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Abstract
Infertility is associated with the alteration of the seminal microbiome. However, the onset of dysbiosis remains controversial and the 
involvement of host factors remains elusive. This study investigates the alterations of the seminal microbiome in male infertility and 
examines the association and function of DEFB119, a reproductive-tract-specific host antimicrobial peptide, on the seminal microbiome 
and male fertility. While we observed comparable genera, diversity and evenness of bacterial communities, a marked decrease in the 
modularity of the metacommunities was observed in patients with abnormal spermiogram (n = 57) as compared to the control (n = 30). A 
marked elevation of DEFB119 was observed in a subpopulation of male infertile patients (n = 5). Elevated seminal DEFB119 was associated 
with a decrease in the observed genera, diversity and evenness of bacterial communities, and further distortion of the metacommunities. 
Mediation analysis suggests the involvement of elevated DEFB119 and dysbiosis of the seminal microbiome in mediating the abnormalities 
in the spermiogram. Functional experiments showed that recombinant DEFB119 significantly decrease the progressive motility of sperm in 
patients with abnormal spermiogram. Moreover, DEFB119 demonstrated species-specific antimicrobial activity against common seminal 
and nonseminal species. Our work identifies an important host factor that mediates the host–microbiome interaction and stratifies the 
seminal microbiome associated with male infertility. These results may lead to a new diagnostic method for male infertility and regimens 
for formulating the microbiome in the reproductive tract and other organ systems.
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Significance Statement

Infertility is associated with the alteration of the seminal microbiome. However, the onset of dysbiosis remains controversial and the 
involvement of host factors remains elusive. Our study reveals the association of distorted bacterial networks in male infertility (n =  
57) and the elevation of the DEFB119 level in seminal plasma that stratifies male infertile patients with dysbiosis of the seminal micro
biome (n = 5). These findings uncover an important host factor that mediates the host–microbiome interaction and stratifies the sem
inal microbiome associated with male infertility. These results may lead to a new diagnostic method for male infertility and regimens 
for formulating the microbiome in the reproductive tract and other organ systems.
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Introduction
The microbiomes of the reproductive tracts play pivotal roles in 
fecundity (1–5). Defects of which represent an important cause 
of infertility that affects 15% of couples worldwide (6, 7). The mi
crobiome of the semen, herein referred to as the seminal micro
biome, has been shown to be modulated by both physiological, 
environmental and genetic factors (2). Previous studies have 

shown that the major bacterial phyla in the seminal microbiome 
are Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes 

(2). This balanced composition of the seminal microbiome is regu

lated by the innate immune response and secretions of various 

glands in the male reproductive tract (MRT). Alteration in the 

healthy composition of the seminal microbiome is associated 

with sperm abnormalities such as motility and DNA damage (8, 9).
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Apart from the involvement in regulating sperm functions and 
qualities, the seminal microbiome also alters the microenviron
ment of the female reproductive tract (FRT) after deposition. The 
seminal microbiome can be shared between heterosexual couples, 
giving complementary semino-vaginal microbiomes that affect 
the sperm migration along the FRT, the conception and embryo de
velopment in the oviduct, and the receptivity of the uterus for im
plantation (10, 11). While several phyla of the seminal microbiome 
have been shown to be associated with sperm abnormalities, the 
onset of dysbiosis in infertile cases remains controversial. 
Moreover, the question as to whether a host factor is involved in 
the host–microbes interactions remains unknown.

The β-defensin family is a group of small antimicrobial peptides 
mainly expressed by the epithelial cells (12). Ubiquitously expressed 
β-defensins such as HBD1-4 play major roles in host defense and in
nate immune responses (13). Intriguingly, a number of β-defensin 
family members are specifically expressed in the MRT. These 
reproductive-tract enriched/specific β-defensins play important 
functions in sperm functions and infertility (14, 15). Surprisingly, al
though β-defensins are present in semen and possess antimicrobial 
activity, their physiological functions and involvement in modulat
ing the seminal microbiome have not been explored.

DEFB119 is a reproductive tract-specific β-defensin highly ex
pressed in the testis and the epididymis (16). Single-cell sequen
cing analysis of testicular cells isolated from nonobstructive 
azoospermia men demonstrates an elevated expression of 
DEFB119 in the Sertoli cells (17). Male mice lacking the mouse or
tholog DEFB19 demonstrated subfertility in both sexes (18, 19). 
DEFB119 is also expressed in sperm and is involved in sperm 
chemotaxis (19). However, the antimicrobial activity of DEFB119 
and its potential involvement in regulating the reproductive tract 
microbiome has not been reported.

In view of the antimicrobial activity conserved among mem
bers of the β-defensin family, we hypothesize that reproductive- 
tract β-defensin serves as a host factor in maintaining the seminal 
microbiome. Defects of which may lead to abnormal spermio
gram and contribute to male infertility. In this study, we investi
gate the seminal microbiome of infertile couples with normal or 
abnormal spermiogram parameters. We also investigate the in
volvement and function of host factor DEFB119 on the dysbiosis 
of the seminal microbiome.

