity 

estimates (Schloss 2024). These refinements increased the robustness and resolution of our 

findings for the penile shaft.  

Here, as observed in the glans, sexual preference was the only host variable significantly 

associated with HPV status in the penile shaft. Men who have sex with women (MSW) were more 

likely to be HPV-positive than men who have sex with men (MSM), and this association remained 

robust after adjustment in multivariable models. This consistent pattern across anatomical sites 

suggests that behavioral exposure plays a key role in HPV acquisition, especially in asymptomatic 

cases. While MSM face elevated risk for HPV-related oncogenic outcomes compared to MSW, 

(such as markedly higher incidence of anal cancer) (van Aar et al., 2013; Farahmand, Monavari, 

and Tavakoli, 2021; Daling et al., 1982) global data indicate that overall HPV prevalence is similar 

between MSM and MSW (Kusters et al., 2023). The higher prevalence among MSW in this study 

may reflect their role as asymptomatic carriers who contribute to transmission without clinical 

symptoms. 

Regarding alpha diversity, men with high-risk HPV (HR-HPV) showed significantly greater species 

richness, both in observed and predicted ASV’s, compared to HPV-negative individuals. Shannon 

diversity and Pielou’s evenness did not reach statistical significance, though both displayed a 

non-significant upward trend. This pattern suggests that 1) HR-HPV infection may be linked to 

the presence of additional low-abundance taxa without altering the relative distribution of 

dominant species, 2) there is a more permissive environment that allows the increased richness.  
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The finding that only species richness increased significantly in HR-HPV carriers indicate early or 

subclinical dysbiosis. Unlike severe imbalances characterized by shifts in dominance, mild 

dysbiosis may involve the accumulation of rare taxa without disrupting overall structure (Shan, 

Lee, and Chang 2022). Similar “richness-only” dysbiosis has been reported in vaginal microbiota 

during transitional states between community types, where richness increases occur without 

changes in evenness or dominance (Zeng et al. 2022). In the penile shaft, new ASVs in HR-HPV 

individuals could reflect microenvironmental changes (yet not described in the natural history of 

infection) or reduced ecological stability. This does not imply pathogenic shifts but may indicate a 

transient imbalance (Shan, Lee, and Chang 2022). 

Beta diversity analysis based on Jensen–Shannon divergence (JSD) revealed modest but 

statistically significant differences in community composition between HPV-positive and HPV-

negative individuals (R² = 0.0298, p = 0.0130). JSD was chosen over Bray–Curtis dissimilarity 

because it accounts for full taxonomic probability distributions, is less sensitive to zeros, and 

avoids overweighting dominant taxa (Gajer et al., 2012). Given the high richness and sparsity of 

penile skin microbiota, JSD is well suited to detect subtle shifts driven by minority ASVs. Although 

small, the observed effect size supports partial community-level changes associated with HPV 

status. 

Interpreting NMDS ordinations based on JSD requires anatomical context. In the vagina, infection 

status often drives distinct clustering due to dominance shifts in taxa like Lactobacillus (Gajer et 

al., 2012). Penile skin communities, by contrast, proved to be more diverse and are 

compositionally diffuse. This results in broader overlap across ordination space. Nonetheless, 

samples from HPV-positive individuals tended to cluster more closely with one another than with 

controls, suggesting weak but consistent structuring within the infected group. This pattern is 

consistent with ecological drift or compositional tuning, rather than abrupt restructuring. 

In conclusion, these findings indicate that the penile shaft microbiota shows measurable but 

limited shifts in the presence of HR-HPV infection. These findings highlight the importance of 

adequate sample size for detecting ecological signals and that microbial shifts can occur even in 

subclinical infections. Increased richness, modest compositional divergence, and persistent 

behavioral associations across sites support the value of further research on microbial correlates 



   

 

 

      

 

4 

of subclinical HPV carriage in male genital skin. The inclusion of participants with site-specific 

HPV discordance may introduce dilution effects in global comparisons, reinforcing the value of 

site-specific and stratified analyses. 

 



   

 

   

 

CHAPTER IV 
Community state types of the penile skin microbiota and HPV status 

1. INTRODUCTION 

Community State Types (CSTs) are discrete categories used to describe recurring patterns of 

microbial community composition, typically defined by taxonomic dominance and co-abundance 

structure. Originally developed for vaginal microbiota research (Ravel et al., 2011; Gajer et al., 

2012), CSTs provide a reproducible, ecologically meaningful framework for classifying microbial 

states based on unsupervised clustering of 16S rRNA gene profiles. 

The first step in identifying CSTs involves computing a pairwise distance matrix that quantifies 

dissimilarity between microbiome samples. This process transforms taxonomic abundance tables 

into a structure suitable for clustering. Several distance metrics are commonly used, each 

capturing different ecological dimensions (Anderson et al. 2011). Bray–Curtis dissimilarity 

measures differences in taxon abundance and emphasizes dominant species but ignores shared 

absences. Jensen–Shannon divergence (JSD), a smoothed and symmetric form of Kullback–

Leibler divergence, compares entire taxonomic distributions and is robust to sparsity and extreme 

values. UniFrac distances (weighted or unweighted) incorporate phylogenetic information and 

detect shifts among evolutionarily distinct taxa (Chen et al. 2021). The choice of distance metric 

influences CST resolution and interpretability and should reflect the ecological characteristics of 

the sampled environment or data set properties. 

After computing the distance matrix, hierarchical clustering is typically applied to define CSTs 

(Namkung 2020). Ward’s linkage is commonly used due to its ability to generate compact clusters 

by minimizing within-cluster variance. Complete linkage emphasizes maximum inter-sample 

distance and forms tight, conservative clusters, while single linkage uses minimum distance and 

is sensitive to outliers, often producing chain-like groupings. Average linkage (UPGMA) offers a 

balanced approach by averaging all pairwise distances. The clustering algorithm affects cluster 

shape, separation, and interpretability in visualizations such as heatmaps and ordination plots.  

Validating the quality of clustering results is essential to ensure that the identified CSTs represent 

biologically meaningful and statistically robust groupings. Internal validation indices offer a 

principled approach to assess cluster compactness, separation, and consistency based solely on 
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intrinsic data structure (Handl, Knowles, and Kell 2005). They evaluate how well the data form 

natural groupings without relying on predefined class labels such as disease status or clinical 

categories (Handl, Knowles, and Kell 2005; Brock et al. 2008). Connectivity measures the extent 

to which neighboring samples are assigned to the same cluster. Low values indicate preservation 

of local structure, which is especially important in ecological datasets shaped by gradual 

gradients. The Dunn Index quantifies the ratio of the smallest inter-cluster distance to the largest 

intra-cluster diameter. High Dunn values suggest well-separated and cohesive clusters. 

Silhouette Width offers an intuitive evaluation at the sample level by comparing average 

dissimilarity within a cluster to that with the nearest neighboring cluster. Values range from −1 to 

1, with higher scores indicating better-defined cluster membership. These indices can be 

computed across different numbers of clusters to identify the most stable and interpretable 

solution. The clValid R package (Brock et al. 2008) supports simultaneous comparison of 

clustering algorithms and distance metrics using these indices, offering a comprehensive 

framework for selecting optimal CST configurations in microbiome studies. 

In women, CSTs have clarified links between microbial composition and mucosal health (Brooks 

et al. 2017). CSTs dominated by Lactobacillus crispatus or L. gasseri are associated with low 

vaginal pH and reduced risk of sexually transmitted infections, including HPV and HIV (Carrillo-

Ng et al. 2021). In contrast, CSTs rich in strict anaerobes such as Gardnerella, Prevotella, and 

Atopobium are linked to bacterial vaginosis, inflammation, and persistent HPV infection (Gajer et 

al., 2012; Brotman et al., 2014). The CST model also enables longitudinal tracking of microbial 

shifts across menstrual cycles, antibiotic use, and disease progression. Despite its success in 

vaginal microbiome studies, the CST framework has not been systematically applied to the penile 

microbiota. Given the penile role in sexual transmission networks, identifying stable and recurring 

CSTs in this environment could clarify microbial contributions to HPV acquisition and persistence. 