Results
Distorted bacterial network in male-factor 
infertility
To compare the seminal microbiome in men with normal or abnor
mal spermiogram, we recruited 88 patients seeking assisted repro
duction with either abnormal (male-factor infertility, n = 58) or 
normal spermiogram (partners of female-factor infertility or 
idiopathic infertility, n = 30) (Table S1). Patients with abnormal 
spermiogram include oligozoospermia, asthenozoospermia, 
teratozoospermia, or combined cases. The partners of 32 out of 
58 patients with abnormal spermiogram were diagnosed as 
female-factor infertility. The age of the patient, the age of the part
ner, the treatment outcome, and semen volume were comparable. 
However, the sperm concentration, total motility, progressive mo
tility (PR), and morphology were significantly lowered in the 
male-factor infertile group.

We then performed 16S rRNA gene sequencing on seminal 
plasma samples from this cohort of patients. After sequencing, 
a sequence curation pipeline optimized for analyses of amplicon 

libraries was performed for quality control with a low sequencing 
error rate (20). In total, 2,591 amplicon sequence variants (ASVs) 
were identified across all the seminal plasma samples. We 
adopted quantitative microbiome profiling (QMP) in our analysis. 
After removing 179 contaminants in the negative controls, 2,412 
ASVs were maintained. We observed no significant difference in 
the bacterial load between normozoospermia and male-factor in
fertile patients (Fig. S1A). Consistent with previous reports (2), 
Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes 
were the major phyla in the seminal microbiome with highest 
abundance among the eight phyla (Fig. S1B). We then compared 
the richness and evenness of the bacterial community using mul
tiple indices. In our cohort, we observed no significant difference 
in α- and β-diversity indices between the normozoospermia and 
male-factor infertile group (Figs. S2 and S3).

To further investigate the structure and interaction of seminal 
microbial communities, we performed community network ana
lysis using the Weighted Correlation Network Analysis (WGCNA) 
algorithm (21), which has not been applied in the seminal micro
biome. In this analysis, the nodes represent ASVs and the edges 
that connect these nodes represent correlations between ASVs. 
Notably, while the number of nodes was comparable, we observed 
a 14% decrease in the number of edges (Fig. S1C). In microbial 
community networks, the ASVs clustered into independent mod
ules, a property known as modularity, with a small group of ASVs 
serving as module connectors. We observed the absence of a mod
ule hub and increased abundance of within-module connectivity 
of Proteobacteria and Firmicutes in male-factor infertile patients. 
Besides, the disappearance of peripheral node in Fusobacteria was 
also observed in male-factor infertile patients. These results attri
bute to the shrinkage of network diameter and exacerbate the het
erogeneity (Fig. S4). These data suggest that the bacterial network 
is distorted in patients with abnormal spermiogram despite the 
comparable richness and evenness of the metacommunities.

Elevation of DEFB119 stratifies the dysbiosis 
in male-factor infertility
Previous studies have utilized sperm parameters as stratification 
factors in the analysis of seminal microbiomes. We speculated 
that a host factor potentially involved in the host–microbe inter
actions would provide a better stratification of the seminal micro
biome and a higher resolution of the dysbiosis associated with 
male infertility. Therefore, we explored the involvement of 
β-defensins in regulating the seminal microbiome, we focused 
on DEFB119, a β-defensin that plays pivotal roles in sperm produc
tion and functions (18, 19). We determined the protein level of 
DEFB119 in seminal plasma by enzyme-linked immunoassay 
with an antibody against the C terminus of the protein. We ob
served a range of DEFB119 levels in subjects with normal spermio
gram (median 227.6, interquartile range [IQR] 108.0–367.2 ng/mL). 
Patients with abnormal spermiogram expressed comparable level 
of DEFB119 in the seminal plasma (median 203.1, IQR 128.6– 
324.6 ng/mL). Interestingly, a subgroup of patients (n = 5) demon
strated a marked elevation of DEFB119 in seminal plasma above 
the 100th centile (>900 ng/mL) of subjects with normal spermio
gram (Fig. 1A and Table 1). Since there was a biased in the weight
ing of male infertile patients in our cohort, we have further 
evaluated the level of DEFB119 in an additional cohort of 21 
normozoospermia patients. Notably, we observed a significant 
association of the elevation of DEFB119 with male infertility (χ2, 
P = 0.03, Table S2). The elevation of DEFB119 thus represents 
4.5% of the male infertile patients in our cohort.
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To examine the metacommunity structure associated with ele
vated DEFB119, we categorized the patients according to the fol
lowing grouping: G1—Normal spermiogram and low DEFB119 
level (n = 30); G2—Abnormal spermiogram and low DEFB119 
(n = 52); and G3—Abnormal spermiogram and elevated level of 
DEFB119 (n = 5). The spermiogram parameters were comparable 
in male-factor infertile patients with normal (G2) or elevated levels 
of DEFB119 (G3) (Table 1). Notably, a significantly higher bacterial 
load was observed in G3 (Fig. 1B). The dominant phylotypes of G3 
were Firmicutes and Proteobacteria with Actinobacteria and 
Bacteroidetes present in smaller proportions (Fig. S5). Comparing 

the top 40 most abundant genera, the abundance of Bactobacillus, 
Gardnerella, and Prevotella decreased (Fig. 1C). We have also com
pared the richness and evenness of the bacterial community 
among the three groups using multiple indices as in our previous 
analysis. There was no statistically significant difference in the 
α-diversity in patients with elevated levels of DEFB119 as com
pared to G1 and G2 groups (Fig. S6). Notably, the β-diversity as 
measured by Jaccard distance and unweighted Unifrac distance 
showed that the bacterial community in patients with high levels 
of DEFB119 (G3) was significantly different from those in G1 and G2 
groups (PERMANOVA P < 0.05, Figs. 1D and S7).