This chapter adopts a CST-based approach following the methodology of Gajer et al. (2012) to 

classify penile shaft microbiota into community state types (CSTs). The objetive is to explore the 

ecological structure of the penile shaft and examine potential associations between CST 

membership and HPV infection status. Glans samples were excluded from this CST analysis for 

both methodological and biological reasons. First, many individuals showed discordant HPV 

results between anatomical sites, testing positive in either the glans or the shaft but not both. This 
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introduces uncertainty in defining the infection status of the sampled community and complicates 

CST–HPV interpretation. Secondly, prior analyses (Chapter II) revealed no clear HPV-associated 

differences in glans diversity or composition, indicating weaker ecological signal at that site. 

Restricting the analysis to shaft samples improves ecological resolution and supports more 

reliable inferences about HPV-related community shifts. 

2. METHODS 

To characterize community structure patterns among penile shaft samples, we used hierarchical 

clustering to define community state types (CSTs) based on microbial composition. All analyses 

were conducted in R 4.2.2. Amplicon sequence variants (ASVs) were inferred using DADA2 

(Callahan et al., 2016) with pooled error modeling and classified against the SILVA 138.1 

database (Quast et al., 2013). Taxa present in fewer than 10% of samples were excluded to focus 

on prevalent community members. Samples were rarefied to a uniform sequencing depth of 

12,223 reads. 

Relative abundance tables were generated after normalizing counts per sample. For visualization, 

the top 10 ASVs ranked by mean relative abundance across samples were retained. Heatmaps 

were created using the ComplexHeatmap package (Gu 2022), and taxonomic labels were 

manually curated by combining genus and family identifiers for incompletely resolved taxa. 

This chapter adopts a CST-based approach following the methodology of Gajer et al. (2012). 

Microbial profiles were clustered using Jensen–Shannon divergence (JSD) as the dissimilarity. 

Hierarchical clustering was performed with Ward’s linkage method (ward.D2). The optimal 

number of clusters was determined using a Gaussian mixture model fitted with the Mclust 

package (Scrucca et al. 2016). Five CSTs were selected based on model fit. Cluster robustness 

was assessed using resampling-based stability analysis with 1000 bootstrap iterations (Hennig 

and Imports 2015) using fpc package. Cluster stability was quantified using the Jaccard similarity 

index. Clusters with average Jaccard values >0.85 were considered highly stable. Each sample 

was assigned to a CST based on dendrogram structure. Cluster validity was confirmed visually 

using heatmaps and metadata annotations. 
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Associations between CSTs and HPV status were tested using Fisher’s exact test. CST-5 was 

further compared against all other CSTs in a binary analysis. Taxa enriched in CST-5 were 

identified using Wilcoxon rank-sum tests and adjusted for multiple comparisons using the 

Benjamini–Hochberg method. 
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3. RESULTS 

To estimate the optimal number of clusters, we applied Gaussian finite mixture modeling via the 

Mclust algorithm. This unsupervised approach suggested a nine-component solution as optimal. 

The clustering table revealed the following sample distribution across components: 4, 15, 10, 8, 

22, 14, 7, 20, and 3 samples per cluster, respectively. Despite the statistical suggestion of nine 

components, we chose a biologically interpretable five-cluster solution for downstream analysis. 

This decision was guided by prior CST literature in vaginal microbiota (Gajer et al., 2012; Ravel 

et al., 2011), and the need for sufficient statistical power within each group. 

To evaluate cluster stability, we used bootstrap resampling (B = 1000) and computed Jaccard 

similarity indices for each cluster (Table 4.1). Three of five CSTs surpassed the commonly 

accepted threshold for stability (Avg. Jaccard > 0.75), and one cluster (CST-5) was highly stable 

(Avg. Jaccard = 0.92, instability = 0.003). Cluster instability ranged from 0.01 to 0.21 across the 

five groups. These results indicate that the selected CST solution offers a reproducible and 

coherent representation of microbial community types in the penile shaft. 

Table 4.1 Cluster stability metrics for the five penile CSTs 

CST Cluster Average Jaccard Index Instability 

CST-1 0.748 0.154 

CST-2 0.739 0.224 

CST-3 0.844 0.062 

CST-4 0.726 0.137 

CST-5 0.927 0.003 

Jaccard similarity and instability scores obtained from 1000 bootstrap iterations using Ward’s method and 

Jensen-Shannon divergence. 

The bacterial community was characterized and grouped into five distinct Community State 

Types (CSTs) (Figure 4.1 Table 4.2). CST-1 was dominated by Staphylococcus (n = 11), CST-2 
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by Corynebacterium (n = 20), CST-3 by Fenollaria and Prevotella (n = 14), CST-4 by 

Mannheimia (n = 12), and CST-5 by Finegoldia (n = 46).  

 

 

Figure 4.1 Community State Types of the penile skin microbiota. Heatmap representing the relative 
abundance of the most abundant ASV’s in the penile skin microbiota of subclinical HPV-positive and HPV-
negative samples. The dendrogram was constructed using the Ward’s linkage clustering based on the 
Jensen-Shannon Divergence distance. 
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Table 4.2 Community State Types and their microbial diversity metrics in the penile skin 
microbiota of HPV-infected men. 

CST 
Dominant Taxa (relative 

abundance) Number of samples # HPV-positive (%) 

CST-5 Finegoldia (45%) 46 21 (84%) 

CST-2 Corynebacterium (41%) 20  5 (33.3%) 

CST-3 Fenollaria (11%) 14  4 (40%) 

CST-4 Mannheimia (41%) 12 1 (9.1%) 

CST-1 Staphylococcus (31%) 11 2 (22.2%) 

Summary of the five identified Community State Types (CSTs) in the penile skin microbiota of HPV-infected 
individuals. The table shows the dominant taxa for each CST, the number of individuals belonging to each 
CST, the prevalence of each CST, and the mean alpha diversity metrics (S.chao1, S.obs, evenness, and 
Shannon index) for each CST. 

All CSTs included at least one HPV-positive sample (Table 4.2). CST-5 had the highest proportion 

of HPV-positive individuals (84%), while CST-1 had the lowest (22%). Although Fisher's exact 

test showed no overall association between CSTs and HPV status (p = 0.085), CST-5 exhibited 

a trend towards encompassing most HPV-positive samples.  

Comparing CST-5 to all other CSTs combined (CST-1 to CST-4) revealed a significant 

association (Fisher's exact test: p = 0.01; OR = 3.11, CI95%: 1.22 - 8.22), indicating a three-fold 

increased likelihood of HPV positivity in CST-5. 

CST-5 was dominated by Finegoldia (45.13% relative abundance). To investigate other 

taxonomic drivers of this CST, we compared the mean abundance of taxa between CST-5 and 

the other CSTs combined (Table 4.3). This revealed significant differences in several taxa. ASVs 

belonging to the genera Peptoniphilus, Negativicoccus, Anaerococcus, and Prevotella_7 showed 

higher abundance in CST-5, whereas beneficial commensals such as Corynebacterium and 

Staphylococcus were significantly less represented. 
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Table 4.3 Relative abundance of ASV’s in men grouped in CST5 versus CST1 to CST-4 

ASV Genus 
Frequency in 
CST5 

Frequency in 
CST1 to CST4 

Mean relative 
abundance in 
CST-5 (%) 

Mean relative 
abundance in 
CST-1 to 4 (%) p.adj 

ASV1 Finegoldia 46 (45%) 54 (52%) 45.13 15.31 < .001 

ASV145 Finegoldia 31 (30%) 17 (17%) 0.2 0.08 0.004 

ASV17 Prevotella_7 13 (13%) 14 (14%) 0.37 8.02 0.003 

ASV171 Peptoniphilus 12 (12%) 10 (10%) 0.05 0.37 0.033 

ASV18 Campylobacter 27 (26%) 25 (24%) 0.73 3.97 0.029 

ASV2 Corynebacterium 46 (45%) 56 (54%) 2.03 19.49 0.018 

ASV24 Negativicoccus 36 (35%) 34 (33%) 1.43 0.6 0.039 

ASV30 Porphyromonas 8 (8%) 13 (13%) 0.15 3.96 0.018 

ASV4 Staphylococcus 43 (42%) 53 (51%) 1.15 8.01 0.023 

ASV40 Anaerococcus 34 (33%) 26 (25%) 1.02 0.14 < .001 

ASV51 Staphylococcus 17 (17%) 29 (28%) 0.05 1 < .001 

ASV53 Corynebacterium 33 (32%) 36 (35%) 0.09 0.4 0.003 

ASV63 Peptoniphilus 15 (15%) 15 (15%) 0.67 0.94 0.047 

ASV73 Finegoldia 33 (32%) 15 (15%) 0.24 0.02 0.044 

ASV97 Staphylococcus 16 (16%) 28 (27%) 0.46 0.28 0.039 

Comparison of relative abundance of microbial taxa between CST-5 and other skin bacterial community 
(SBC) groups using the Wilcoxon rank-sum test. P-values were adjusted using the Bonferroni method. 
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4. DISCUSSION 

In this chapter we applied community state type (CST) modeling to the penile skin microbiota, 

adapting a framework originally developed for the vaginal microbiome (Ravel et al., 2011; Gajer 

et al., 2012). CSTs offer an ecologically intuitive classification of microbial configurations, allowing 

comparison of distinct community structures potentially linked to host phenotypes such as HPV 

status. We identified CST-5 as associated with HPV infection. This CST displayed a community 

profile marked by reduced levels of beneficial commensals and enrichment of opportunistic 

anaerobes, consistent with features of dysbiosis. 

Although CST modeling has focused mainly on the vaginal microbiome, where Lactobacillus-

dominated states are considered protective, penile CSTs showed markedly different 

compositions. Five CSTs were identified this number was selected based on internal validation 

metrics, including connectivity and Jaccard stability from bootstrapped clustering. These indices 

confirmed that the five-cluster solution was compact, well-separated, and statistically robust 

(Handl et al., 2005; Brock et al., 2008). CST-5 showed particularly high stability (Jaccard > 0.85), 

supporting its biological relevance. Increasing the number of clusters led to over-partitioning, while 

fewer clusters masked dominant patterns.  

The main CSTs were defined by taxa such as Finegoldia, Corynebacterium, Fenollaria, 

Mannheimia and Staphylococcus. However, unlike the strong stratification observed in female 

CSTs, our CST groupings showed no clear dominance patterns and were more compositionally 

diffuse. In all clusters, no single genus exceeded 50% relative abundance, indicating that 

community composition was spread across multiple taxa. For instance, CST-3 which was 

nominally dominated by Fenollaria, showed only 11% relative abundance of this genus. A larger 

sample size and additional studies in uncircumcised populations are needed to reinforce the 

observations reported here and advance understanding of CSTs in the male genital microbiota.  

These findings are consistent with previous reports describing the penile microbiome as a diverse, 

skin-like environment colonized by anaerobic and facultative anaerobic bacteria (Onywera, 

Williamson, Cozzuto, et al., 2020). They also partially align with studies linking penile anaerobic 

dysbiosis to increased susceptibility to HIV infection (C. M. Liu et al., 2017). While immune 

markers were not assessed in this study, the CST-5 group showed elevated abundances of 
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genera such as Prevotella and Peptoniphilus, previously described as pro-inflammatory (C. M. 

Liu et al., 2017). Additionally, we did not find associations between CSTs and HPV genotype risk, 

contrasting with reports in women (Brotman et al., 2014). These discrepancies likely reflect 

anatomical differences between penile and vaginal mucosa.  

For downstream analysis, CST-5 was compared against all other CSTs grouped together. This 

binary comparison was justified by CST-5’s distinct composition, dominated by Finegoldia, 

Peptoniphilus, and Anaerococcus, anaerobic taxa associated with vaginal dysbiosis and mucosal 

inflammation (Brotman et al., 2014; Murphy and Frick, 2013). Finegoldia and Peptoniphilus 

produce proteolytic enzymes and volatile fatty acids that may affect epithelial barrier integrity and 

immune tone (Murphy and Frick, 2013). Their consistent presence in CST-5 supports their role 

as ecological indicators of potential community disruption. In contrast, other CSTs were either 

more heterogeneous or enriched in Corynebacterium or Staphylococcus, genera common in 

healthy cutaneous communities (Byrd et al., 2018). CST-5 may represent a disrupted or 

inflammatory state, although its ecological and clinical roles in male genital microbiota remain 

unclear. No statistically significant association was observed between CST membership and HPV 

genotype risk. CSTs represent broad community states that may resist subtle or transient shifts, 

especially in the absence of surface damage. Still, CST-5 was overrepresented among HPV-

positive individuals, showing that anaerobe-rich communities are associated with infection. 

The study presented in this chapter has some limitations. First, although the overall sample size 

was adequate for penile shaft analyses, some CSTs included relatively few samples. A larger 

sample size could help clarify the typical composition and membership of each CST. Second, the 

cross-sectional design limits causal inference regarding microbial dynamics and HPV infection. 

Third, the use of 16S rRNA amplicon sequencing constrains taxonomic resolution. While certain 

genera and ASVs were identified, species or strain-level identities remain uncertain, which limits 

clinical interpretability. 

In conclusion, this CST-based analysis introduces a structured framework for describing penile 

microbiota and investigating its links to HPV. Although no strong associations with genotype risk 

were detected, the identification of distinct anaerobe-rich CSTs offers a foundation for future 

longitudinal and mechanistic studies. CSTs represent a scalable tool for uncovering ecologically 
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meaningful patterns in male genital microbiomes, extending their utility beyond the vaginal 

context.  
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CHAPTER V 
Shotgun sequencing: Addressing some limitations of amplicon sequencing for 
fine taxonomic classification. 

1. INTRODUCTION 

The skin hosts a narrow microbiota that plays a role in maintaining health and influencing disease 

states. Previous studies based on 16S rRNA gene amplicon sequencing have characterized 

differences in microbial diversity between healthy individuals and those with skin infections, 

revealing imbalances (dysbiosis) associated with pathology (Harris-Tryon & Grice, 2022). While 

these amplicon-based approaches provide valuable ecological insights, they face inherent 

limitations when precise taxonomic identification is required for clinical applications (Johnson et 

al., 2019).  

Standard 16S rRNA analyses usually target short hypervariable regions (V3–V4 or V4, spanning 

300–600 bp) of the full-length 16S gene (~1,500 bp) (Janda & Abbott, 2007). This partial 

coverage, combined with incomplete databases (Abellan-Schneyder et al., 2021) and high 

sequence similarity among related anaerobic species (Ghebremedhin et al., 2008), often limits 

reliable classification beyond the genus level. This resolution constraint proved particularly limiting 

for our HPV-associated penile skin microbiota study (Chapter II), where we identified Finegoldia, 

Anaerococcus, and Negativicoccus as consistently elevated in infections, while Peptoniphilus and 

Staphylococcus exhibited strain-specific variation patterns (Some ASV’s were high and other 

were in low abundance) and highlighting the need for strain-level resolution beyond what 16S 

sequencing can offer. 