Fig. 1. Elevation of DEFB119 is associated with male infertility and dysbiosis of the seminal microbiome. A) Comparison of the protein level of DEFB119 in the 
seminal plasma collected from normozoospermia and male-factor infertile patients. A threshold of 900 ng/mL was determined to surpass the maximum level 
observed in normozoospermic subjects. B) Quantification of bacterial load (CFU) in patients of G1 (normozoospermia, normal DEFB119, n = 30), G2 (male 
infertility, normal DEFB119, n = 52), and G3 (male infertility, elevated DEFB119, n = 5). C) Heat map showing the comparison of the top 40 most abundant genera 
identified in the three groups of patients in both relative and QMP. D) Principal co-ordinate analysis plot showing the comparison of β-diversity indices Jaccard 
distance between G1, 2, and 3. E) WGCNA analysis showing the microbial communities networks in G1, 2, and 3. Corresponding information is shown in the 
bottom panel. Data represent median ± IQR.
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Differential abundance analysis at the genus level revealed a 
significant increases in four genera in G3 (P < 0.05), including 
AF12, Enterobacter, Anaerobacillus, and Carnobacterium, despite their 
rare occurrence and low relative abundance (Fig. S8). WGCNA 
community network analysis showed that patients with elevated 
levels of DEFB119 (G3) showed a marked decrease in the numbers 
of both nodes and edges (Fig. 1E). The network diameter and het
erogeneity were further diminished in G3 as compared to G2. 
These data suggest that the elevated level of DEFB119 is associ
ated with dysbiosis of the seminal microbiome and severe distor
tion of bacterial networks in male-factor infertile patients.

Mediators of abnormal sperm parameters in male 
infertility
Members of the β-defensin family are known to regulate sperm 
functions required for the migration in the FRT and successful fer
tilization (14, 15). While our data showed that the elevated level of 
DEFB119 was associated with the dysbiosis of the seminal micro
biome in male infertility, the infertile outcome could be attributed 
to the effect of DEFB119 on sperm functions per se, the indirect ef
fect from the dysbiosis of the seminal microbiome or both. To 
study this, we examined the correlation of DEFB119 level with 
various sperm parameters in normozoospermia and male-factor 
infertile patients. Among the sperm parameters, a significant 
negative correlation was observed in PR (Fig. S9, P < 0.05). In line 

with this, redundancy analysis (RDA) also revealed a negative cor
relation of DEFB119 with sperm motility and PR (Fig. 2A).

Next, we set out to test if the abnormal sperm parameter was 
mediated by the elevation of DEFB119 and the dysbiosis of the 
seminal microbiome. Mediation analysis revealed a notable in
crease in the number of significant mediations in the male-factor 
infertile patients but not the normozoospermia control cohort 
(Fig. 2B). Significant mediations were observed in five out of six 
tested models, regardless of the initiators and mediators. 
Further analysis on the proportion of mediation attributed to bac
terial species revealed Streptococcus infantis, Streptococcus anginosus, 
and Streptococcus agalactiae as candidate species (Fig. 2C). These re
sults suggest that the elevation of DEFB119 and the dysbiosis of 
the seminal microbiome could be the cause or the effect and 
vice versa. Nonetheless, the RDA and mediation analysis suggests 
the possible involvement of elevated DEFB119 and dysbiotic sem
inal microbiome in mediating the abnormal sperm parameters.

Elevated DEFB119 decreases sperm motility 
in male infertility
To validate the mediation analysis, we set out to examine the ef
fect of elevated DEFB119 on sperm parameters. We mimicked the 
elevated level of DEFB119, as observed in G3, by recombinant 
DEFB119 (rDEFB119) treatment in a separate cohort of patients 
with normal or abnormal spermiogram profiles and normal level 

Table 1. Clinical characteristics of patients with normozoospermia (G1) and male-factor infertility with (G3) or without (G2) elevation of 
DEFB119 levels.

G1—normozoo, normal  
DEFB119 (n = 30)

G2—male-factor, normal  
DEFB119 (n = 52)

G3—male-factor,  
elevated DEFB119 (n = 5)

P-value

Age, years (mean, CI) 36.63 (35.68–37.59) 35.96 (34.94–36.98) 34.20 (29.20–39.20) 0.28
Partner age, year (mean, CI) 39.93 (36.64–43.22) 39.25 (37.41–41.08) 35.80 (32.59–39.01) 0.29
Diagnosis

Idiopathic infertility 6 0 0 —
Female-factor infertility 24 29 3 —
Male-factor infertility 0 52 5 —

Spermiogram — — — —
Semen volume, mL (median, IQR) 2.8 (2.0–3.6) 2.5 (1.7–3.0) 3.8 (2.8–5.9) 0.09

vs. G1, 0.91 vs. G1, 0.40
vs. G2, 0.11

Sperm concentration, millions/mL 
(median, IQR)