In Chapter II, the penile skin microbiota of HPV-infected and healthy individuals was compared in 

more than 100 samples by 16S sequencing. While this approach was essential for an initial 

screening due to its cost-effectiveness at large scale, it left critical questions unanswered 

regarding the specific species or strains involved. This limitation is clinically significant, as different 

strains within a species can vary dramatically in their virulence factors and antibiotic resistance 

profiles. 
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To address these limitations while maintaining methodological and economic feasibility, we 

implemented a two-phase analytical strategy. The initial 16S screening identified candidate 

opportunistic anaerobic bacteria associated with infection, while this subsequent study employs 

shotgun metagenomics on selected samples to achieve species and potentially strain-level 

resolution (Tickle et al., 2013). Shotgun metagenomics provides several key advantages: it 

sequences all microbial DNA present, enables analysis of multiple genomic regions, and offers 

compatibility with more comprehensive reference databases (Quince et al., 2017). 

The primary objective of this part of the study was to characterize the taxonomy of opportunistic 

anaerobic bacteria previously flagged in our 16S analysis. By focusing on these specific targets 

through shotgun metagenomics, we aimed to reach their species-level identification. The 

enhanced taxonomic resolution provided by shotgun metagenomics could reveal previously 

unrecognized species or strains among penile skin opportunistic anaerobes, potentially improving 

diagnostic accuracy and guiding more targeted in vitro analyses. 

2. METHODS 

2.1. Sample selection 

We selected three HPV-positive samples based on the relative abundance of the target genera 

Peptoniphilus, Finegoldia, Anaerococcus Staphylococcus and Negativicoccus. Additionally, three 

HPV-negative samples were randomly selected as controls. 

2.2. Metagenomic DNA extraction and sequencing 

Metagenomic DNA was extracted from each DNA/RNA shield-preserved sample using a 

ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research) following the manufacturer’s protocol.  DNA 

quality was assessed using a NanoDrop spectrophotometer (ThermoScientific). Then all the DNA 

was pooled in a single tube for sequencing. Samples were sent for whole genome sequencing 

through the NovaSeqXPlus, 150PE (Novogene, CA, USA). 
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2.3. Metagenomic sequence analysis 

The raw FASTQ files obtained from shotgun metagenomic sequencing were first subjected to 

quality control using Trimmomatic v0.39 (Bolger et al., 2014). This process included the removal 

of Illumina adapters, quality trimming of reads using a sliding window approach (4 bases, 

minimum quality score of 20), and discarding reads shorter than 50 bp. To remove human DNA 

contamination, the reads were then aligned against the GRCh38 reference genome using Bowtie2 

v2.4.5 (Langmead & Salzberg, 2012) in sensitive mode, retaining only unaligned reads for 

downstream analysis.  

Metagenomic assembly was performed using MEGAHIT v1.2.9 (Li et al., 2015). Taxonomic 

classification was conducted using Kraken2 v2.1.2 with the Standard Plus PF database (Wood et 

al., 2019). Kraken2 is a high-resolution taxonomic classifier that uses a k-mer–based approach, 

offering advantages over 16S rRNA surveys. It analyzes short DNA fragments (default 35 bp) 

across the genome for species- and strain-level resolution. A curated reference database 

excludes non-informative regions, keeping only k-mers unique to taxa or with key variations. 

Kraken2 splits input sequences into overlapping k-mers and matches them to this database. K-

mers matching multiple taxa are discarded. A sequence is classified if over 50% of its k-mers 

uniquely match one taxon. For example, if 83 of 166 k-mers in a 200 bp contig match Finegoldia 

magna, it is classified accordingly. 

3. RESULTS 

Shotgun metagenomic analysis of pooled penile skin samples yielded 139,113 contigs (172.17 

Mbp) in the HPV-negative group and 182,365 contigs (177.73 Mbp) in the HPV-positive group, 

with N50 values of 4,013 bp and 1,512 bp, respectively. Taxonomic classification succeeded for 

85.15% of HPV-negative and 84.72% of HPV-positive sequences, leaving 14.85–15.28% 

unclassified. Despite more fragmented assemblies in the HPV-positive pool (average contig 

length: 974 bp vs. 1,237 bp), both groups exhibited comparable performance in assembly and 

classification. 

To complement the metagenomic analysis, we characterized contigs classified by Kraken2 and 

annotated them for gene content. Table 5.1 summarizes assembly metrics for selected taxa of 
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interest, including contig counts, length ranges, total k-mers, and gene numbers. Finegoldia 

magna, Peptoniphilus genitalis, and Staphylococcus epidermidis yielded the highest numbers of 

contigs (586, 322, and 407, respectively) and the largest total gene counts, indicating high 

representation in the sample. Among Anaerococcus spp, A. prevotii DSM 20548 was prominent, 

with 191 contigs and over 400 genes, while A. nagyae and A. vaginalis appeared with fewer 

contigs and lower gene content. 

 

Notably, single long contigs, such as the 1,313 bp contig for Staphylococcus warneri and the 

1,112 bp contig for S. hominis subsp. Hominis, may reflect partial genome recovery or low 

abundance. Abundant taxa yielded extensive functional profiles, with over 700 predicted genes in 

F. magna and more than 450 in S. epidermidis. In contrast, low-abundance species typically 

contained fewer than 10 annotated genes.  

Although the pooled design precluded statistical comparisons, distinct trends in relative 

abundance were observed (Table 5.2). Finegoldia was highly enriched in HPV-positive samples 

(12.51% vs. 1.93%), composed exclusively of the species F. magna, including strain ATCC 53516 

(4.41% vs. 0.72%) and ATCC 29328 (0.03% vs. 0.01%). 

Table 5.1. Summary of assembled contigs and gene annotations by taxon. 

Taxon #contigs Min. length 
(bp) 

Max. length 
(bp) 

Total k-
mers 

Gene 
count 

Anaerococcus 7 318 1,985 211 7 
Anaerococcus mediterraneensis 9 340 3,555 405 10 
Anaerococcus nagyae 2 1,552 2,016 114 7 
Anaerococcus obesiensis 9 432 10,611 814 22 
Anaerococcus prevotii DSM 20548 191 311 16,496 40,078 404 
Anaerococcus sp. Marseille-Q7828 3 348 4,435 83 4 
Anaerococcus vaginalis 5 470 1,504 16 5 
Finegoldia magna 586 301 20,531 38,729 773 
Finegoldia magna ATCC 53516 55 269 8,451 1,277 72 
Peptoniphilus 8 340 5,757 295 11 
Peptoniphilus genitalis 322 302 30,597 12,388 432 
Peptoniphilus harei 112 312 18,457 5,663 162 
Staphylococcus 6 351 2,886 917 6 
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Staphylococcus epidermidis 407 315 4,051 51,745 455 
Staphylococcus haemolyticus 185 301 10,722 19,392 202 
Staphylococcus hominis 288 301 3,489 30,858 316 
Staphylococcus hominis subsp. 
hominis 

1 1,112 1,112 15 1 

Staphylococcus hominis subsp. 
novobiosepticus 

1 711 711 2 1 

Staphylococcus warneri 1 1,313 1,313 5 1 

Summary of contig-level genomic features for 19 bacterial taxa identified in penile skin metagenomes. For 
each taxon, the table reports the number of assembled contigs, minimum and maximum contig lengths, 
total k-mers, and number of genes that informed that taxonomy.  

Table 5.2. Species and strain-level classification of penile skin opportunistic anaerobes in HPV-
positive pools by shotgun metagenomics 

Taxa 

HPV-negative 
relative 
abundance 

HPV-positive 
relative 
abundance 

Peptoniphilus 3.09 7.78 

Peptoniphilus genitalis 1.50 5.89 

Peptoniphilus harei 1.43 1.71 

Peptoniphilus equinus 0.08 0.07 

Anaerococcus 2.11 3.41 

Anaerococcus prevotii 1.09 1.45 

Anaerococcus prevotii DSM 20548 1.09 1.45 

Anaerococcus vaginalis 0.27 0.55 

Anaerococcus obesiensis 0.27 0.59 

Anaerococcus mediterraneensis 0.24 0.40 

Anaerococcus nagyae 0.04 0.09 

unclassified Anaerococcus 0.04 0.08 

Anaerococcus sp. Marseille-Q7828 0.04 0.08 
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Anaerococcus degeneri 0.01 <0.01 

Finegoldia 1.93 12.51 

Finegoldia magna 1.93 12.51 

Finegoldia magna ATCC 53516 0.72 4.41 

Finegoldia magna ATCC 29328 0.01 0.03 

Staphylococcus 0.04 4.13 

Staphylococcus hominis 0.01 1.30 

Staphylococcus hominis subsp. hominis <0.01 0.07 

Staphylococcus aureus <0.01 0.03 

Staphylococcus haemolyticus <0.01 1.05 

Staphylococcus capitis <0.01 0.01 

Staphylococcus epidermidis <0.01 1.60 

Staphylococcus hominis subsp. novobiosepticus NA 0.02 

Staphylococcus haemolyticus JCSC1435 NA 0.01 

 

Peptoniphilus also showed higher abundance in HPV-positive samples (7.78% vs. 3.09%), 

primarily P. genitalis (5.89% vs. 1.5%) and P. harei (1.71% vs. 1.43%) were found. P. equinus 

was detected at similar low levels in both groups.  

Anaerococcus was moderately more abundant in HPV-positive samples (3.41% vs. 2.11%), with 

diverse species such as A. prevotii (1.45% vs. 1.09%), A. vaginalis (0.55% vs. 0.27%), A. 

obesiensis, A. mediterraneensis, and A. nagyae present in both groups. Unclassified 

Anaerococcus and rare species such as A. degeneri and A. sp. Marseille-Q7828 were also 

detected at levels <0.1%. 
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Importantly, shotgun sequencing revealed Staphylococcus species that were undetected by 16S-

based methods. Total Staphylococcus abundance was notably higher in HPV-positive samples 

(4.13% vs. 0.04%), including S. hominis (1.3%), S. epidermidis (1.6%), and S. haemolyticus 

(1.05%). Subspecies-level resolution showed S. hominis subsp. hominis (0.07%) and S. hominis 

subsp. novobiosepticus (0.02%) only in HPV-positive samples. Additional species such as S. 

aureus (0.03%) and S. capitis (0.01%) were also exclusive to this group. The strain S. 

haemolyticus JCSC1435 was detected at 0.01% in HPV-positive samples.  

These findings confirm and expand upon previous 16S observations, highlighting consistent 

enrichment of opportunistic anaerobic species in HPV-positive penile skin while providing higher 

taxonomic resolution and revealing additional species associated with HPV infection. 

4. DISCUSSION 

The final part of this study employed shotgun metagenomics to resolve the taxonomic composition 

of penile skin microbiota in HPV infection, building upon previous 16S rRNA data. While assembly 

metrics revealed slightly more fragmented contigs in HPV-positive samples, N50 values indicate 

adequate assembly for taxonomic profiling. Additionally, classification rates were comparable 

between HPV-positive and negative pools (~85%), validating the robustness of our taxonomic 

profiles. The analysis confirmed the prominence of opportunistic anaerobic genera, Finegoldia, 

Peptoniphilus, and Anaerococcus, previously identified by 16S sequencing, while providing 

species and strain-level resolution. Finegoldia magna emerged as the dominant opportunistic 

anaerobe, and Peptoniphilus genitalis was identified as a previously unrecognized, potentially 

HPV-associated species. 

The near-exclusive detection of F. magna (particularly strain ATCC 53516) in HPV-positive 

samples suggests this opportunistic anaerobe may thrive much better in the HPV-infected 

microenvironment. This aligns with emerging evidence that F. magna can modulate inflammation 

(van der Krieken et al., 2023), potentially exacerbating HPV persistence.  

Ecologically, the presence of anaerobic-dominated CSTs on penile skin highlights questions 

about dysbiosis and microbial resilience. Unlike the vaginal microbiome, where dysbiosis often 

involves loss of Lactobacillus dominance, penile communities are diverse even in presumed 
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healthy states. In this context, dysbiosis may reflect enrichment of pro-inflammatory or 

metabolically active taxa rather than a simple loss of protective species. Finegoldia and 

Peptoniphilus, for example, are known to stimulate cytokine production and may alter local 

immune responses (Murphy & Frick, 2013; van der Krieken et al., 2023). 

Within the Peptoniphilus genus, P. genitalis was only recently described ((Abou Chacra et al., 

2024), but several related species have already been linked to genital dysbiosis in women (Diop 

et al., 2019) and may contribute synergistically to HPV pathogenesis. Anaerococcus species 

showed high diversity, highlighting the need for species-level classification in microbiome studies. 

The strain-specific patterns observed for Staphylococcus (e.g., S. epidermidis exclusively in 

HPV+ samples) further demonstrate that shotgun metagenomics can reveal microbial signatures 

that are not so evident using only 16S approaches.  

Our findings should be interpreted considering the pooled sample design, which precluded 

statistical analysis of abundances and individual-level correlations. The 15% unclassified 

sequences suggest gaps in reference databases, particularly for opportunistic anaerobic skin 

microbiota. Future studies should combine deeper sequencing with species cultivation for 

validation to isolate clinically relevant strains. 

By bridging the resolution gap between 16S screening and clinical microbiology, this final part of 

the study provides the first species and strain-level characterization of opportunistic anaerobic 

bacteria in HPV-associated penile skin microbiota. The identification of F. magna and P. genitalis 

as candidate cofactors, along with strain-specific Staphylococcus patterns, offers testable 

hypotheses for future mechanistic studies. 
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CHAPTER VI 
Overall discussion, conclusions and perspectives 

DISCUSSION 

This thesis study included a total of 103 uncircumcised, HIV-negative men. The design was cross-

sectional and exploratory, aimed at identifying associations between subclinical infections and the 

penile skin microbiota. 

The main motivation for studying subclinical (asymptomatic) infections lies in their effectiveness 

as transmission routes, since men can unknowingly act as carriers, contributing to transmission 

to their sexual partners. Men who do not engage in receptive intercourse have lower risk 

compared to those who do, particularly men who have sex with men (Choi et al., 2021; Dunne et 

al., 2006). In women, the oncogenic risk is well established due to the histological characteristics 

of receptive tissues such as the cervix and rectum (Łaniewski et al., 2018, 2020; Parkin, 2006). 
In contrast, the penis is highly keratinized, and the skin serves as a strong barrier that limits viral 

access to the dermis, where HPV must reach to complete its infection cycle (de Sanjosé et al., 

2018). This makes penile infection a distinct model from mucosal tissues. However, the glans 

represents a semi-mucosal surface within the same anatomical structure, introducing intra-organ 

variation. Moreover, circumcision lowers the risk of acquiring HPV, adding further complexity 

(Price et al., 2010). Studying subclinical infections in the context of the microbiota avoids 

confounding from clinical manifestations such as cancer lesions or genital warts, which likely alter 

the skin ecosystem. For example, a wart may create physical niches (like ridges and cavities) that 

may harbor distinct microbial communities. Here, we focused on the pre-lesion environment to 

examine whether early shifts in the microbiota could serve as indicators of HPV infection before 

overt symptoms appear.       

While the vaginal microbiota has been extensively studied due to its easily characterizable 

community, including the development of CST methodology, the penile microbiota has received 

comparatively limited attention. The introduction of community state types (CSTs) enabled 

classification of microbial profiles dominated by Lactobacillus or anaerobes, facilitating research 

into dysbiosis and sexually transmitted infection risk (Ravel et al., 2011). This approach later 



   

 

 

      

 

23 

extended to studies of female CSTs in relation to male partners, gradually bringing focus to the 

male genital microbiota (C. M. Liu et al., 2015). However, the penile microbiome has often been 

viewed from a reductionist perspective. As an external environment resembling skin rather than 

internal mucosa, it was assumed to host a limited number of symbionts, similar to other cutaneous 

surfaces. This led to the delayed development of a theoretical framework addressing the ecology 

of the penile microbiota. 