62.0 (35.1–78.1) 20.0 (10.4–50.8) 4.8 (2.5–24.0) <0.0001

vs. G1, <0.001 vs. G1, <0.01
vs. G2, 0.31

Total motility, % (median, IQR) 57.0 (48.5–61.5) 48.5 (37.2–57.7) 37.0 (36.0–53.0) <0.01
vs G1, <0.05 vs G1, 0.07

vs. G2, 0.99
Progressive motility, % (median, IQR) 52.0 (44.0–57.70) 44.0 (29.7–52.0) 35.0 (28.53–46.5) <0.01

— vs. G1, < 0.01 vs. G1, 0.06 —
— — vs. G2, 0.99 —

Morphology, % (median, IQR) 5.0 (4.4–5.4) 2 (1.3–3.0) 1.0 (1.0–2.3) <0.0001
— vs. G1, <0.0001 vs. G1, <0.0001 —
— — vs. G2, 0.97 —

ART regimen and outcome — — —
Convention IVF, n 24 21 1 N.A.
ICSI, n 5 32 4 N.A.
Fertilization rate, % (median, IQR) 75 (62.6–93.6) 73.2 (57.1–85.7) 70.0 (55.0–100.0) 0.57
Good quality embryo rate, % 

(median, IQR)
44.0 (6.5–80.0) 50.0 (40.0–100.0) 100.0 (29.0–100.0) 0.33

DEFB119 — — — —
Protein level in seminal plasma, ng/mL 

(median, IQR)
227.6 (108.0–367.2) 203.1 (128.6–324.6) 0.22

— 193.3 (122.4–298.2) 2261.0 (1063.0–2685.0) <0.001
— vs. G1, 0.99 vs. G1, <0.01 —
— — vs. G2, <0.001 —

Data represent mean ± 95% CI or median ± IQR. P-value indicates analysis by Kruskal–Wallis test with Dunn’s multiple comparison. 
N.A., not available; ART, assisted reproductive technologies; IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection.
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of DEFB119 in the seminal plasma i.e. being classified as G1 or G2. 
Since the decrease in sperm count and morphology are mainly at
tributed to defects in spermatogenesis and sperm maturation that 
would not be altered in a short incubation period of rDEFB119 

treatment theoretically and both PR and total motility demon
strated a negative correlation with DEFB119 in RDA (Fig. 2A), we 
examined if the elevated DEFB119 affects the motility of sperm. 
Our results showed that rDEFB119 significantly decreased both 

Fig. 2. Dysbiosis of the seminal microbiome and elevation of DEFB119 are potential mediators of abnormal spermiogram in male infertility. A) RDA 
showing the correlation of DEFB119 levels and indicated genera with semen volume and various sperm parameters, including concentration, 
morphology, motility and PR in QMP. B) A bar chart showing the number of significant mediations of DEFB119 levels (D) and dysbiosis of the seminal 
microbiome (M) in the alteration in sperm parameters (S). Two-way ANOVA, *P < 0.05. C) A bar chart showing the proportion of mediated effect at species 
level in quantitative analysis.
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total and PR when compared with the vehicle control (Fig. 3A and 
B, P < 0.001). Interestingly, when the sample cohort was further 
categorized into normozoospermic and male-factor infertile 
groups based on the spermiogram profile, the decrease in PR 
was only observed only in male-factor infertile patients (Fig. 3C 
and D). These results, in corroboration with the mediation ana
lysis, suggest that elevated DEFB119 level has detrimental effects 
on sperm motility, and may contribute to the infertile outcome of 
the male-factor infertile patients with disturbed seminal micro
bial networks.

Species-specific antimicrobial activity of DEFB119 
shapes the seminal microbiome
It is well established that the β-defensins possess antimicrobial 
activity that contributes to the host defense against pathogens 
(22–26). Of note, reproductive-tract-specific β-defensins play 
dual roles in host defense and sperm functions in the reproductive 
tract, their expressions are known to be induced by both physio
logical and pathological stimuli including hormone and bacterial 
toxin lipopolysaccharides (27, 28). Therefore, the elevated 
DEFB119 in seminal plasma could be a cause or an effect of the 
dysbiosis of the seminal microbiome. To investigate if DEFB119 
plays an active role in shaping the seminal microbiome and pro
voking dysbiosis, we performed bactericidal assay against two 

dominant genera observed in G1 and G2, Prevotella and 
Streptococcus, and the genus found in G3, Pseudomonas (Fig. 4A–F). 
We include species that can be propagated in vitro and have either 
been reported in the semen, including Prevotella copri, Streptococcus 
mitis, S. anginosus, and Pseudomonas aeruginosa (29–32), or found in 
other organ systems such as Prevotella stercorea in the gut micro
biome and Streptococcus intermedius in the central nervous system 
(33, 34). Streptococcus anginosus was also the species identified in 
our mediation analysis (Fig. 4E).