Although significant changes such as circumcision are now known to affect microbial composition 

(Price et al., 2010), important knowledge gaps remain. For instance, it is unclear whether 

microbial differences exist across anatomical regions such as the glans, shaft, scrotum, and 

urethral meatus. Similarly, behavioral and lifestyle factors, such as partner type (MSM vs. MSW), 

hair removal methods (laser, wax, razor), piercings, tattoos, and underwear type, may influence 

microbial communities but have yet to be systematically studied to draw conclusions. 

The most notable aspect of studying sexually transmitted diseases (STDs) is that these infections 

are shared between sexual partners, creating a dynamic that sustains their circulation over time. 

Although the causative agents of STDs have been well documented, other contributing factors 

have only recently begun to receive attention. One such factor is the human microbiome, which 

has been linked to a wide range of conditions, from metabolic to psychiatric disorders (Q. Liu et 

al., 2025; Ruiz-Malagón et al., 2025). 

In the context of STDs, it is well established that certain infections facilitate the acquisition or 

progression of others (Galvin & Cohen, 2004). HIV, for example, compromises immune function 

and increases susceptibility to additional infections. This raises the broader question of whether 

an altered microbiota in one partner could influence the microbial community of another, even in 

the absence of a recognized infection. The potential for microbial exchange due to intimacy and 

its downstream consequences has important public health implications. If co-occurrence patterns 

can be identified between specific microbiota profiles and infection outcomes, these synergies 

should be addressed to prevent compounding effects. 

In the case of HPV, its interaction with HIV has been frequently discussed (Dreyer, 2018; 

Konopnicki et al., 2013), often in a unidirectional framework where HIV is the primary infection 

and HPV a secondary concern. Medical attention tends to prioritize HIV, while HPV-related issues 



   

 

 

      

 

24 

such as genital warts or cancer are treated as consequences. This is evident among individuals 

who have achieved HIV viral suppression but continue to experience HPV-related complications 

(Dreyer, 2018; R. N. Werner et al., 2017). For this reason, any cofactor that contributes to HPV 

persistence or pathogenicity becomes relevant. Given the potential for the microbiota to facilitate 

viral transmission or modulate host response (C. H. Kim, 2018; Shi et al., 2017), identifying 

microbial patterns associated with HPV could clarify the role of microbial co-factors. Such insights 

may inform preventive strategies and interventions, particularly if certain microbiota states can 

favor the establishment of viral infection or its clearance. 

Here, a cross-sectional experimental design was selected based on budgetary constraints, 

participant behavior, and theoretical considerations. From a financial perspective, cross-sectional 

studies allow for participant recruitment and sampling at a single time point, minimizing costs 

associated with follow-up, staffing, and logistics. This approach enables faster data collection and 

more efficient resource use. In contrast, longitudinal studies require repeated visits and sustained 

investment over time. Participant behavior also influenced the choice of design. Longitudinal 

studies face higher dropout rates due to extended follow-up periods (Lajous et al., 2005), which 

can compromise internal validity and reduce the effective sample size. Theoretically, given the 

limited number of existing studies exploring these associations, a cross-sectional approach offers 

a necessary first step. Establishing reproducible observations is essential before conducting 

longitudinal research aimed at tracking clearly defined microbial or clinical patterns. 

Demonstrating causality between a microorganism and its interaction with the immune system 

requires controlled experimental conditions. For example, studies have isolated specific strains 

(such as Finegoldia magna, Corynebacterium accolens or Staphylococcus epidermidis) 

performed genomic characterization, and evaluated their immunological effects using cellular 

models (keratinocytes, PBMCs) and animal systems (H. J. Kim et al., 2019; Ridaura et al., 2018; 

van der Krieken et al., 2023). These experiments included live or inactivated bacteria, cytokine 

measurements, and functional assessment of immune responses such as IFN-λ production or 

AMP expression. Without this multifaceted approach, causal links cannot be established, and 

indirect or confounding effects cannot be ruled out. Proving causality requires microbial isolation, 

molecular characterization, and controlled application in cell or animal models. Immune markers 

such as cytokines or AMPs must be quantified. Only with well-defined systems and appropriate 
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controls can specific and direct immune interactions be demonstrated. This approach requires a 

completely different experimental setup and the prior identification of well-established taxa of 

interest. Therefore, the first step is to detect patterns and, if possible, narrow the list of candidate 

taxa suitable for further causal investigation. 

Another important aspect is the benefit of analyzing the shaft and glans separately. These 

anatomical sites differ in epithelial structure, moisture, exposure, and immune environment, 

leading to distinct microbial communities. Separate analysis improves resolution and avoids 

compositional dilution caused by pooling samples with discordant microbiota or HPV status. In 

our dataset, many individuals were HPV-positive at one site but not the other, reinforcing the need 

for independent analysis to preserve biological signal and prevent confounding. This approach 

strengthens ecological interpretation and increases statistical power by reducing within-subject 

heterogeneity. 

Importantly to mention is the non-invasive swab sampling that here was employed as it offers a 

practical, low-discomfort method for collecting penile microbiota, enhancing participant comfort 

and study compliance. Unlike urethral or biopsy-based methods, swabbing minimizes 

invasiveness, reducing anxiety and refusal rates (Qi et al., 2014). This approach facilitates 

broader participation, especially in asymptomatic individuals, and supports large-scale, 

community-based microbiome research. Moreover, self-collected samples can also be applied, 

which has been broadly use in vaginal microbiome research (Berggrund et al., 2020; Brotman et 

al., 2014). 

Moving into the methodological aspects related to the 16S rRNA amplicon sequencing strategy, 

several key points must be considered. The first is primer selection. The 16S rRNA gene spans 

approximately 1,500 base pairs and contains conserved and hypervariable regions, labeled V1 

through V9 (Větrovský & Baldrian, 2013). Among the most commonly used primer sets are those 

targeting the V4 and V3–V4 regions. These differ mainly in the amplicon size: around 300 bp for 

V4 and ~460–500 bp for V3–V4. In theory, longer amplicons offer greater taxonomic resolution. 

However, this advantage is often counterbalanced by practical limitations. If DNA is degraded or 

fragmented (due to suboptimal preservation, heat exposure, or inefficient extraction) read quality 

declines (Videnska et al., 2019). In such cases, the overlap between forward and reverse reads 
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may be insufficient, leading to high sequence loss during read merging, sometimes exceeding 

50%. This is particularly relevant for paired-end sequencing, where the reverse read contributes 

additional nucleotide information beyond the overlap region. Because the reverse read often 

exhibits lower quality than the forward read, this extra information can be minimal or unusable. 

Consequently, only forward reads remain usable, and in the case of V3–V4, these alone lack 

sufficient resolution. For this reason, when suboptimal sample quality is anticipated, targeting the 

shorter V4 region is preferred. It yields a more consistent amplicon with near-complete overlap, 

increasing the proportion of usable sequences. 

The assumption that an additional 200 bp always improve taxonomic resolution is debatable 

(Wang et al., 2007; J. J. Werner et al., 2012). While longer fragments can capture more 

informative sites, many bacterial species differ by only one or two nucleotides across the full-

length gene. Even the complete 16S gene (~1,500 bp) struggles to distinguish phylogenetically 

close species, such as those within the diverse genera Staphylococcus and Corynebacterium 

commonly found on skin (Ghebremedhin et al., 2008). Moreover, the reference database used 

for taxonomic assignment heavily influences resolution (J. J. Werner et al., 2012). If a species 

16S gene is not included in the database, a closely related taxon will be assigned instead. 