We treated the bacterial culture with various doses of 
rDEFB119 and observed the bacterial growth after culture. We ob
served a dose-dependent decrease in the amount of P. stercorea, S. 
mitis, S. Anginosus, and S. intermedius after rDEFB119 treatments as 
compared to the vehicle controls, suggesting the bactericidal ef
fect of DEFB119 on these species (Fig. 4D–F). Intriguingly, 
rDEFB119 significantly promoted the growth of S. mitis at 3 µg/mL 
while higher doses demonstrate significant inhibitory effects. 
This result suggests that reproductive tract β-defensins can exert 
both promoting and inhibitory effects on specific species in a dose- 
dependent manner. rDEFB119 exerted a negligible effect on the 
growth of Pse. aeruginosa and P. copri regardless of the dosage used 
(Fig. 4A and C), suggesting that these bacteria were resistant to 
DEFB119. Taken together, our results suggest that the elevation 
of DEFB119 in semen plays an active role in provoking the dysbiosis 
of the seminal microbiome.

Fig. 3. Effect of elevated DEFB119 level on sperm motility. A, B) Sperm total and PR showing the effect of elevated DEFB119 level on sperm from both 
normozoospermia and male-factor infertile individuals (n = 18). C, D) Sperm PR in normozoospermic (n = 6) or male-factor infertile patients (n = 12), 
respectively. *P < 0.05, ***P < 0.001.
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Discussion
The present study is the first to characterize host–microbiome 
interaction in the seminal plasma of infertile patients via a repro
ductive tract-specific β-defensin. Members of the β-defensin fam
ily are involved in host defense and sperm functions, e.g. sperm 
motility and sperm–egg interaction, in the male and female repro
ductive tracts. Disorder in these β-defensins expressions, caused 
either by mutations or decreased expression, is associated with 
male infertility. Notably, our results showed that an elevated level 
of DEFB119 was significantly associated with male infertility. More 
importantly, we revealed a significant correlation between the 
elevated level of DEFB119 and the decrease in the abundance of 
genera, diversities, and community networks of the seminal mi
crobiome in male-factor infertile patients. In contrast, the ele
vated level of DEFB119 was not associated with the 
spermiogram parameters tested. Further functional analysis re
vealed that elevated DEFB119 decreases the PR of sperm in male 
infertile patients but not normozoospermic individuals. These re
sults suggest that both the elevated level of DEFB119 and the dys
biosis of the seminal microbiome contribute to the infertile 

outcome. It should be noted that the spermiogram analysis does 
not include a complete profile of sperm functions, particularly 
those to be triggered in the FRT. Furthermore, the seminal micro
biome can alter the microbiome in the female tract which affects 
fertilization and embryo development. Therefore, it is possible 
that the altered seminal microbiome stemming from elevated lev
els of DEFB119 may lead to deregulation in the event that occurs in 
the FRT that contributes to the infertile outcome. Nonetheless, 
the present study opens an unexplored domain of research on 
the etiology of male infertility attributed to the interplay between 
β-defensin and the seminal microbiome.

Previous studies by several groups have shown that specific 
phylotypes of the seminal microbiome are positively or negatively 
associated with abnormal spermiogram i.e. male infertility. For 
example, the Lactobacillus-predominant phylotype is observed in 
the normozoospermic patient while Pseudomonas-predominant 
and Prevotella-predominant phylotype is associated with abnor
mal spermiogram (8, 32). In line with these findings, in the sub
group of patients with elevated levels of DEFB119, we also 
observed a decrease in Lactobacillus and an increase in 
Pseudomonas. At the species level, we observed both promoting 

Fig. 4. Species-specific bactericidal effect of DEFB119. A–F) Bactericidal assay of representative species from Pseudomonas (A), Prevotella (B, C), and 
Streptococcus (D–F). Bacterial cultures were treated with the indicated amount of rDEFB119 or an equal amount of vehicle control. The percentage change 
in optical density was calculated with reference to the corresponding 0 µg/mL groups. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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or inhibiting roles of DEFB119 on Streptococcus and Prevotella but 
not Pseudomonas in a dose-dependent manner, suggesting that 
DEFB119 provokes the dysbiosis of the seminal microbiome. To 
this end, it is noteworthy that although we did not identify a phy
lotype associated with abnormal spermiogram in our cohort of 
male-factor infertility patients with normal levels of DEFB119, a 
decrease in the diameter of the microbial community networks 
and heterogeneity was observed. These findings suggest that dis
torted communities network could be an event independent of the 
elevation of DEFB119. More importantly, dysbiosis was developed 
in patients with elevated DEFB119 (G3) but not those with normal 
levels of DEFB119 (G1 and 2). Therefore, our results have identified 
a previously unknown host factor that stratifies the dysbiosis from 
distorted microbial networks in male infertility. These findings 
suggest that the elevated level of DEFB119 may be a predictive 
marker of male infertility associated with dysbiosis of seminal mi
crobiome. Notwithstanding the significant association of elevated 
DEFB119 with male infertility, it should be noted that the number 
of cases remains relatively small (n = 5). The small sample size in 
G3 may pose an over- or under-representation of genera in the 
seminal microbiome of this group. Further investigation of the 
stratification by a combination of host factors and sperm param
eters in a larger cohorts of patients will provide a better resolution 
on the phylotype that leads to the infertile outcome.

The human microbiota, particularly those in the gut, oral cavity, 
and skin are known to play important roles in health and disease. 
The endogenously secreted antimicrobial peptides, including several 
members of the β-defensin family as well as other defensins, are 
known to be correlated with unique phylotypes in various organ sys
tems. Our results showed that β-defensin DEFB119 specifically ex
pressed in the reproductive tract caused a significant decrease in 
Actinobacteria, Bacteroidetes, Tenericutes, and Fusobacteria phyla 
but an increase in Proteobacteria and Firmicutes. The increased phy
la demonstrate resistance to the antimicrobial activity of DEFB119. 
Similar resistance is also observed at the species level against Pse. aer
uginosa. Moreover, at the species level, we observed the antimicrobial 
activity of DEFB119 against P. stercorea and S. intermedius, both of 
which have not been found in the semen. These results suggest 
species-specific antimicrobial activity against bacteria commonly 
found in the semen, as well as those in other organ systems. In 
view of the strong expression of a plethora of β-defensin family mem
bers in the reproductive tract and the specificity of the antimicrobial 
activity of individual β-defensin, we postulate that the reproductive 
tract-specific β-defensins represent a valuable immunocompatible 
way to formulate desirable microbiome phylotypes in other organ 
systems so as to restore normal tissue homeostasis.

Taken together, our data indicate that male infertility is associ
ated with distorted bacterial networks. The elevation of DEFB119 
in seminal plasma lower sperm motility in male infertile patients 
and provoke the dysbiosis of the seminal microbiome with a de
crease in the number of observed genera, diversity, evenness, 
and community networks. Our work has provided novel insight 
into the host–microbiome interaction via reproductive-tract- 
specific antimicrobial peptides, which shed light on the etiology 
of male infertility and may provide a valuable tool for formulating 
microbiomes in other organ systems.

Materials and methods
Study design and participants
Infertile men aged 25–44 years who attended the assisted repro
duction clinic at the Prince of Wales Hospital of The Chinese 

University of Hong Kong were recruited. All participants provided 
written informed consent and local ethics approval was obtained 
from the Institutional Review Board, the Joint Chinese University 
of Hong Kong—New Territories East Cluster Clinical Research 
Ethics Committee (approval number: CREC2016.499). All partici
pants were in good health and none of them was under antibiotic 
therapy during sampling. Semen samples were collected accord
ing to a standardized protocol after 2–7 days of abstinence. 
Specifically, men were instructed to void, wash their hands with 
soap and water, and cleanse the glans penis with water before col
lecting the sample. Samples were collected via masturbation into 
a sterile container, without the use of saliva or lubrication, and 
immediately provided to clinical staff for processing and sample 
storage.

For diagnosis of male-factor infertility, semen analysis was per
formed according to the World Health Organization (WHO) 2010 
Guidelines (35). Briefly, semen samples were allowed to liquefy 
for up to 30 min at 37 °C. The samples were manually evaluated 
by specialists in our andrology laboratory that abided by the inter
national inter-laboratory standard following the National External 
Quality Assessment Scheme (NEQAS, UK). The samples were first 
evaluated for volume and then assessed using optical microscopy 
for concentration, percentage of total motility, percentage of PR, 
total motile sperm count, and percentage of normal morphology. 
Briefly, sperm concentration was counted in a hemocytometer 
chamber. At least 200 spermatozoa were counted per replicate. 
Sperm motility was evaluated as follows: PR—actively moving 
spermatozoa either linearly or in a large circle; nonprogressive mo
tility (NP)—patterns of motility with an absence of progression; im
motility—no movement. Total motility included both PR and NP. 
Sperm morphology was assessed by the Diff-Quik rapid staining 
method. Spermiogram parameters below the 5th centiles were di
agnosed as male infertility with the following classification: 
Oligozoospermia—sperm concentration below 15 × 106 cells/mL; 
Asthenozoospermia—sperm PR below 32%; Teratozoospermia— 
sperm morphology below 4%. Patients with spermiogram parame
ters above 5th centiles were classified as normozoospermia.

For diagnosis of female-infertility, we followed the NICE 
Guideline (National Institute for Health and Care Excellence) for 
infertility determination. Briefly, the workup procedures include 
patient history, physical examination followed by investigation, 
basal hormonal assessment (FSH, LH, and E2), ovarian functions 
and pathology (cysts), antral follicle count, anti-mullerian hor
mone level, tubal patency, uterus anomaly by ultrasound (e.g. pol
yps and fibroids), hydrosalpinx, pelvic adhesion, anovulation, 
polycystic ovarian syndrome, and endometriosis. Infertile couples 
without a known cause of infertility were included as idiopathic 
infertility.

To examine the association between DEFB119 levels and male 
infertility, the levels of DEFB119 in seminal plasma were deter
mined by ELISA (LS Bio, LS-F13148, see below). Infertile men 
were categorized according to the level of DEFB119. The seminal 
microbiome in the categorized patients was determined by 16S 
rRNA gene sequencing. The relationship between the level of 
DEFB119 and the phylotypes in the seminal microbiome of partic
ipants was analyzed.