Recognizing these technical constraints allows researchers to prioritize reliability and 

reproducibility. A shorter, high-quality amplicon is preferable, even if taxonomic resolution is 

limited to the genus level. Further refinement can be achieved through complementary 

approaches such as bacterial isolation, multilocus sequence analysis, shotgun metagenomics, or 

whole-genome sequencing. 

From a computational perspective, using pool=TRUE in DADA2 (Callahan et al., 2016) causes all 

samples to be analyzed simultaneously, considering the total abundance of each sequence 

across the dataset. This improves the ability to distinguish sequencing errors from true biological 

variants, as rare sequences gain statistical support when observed repeatedly across different 

samples, strengthening their inference. Applying pool=TRUE increases sensitivity for detecting 

low-abundance variants that might be missed when processing samples individually. This is 

particularly advantageous in studies with many samples and high microbial diversity. Although it 
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requires greater computational resources, it allows for more accurate reconstruction of the 

microbial community at single-nucleotide resolution. 

Although some authors recommended against normalization, we applied rarefaction in this study 

(Willis, 2019). Rarefaction is a normalization method that randomly subsamples each sample to 

the same number of sequences (Schloss, 2024), allowing comparisons under equivalent 

sequencing depth. This controls for bias introduced by unequal sampling effort, which can distort 

richness, Shannon diversity, or beta-diversity metrics. Without normalization, samples with higher 

sequencing depth may appear artificially more diverse, leading to false group differences. 

Rarefaction prevents such distortions and ensures comparability across samples.  

Finally, it is important to note a limitation in Chapter V, where pooled samples were used to 

generate composite profiles. This approach aimed to maximize taxonomic resolution by enriching 

the sample content. However, pooling compromises interpretability by eliminating sample 

individuality, making relative abundance an average that cannot support statistical comparisons. 

As a result, all findings from Chapter V should be interpreted with caution.  

One of the main findings of this study was the observation of significant differences in microbial 

diversity between HPV-negative and HPV-positive individuals. These differences were 

statistically significant for richness-based diversity metrics, both observed and estimated. An 

increase in richness is a common hallmark of microbial dysbiosis (Petersen & Round, 2014), and 

as such, this pattern may reflect a disrupted penile skin microbiota in HPV-infected men. Notably, 

these differences were only significant in the penile shaft and not in the glans. This may be 

explained by (a) the lower number of glans samples analyzed, which reduces statistical power, 

and (b) the naturally higher abundance of anaerobic taxa in the glans due to its anatomical and 

physiological characteristics. In this context, the relative increase of anaerobic taxa in HPV-

positive individuals may have been more easily detected on the penile shaft, where anaerobes 

are typically less dominant, while remaining masked in the already anaerobe-enriched glans 

microbiota (Price et al., 2010).To this end, circumcised men are expected to have a glans 

microbiota more similar to that of the penile shaft. 

A common hallmark of dysbiosis—or any ecological disturbance—is a shift in species proportions, 

where dominant taxa decline and opportunistic species increase (Carding et al., 2015). This is 
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typically reflected in metrics of community evenness. In the vaginal microbiota, for instance, 

dysbiosis is frequently characterized by the depletion of Lactobacillus-dominated communities (Y. 

Han et al., 2021). The Lactobacillus community play a central role in maintaining low pH through 

lactic acid production, which competitively suppresses opportunistic anaerobes. Their reduction 

allows anaerobes to proliferate, creating a permissive environment for HPV acquisition and 

progression. In contrast, the Shannon diversity index, which integrates both richness and 

evenness into a single abstract metric, is often used as a general-purpose indicator of community 

diversity (Daly et al., 2018). While useful for broad comparisons, its versatility can be a limitation 

when detecting subtle but biologically meaningful shifts. In our case, although significant 

differences in richness were observed, Shannon diversity remained unchanged. This suggests 

that community-wide structure is largely conserved as other skin environments (Oh et al., 2016), 

and that HPV-associated shifts may involve low-abundance, yet biologically relevant taxa rather 

than dramatic restructuring of the overall microbiota. 

At this point, considering the penile microbiota as an ecological community, two main hypotheses 

can be proposed to explain the observed increase in microbial richness associated with HPV 

infection. First, a higher richness typically implies a more permissive environment that allows the 

coexistence of a broader range of microbial taxa (Petersen & Round, 2014). HPV is known for its 

ability to evade immune detection (de Sanjosé et al., 2018), which allows it to persist subclinical 

for extended periods—often up to two years—before being cleared. Our cross-sectional design 

limits the ability to determine the temporal sequence of infection and microbiome shifts, and 

immune parameters were not directly measured to assess local immune activity. 

The more plausible hypothesis, supported by previous literature, is that a pre-existing dysbiotic 

state characterized by the enrichment of opportunistic anaerobes, predisposes individuals to HPV 

infection. This is consistent with findings from a Ugandan cohort (C. M. Liu et al., 2017), in which 

men with higher relative abundances of anaerobes were at increased risk of HIV acquisition. 

While that study involved HIV rather than HPV, the ecological and immunological mechanisms 

are not mutually exclusive. Dysbiosis may facilitate viral acquisition by compromising mucosal 

immunity, disrupting epithelial barriers, or generating a pro-inflammatory microenvironment (Levy 

et al., 2017; Petersen & Round, 2014). Furthermore, several anaerobic taxa have been shown to 

modulate host immunity or enhance viral infectivity either directly or indirectly (Lam et al., 2018; 
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Lima-Junior et al., 2021; Robinson & Pfeiffer, 2014). These microbial shifts may therefore not only 

reflect a permissive niche but actively contribute to viral pathogenesis. Future longitudinal and 

mechanistic studies are needed to disentangle the directionality and causality of these 

associations. 

Non-metric multidimensional scaling revealed partial separation between HPV-positive and HPV-

negative samples. HPV-negative individuals clustered tightly, indicating a conserved microbiota 

in that group. HPV-positive individuals displayed greater dispersion, reflecting interindividual 

microbiota variability. These patterns suggested that HPV infection induced a microbial shift rather 

than community replacement. This observation aligned with unchanged Shannon diversity, which 

integrated richness and evenness. Penile skin hosted communities shaped by endogenous and 

environmental influences, including personal hygiene habits (Oh et al., 2016). These findings 

emphasized anatomical context and ecological complexity when interpreting infection-related 

community differences.  

The CST framework, initially developed in vaginal microbiota research (Gajer et al., 2012; Ravel 

et al., 2011), offers a robust ecological classification system based on taxonomic dominance and 

co-abundance structure. Its adaptation to penile skin microbiota analysis is justified for three main 

reasons. First, CSTs allow summarizing complex, high-dimensional microbiome data into 

ecologically interpretable community types, facilitating comparisons across individuals and 

populations. Second, although the penile skin lacks the strong Lactobacillus dominance typical of 

healthy vaginal communities, both niches exhibit recurrent compositional states influenced by 

host anatomy, physiology, and behavior, making CST-based clustering relevant for detecting 

dysbiosis patterns. Third, CSTs integrate subtle compositional differences that may be overlooked 

by diversity metrics alone, enabling the identification of high-risk microbial states associated with 

HPV infection. Moreover, grouping individuals into CSTs can amplify biological signal: samples 

within the same CST already share structural and ecological similarities, so any association with 

a clinical or behavioral trait is tested against a background of reduced heterogeneity. This 

approach can therefore increase statistical power and biological interpretability when investigating 

protective or pathogenic microbiota states. 
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Unlike NMDS ordination of beta diversity, which provides a continuous representation of inter-

sample dissimilarities (Anderson et al., 2011), CST analysis discretizes the microbiota into distinct 

compositional states (Gajer et al., 2012). NMDS is exploratory, showing gradients of variation 

without imposing categorical boundaries, and is useful for visualizing community overlap or 

separation. In contrast, CST clustering forces a partitioning of samples into recurrent patterns, 

emphasizing dominant taxa and co-abundance relationships that may correspond to biologically 

meaningful states. While NMDS can reveal broad ecological trends, CSTs facilitate hypothesis 

testing on state-specific associations with clinical or environmental variables, making them 

complementary but conceptually distinct analytical tools. 