DEFB119 ELISA analysis
Seminal fluid was collected from the supernatant of semen after 
centrifugation at 2,000 g for 15 min and the assay was conducted 
according to the manufacturer’s instruction (Human DEFB119 
ELISA Kit—LS-F13148). Briefly, the seminal fluid was diluted at 
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1:100 with sample diluent, and then the mixture was added to a 
coated strip plate and incubated for 2 h at 37 °C. After washing, de
tection reagent A was added and incubated for 1 h at 37 °C. After 
washing, detection reagent B was added and incubated for 1 h at 
37 °C. Finally, the TMB substrate was added and incubated for 
20 min at 37 °C in the dark at 37 °C. The reaction was then 
quenched with the stop solution and the absorbance was meas
ured at 450 nm. The raw data were calculated using the online 
tool available at: https://elisaanalysis.com.

DNA extraction and library preparation
Seminal plasma DNA was extracted from the seminal fluid using 
the QIAamp DNA mini kit (Qiagen, Cat. No. #51306). Briefly, A total 
of 300 µL semen was centrifuged at 167,000 g for 15 min, 180 µL 
Buffer ATL and 40 µL proteinase K were added into the pellet 
and incubated at 56 °C overnight with agitation at 700 rpm. 
Then, Buffer AL was added to the mixture and incubated at 
70 °C for 30 min. The DNA was precipitated with 100% ethanol 
and loaded into QIAamp Spin Column. After washing with 
Buffer AW1 and AW2, the DNA was eluted with a total of 40 µL 
of prewarmed water. DNA concentration and quality were meas
ured by Nanodrop spectrophotometer.

We adopted a nested PCR protocol to generate amplicon prod
ucts. First, the full length of the 16S rRNA gene was amplified in 
primary PCR (20 cycles) using forward primer 5′-AGMGTTYGAT 
YMTGGCTCAG-3′, reverse primer 5′-TACGGYTACCTTGTTACGA 
CTT-3′, and KAPA HiFi HotStart Readymix (Roche, Cat. No. 
7958935001). The V3 and V4 hypervariable regions of the 16S 
rRNA were amplified by internal primers in secondary PCR (25 
cycles) using forward primer 5′-TCGTCGGCAGCGTCAGATGTG 
TATAAGAGACAGCCTACGGGNGGCWGCAG-3′, reverse primer 
5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHV 
GGGTATCTAATCC-3′, and the same Readymix reagents. The am
plicons were purified by AMPure XP beads (Backman Coulter, 
Product No. A63880) to remove unbound primers and dimers ac
cording to the manufacturer’s manual. The purified amplicons 
were attached to dual indices and Illumina sequencing adapters 
using the Nextera XT Index Kit (Illumina, Cat. No. FC-131-2001). 
The indexed library was validated by Qubit dsDNA HS Assay Kit 
(Thermo Scientific, Cat. No. Q32851) and Bioanalyzer Agilent 
DNA 1000 Kit (Agilent, Cat. No. 5067-1505). Three negative con
trols, that were empty collection tubes, were undergone the 
same procedures of DNA extraction, nested PCR, and library 
preparation.

Colony formation unit determination
The colony formation unit (CFU) of patient samples was deter
mined by comparing the amount of DNA with that of serially di
luted cultures of a nonpathogenic strain of Escherichia coli with 
determined CFUs after nested PCR, as stated in the previous sec
tion. Briefly, DH5α E. coli cells were inoculated in 3 mL LB broth 
and incubated at 37 °C with 250 rpm shaking overnight. The fol
lowing day, a 10-fold serial dilution of the E. coli culture was car
ried out to 108-fold dilution. Then, these diluted E. coli were 
inoculated to LB agar at 37 °C overnight to produce countable 
plates (usually 25–300 bacterial colonies/plate). Colonies were 
counted and CFU/mL was calculated after colonies were formed. 
For qPCR, 1 mL of each diluted sample was spun down at 6,000 g 
for 5 min to collect the bacteria for DNA extraction and nested 
PCR as the procedure mentioned above. DNA concentrations 
were measured, and the DNA amount of these samples was calcu
lated. The standard curve relating bacterial DNA amount and 

colony-forming unit per milliliter was plotted and regression ana
lysis was performed. CFU of patients samples were calculated 
from the equation of the linear regression.

Next-generation sequencing
The library was sequenced by the Illumina HiSeq system with 
∼31.93 M paired-end reads. Only 80 paired-end reads were gener
ated in one of the negative controls after sequencing and so this 
negative control sample was removed from the downstream 
analysis. The raw data were processed using an in-house pipeline 
(https://github.com/biofuture/microbiome_singulairty_version/; 
https://github.com/YimHCLab/SemenMicrobiome/; and https:// 
figshare.com/articles/software/MRC_microbiome_16S_analysis_pip 
eline_singularity_version/24784080) developed by the Microbiome 
Research Centre of The University of New South Wales that was 
wrapped with Quantitative Insights into Microbial Ecology 
(QIIME2, v2020.8) (36). Overall sequence quality was assessed 
with Fastp (37), and low quality reads filtering, pair-end reads mer
ging, and chimeric reads detection were performed with QIIME2 
plugin DADA2 (38). Then, the denoise-paired function was used 
to generate ASVs represented sequences (rep-seqs.qza) and abun
dance table (table.qza). Host decontamination was conducted by 
mapping the human genome. The ASVs, which allow precise iden
tification of microbes (39), were aligned to reference sequences at a 
cutoff of ≥ 99% in Greengenes (v13.5) (40) using QIIME2 plugin 
q2-feature-classifier.

For QMP, it was performed according to the published protocol 
(41, 42). The R scripts for decontamination, QMP, and mediation 
analysis were uploaded to https://github.com/YimHCLab/ 
SemenMicrobiome/. Briefly, after running the above QIIME2 pipe
line, the abundance of ASVs was corrected using the 16S copy 
number rrnDB database (version 5.6) using q2-gcn-norm, a 
QIIME2 plugin (https://forum.qiime2.org/t/q2-gcn-norm-plugin- 
for-normalizing-sequences-by-16s-rrna-gene-copy-number/1271 
5). One sample did not have the CFU data and thus was removed 
from the full data set. Moreover, we did not yield any detectable 
16S PCR products from our two negative controls, thus we had 
to perform the decontam step before calculating QMP. Filtering 
of contaminants was done using the decontam R package 
(https://github.com/benjjneb/decontam) using a stringent hyper
parameter threshold of 0.56 and a prevalence-based contaminant 
identification. The samples appeared to divide into two groups: 
one predominantly present in positive samples and the other pri
marily present in negative controls (Fig. S10), suggesting the con
taminant assignment effectively identified those ASVs primarily 
found in negative controls. One hundred and seventy-nine ASVs 
were identified as contaminants and were removed from the full 
data set. The remaining 2,412 ASVs in the full data set were 
used for the downstream analysis. The QMP was calculated and 
rarefied from these ASVs using the published R script (https:// 
github.com/raeslab/QMP/blob/master/QMP.R). The QMP value 
were rounded up to integer for the downstream analysis, which 
was completed by the R package microeco (v0.3.2) using the abso
lute quantification function.

rDEFB119 treatment
rDEFB119 was commercially available (Cloud-Clone Corp, Cat. No. 
RP1653Hu01). The semen samples were liquefied at room tem
perature for 30 min, and semen analysis was performed as de
scribed above. Samples with ≥ 40% total sperm motility were 
used to examine the effect of rDEFB119 on sperm motility. From 
each sample, two aliquots of 300 μL raw semen were incubated 
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with vehicle control or 2 μg rDEFB119 at 37 °C for 1 h. Sperm total 
and PR were manually evaluated after treatment.

Bactericidal assay
Streptococcus intermedius (JTH08 strain; isolate ID: CC00038), S. angi
nosus (isolate ID: CC00108), S. mitis (ATCC49456 strain; isolate ID: 
CC00095), Pse. aeruginosa (SNP0614 strain; isolate ID: CC00104), 
P. stercorea (strain CB35, isolate ID: CC00801), and P. copri (strain 
JCM 13464; isolate ID: CC00987) were kindly provided by 
Dr Samuel Forster’s group at Hudson Institute of Medical 
Research (43). Streptococcus and Pseudomonas were cultured on blood 
agar plates, and colonies were subcultured in BHI broth 24 h prior 
to the experiment. Prevotella was cultured on pre-reduced YCFA 
plates and subcultured in YCFA broth 48 h prior to the experiment. 
On the day of the experiment, bacterial culture containing 
Pse. aeruginosa (1.2 – 1.4 × 107 CFU), S. mitis (2 – 2.2 × 104 CFU), 
S. anginosus (0.5 – 1.4 × 107 CFU), S. intermedius (2.4 – 2.8 × 107 CFU), 
P. stercorea (1.2 × 105 CFU), and P. copri (80 CFU) were mixed with 
3–12 µg/mL rDEFB119 or vehicle control in a 96-well plate with a to
tal volume of 200 µL and were incubated under aerobic condition 
for 24 h for Pseudomonas or anaerobic conditions for 24 h for 
Streptococcus, and for 48 h for Prevotella. Optical density at 620 nm 
was measured after the incubation.

Statistical analysis
Statistical analysis of the seminal microbiome was conducted in R 
4.0.4 and Rstudio https://github.com/YimHCLab/Semen 
Microbiome/. A series of α-diversity analyses were calculated by t 
test or ANOVA among groups. The PERMANOVA test on β-diversity 
with 999 permutations was analyzed to compare the significant 
community dissimilarity among groups. Betadisper analysis was 
also performed to assess the homogeneity of variance among 
groups. Demographic characteristics across groups were compared 
using Mann–Whitney test (two groups) or Kruskal–Wallis test (three 
groups) with Dunn’s multiple comparison test for continuous varia
bles and the χ2 for categorical variables. Mediation analyses were 
performed following the published protocol with minor modifica
tions (44). Briefly, significant mediation effects were assessed be
tween sequential pairs of factors along the microbiome (M)– 
DEFB119 (D)–spermiogram (S) axis in the normal and infertile 
groups, respectively, using R mediate package, with subject age (A) 
being covariates. Six models of mediation were tested. For example, 
mediation analysis for Model 1: DEFB119(D) → microbiome (M, i.e. 
each ASVs) → spermiogram (S, each spermiogram) was performed 
by fitting into two linear models, M = α1 + β1D + δ1A + ϵi1 and S =  
α2 + β2D + γ1M + δ2A + ϵi2. The adjusted P-values of the mediation 
models from the Mediate R package were obtained for each model. 
P-value <0.05 represents statistical significance.
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