In microbiome clustering, Bray–Curtis dissimilarity and Euclidean distance are among the most 

widely used metrics due to their straightforward interpretation and compatibility with abundance 

data (Alberdi & Gilbert, 2019). However, Ravel et al. (2011) recommended Jensen–Shannon 

divergence (JSD) for CST analysis, as it compares full taxonomic probability distributions, is less 

sensitive to zero inflation, and captures patterns in both dominant and rare taxa. This property 

makes JSD particularly suitable for high-dimensional, compositional datasets such as the penile 

skin microbiota. Regarding linkage algorithms, single and complete linkage can produce 

elongated or uneven clusters, particularly in heterogeneous communities (Handl et al., 2005). 

Ward.D2 linkage, by contrast, minimizes within-cluster variance at each step, yielding more 

compact and ecologically coherent groups. In this study, hierarchical clustering with JSD + 

Ward.D2 produced the most stable and interpretable solution. 

Here, CST-5 emerged as the microbial community state most strongly associated with HPV 

infection. This CST was characterized by the dominance of Gram-positive anaerobic cocci 

(GPAC) such as Finegoldia, Peptoniphilus, and Anaerococcus, genera previously linked to 

dysbiotic conditions in both skin and mucosal niches (Dowd et al., 2008; Murphy & Frick, 2013). 

These taxa thrive in low-oxygen microenvironments and are often detected in polymicrobial 

biofilms, where they may contribute to inflammation and impaired epithelial defense (A. Han et 

al., 2011). The enrichment of GPAC in CST-5 mirrors findings from vaginal microbiota studies, 

where anaerobe-dominated CSTs have been associated with HPV persistence and higher viral 

loads (Gillet et al., 2011; Mitra et al., 2020). Conversely, CST-5 displayed a marked reduction in 

commensal genera such as Corynebacterium and Staphylococcus, which are key contributors to 
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skin barrier integrity and immune modulation (Bomar et al., 2016; Byrd et al., 2018). This loss of 

protective taxa may facilitate viral persistence by reducing colonization resistance and altering 

local immune signaling. 

The functional profile of CST-5 suggests a dysbiotic, inflammation-prone microenvironment. The 

dominance of GPAC genera indicates a community adapted to oxygen-limited niches, capable of 

producing metabolic by-products like short-chain fatty acids (e.g., butyrate) and proteolytic 

enzymes that can disrupt epithelial integrity (Ezaki et al., 2001; Murphy & Frick, 2013). These 

conditions may favor localized inflammation, increase epithelial permeability, and modulate host 

immune responses toward a less effective antiviral state (Levy et al., 2017; Petersen & Round, 

2014). Concurrently, the reduction in abundance of beneficial commensals like Corynebacterium 

and Staphylococcus, which are known for their role in producing antimicrobial peptides and 

regulating skin pH (Bomar et al., 2016; Byrd et al., 2018), may reduce colonization resistance, 

allowing opportunistic taxa to proliferate. This may explain the increased richness observed in our 

HPV-positive samples. Similar functional shifts have been documented in vaginal CSTs 

dominated by anaerobes, which are associated with persistent HPV and higher risk of neoplastic 

progression (Mitra et al., 2020). Thus, CST-5 may represent a pro-inflammatory, immune-

modulating state conducive to viral persistence. 

In summary, CST-5 may be defined as a high-risk microbial signature, whereas CSTs enriched 

in commensals such as Corynebacterium and Staphylococcus likely represent protective states. 

However, this remains as a hypothesis. Validation in larger, longitudinal cohorts is warranted to 

support and confirm these statements. 

The shotgun metagenomics (Chapter V) expanded upon 16S rRNA results by delivering species 

and strain-level resolution of the penile skin microbiota in HPV infection. High-quality assemblies 

were obtained for key taxa, with some contigs exceeding 30 kb, enabling confident classification 

of opportunistic anaerobes. Classification rates were consistent across HPV-positive and HPV-

negative pools (~85%), validating both sequencing and analysis pipelines. The high abundance 

of F. magna (strain ATCC 53516) in HPV-positive samples suggests preference to the infected 

microenvironment, reinforcing its potential role in modulating local inflammation and influencing 

viral persistence. Peptoniphilus genitalis was newly detected in this anatomical context, extending 
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prior links to genital dysbiosis in women (Abou Chacra et al., 2024), as most studies only report 

at genus level (Gonçalves et al., 2022; C. M. Liu et al., 2017).  

The ecological implications differ from vaginal dysbiosis models, where loss of Lactobacillus 

dominance is typical. In penile skin, even presumed healthy states are diverse; dysbiosis may 

instead manifest as enrichment of pro-inflammatory or metabolically active taxa. F. magna and P. 

genitalis are known to stimulate cytokine production (Zeeuwen et al., 2017), potentially altering 

epithelial immunity, while Anaerococcus spp. remain functionally understudied at the species 

level. The 15% of sequences that remained unclassified highlight gaps in current reference 

databases, particularly for skin-associated anaerobes. These results establish a foundation for 

mechanistic studies linking strain-resolved microbial profiles to HPV infection.



   

 

   

 

CONCLUSIONS  

This study demonstrates a statistically significant association between penile skin microbiota 

dysbiosis and subclinical HPV infection in uncircumcised, HIV-negative men. HPV-positive 

individuals exhibited a distinct microbial profile, marked by increased richness of opportunistic 

anaerobes such as Finegoldia and Peptoniphilus, accompanied by a reduction in beneficial 

commensals Corynebacterium and Staphylococcus. Dysbiosis in penile skin microbiota is not 

defined by loss of dominant taxa (as in women), but by enrichment of opportunists. CSTs and 

diversity indices reveal complementary facets of microbiota–HPV interactions. 

Given the public health relevance of persistent HPV in male populations, both as asymptomatic 

carriers and as individuals at risk of anogenital neoplasia, these results underscore the need for 

longitudinal and mechanistic studies to determine whether shifts in microbial community structure 

precede infection or are induced by it. 

It is important to highlight that the increase in opportunistic anaerobic bacteria observed in our 

cohort has also been reported in circumcised male populations from Uganda and South Africa. 

This consistent finding, despite methodological and population differences, suggests a robust 

biological pattern associated with HPV infection. Future longitudinal studies integrating 

microbiome, cytokine, and viral load data will be essential to confirm whether CST-5 actively 

drives immune suppression or is simply a biomarker of an HPV-permissive state. 

PERSPECTIVES 

The results of this research not only reveal an association between penile microbiota dysbiosis 

and HPV infection, but also point toward new scientific and clinical frontiers. As this work is now 

concluding, several questions emerge. 

A critical next step will be the design of longitudinal studies to capture the temporal dynamics of 

this relationship. Does microbial dysbiosis precede and facilitate viral infection, or is it instead a 

consequence of HPV colonization? This unresolved temporal sequence could be clarified through 

close monitoring of newly infected male cohorts, combining microbial profiling with local immune 

markers. On the mechanistic side, the consistent presence of Finegoldia magna raises compelling 

questions about its potential role in modulating host immunity. In vitro studies could explore 

whether this anaerobic bacterium, known for its ability to evade immune defenses, interferes with 
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type I interferon production, a key element of the antiviral response. Diversity patterns could serve 

as a potential early biomarker of HPV infection, and understanding these patterns will be essential 

to clarify causal relationships between dysbiosis and HPV infection. 

These insights open opportunities for developing microbiota-based diagnostics or risk 

stratification tools. Penile microbiome modulation, for instance through topical probiotics or 

selective antibiotics, represents a possible intervention strategy. While vaginal probiotics have 

shown translational success, applications to the penile microbiome remain unexplored.  
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