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Abstract
Microorganism types and quantities inmale semen correlate withmale semen parameters
and male infertility. There has been a growing body of evidence suggesting
that identifying microorganisms in male semen through metagenomic sequencing is
useful for assessing male fertility and planning appropriate treatment interventions.
Nevertheless, non-targeted metagenomic sequencing of semen samples is challenging
due to the large number of sperm cells and high amounts of intracellular and extracellular
human DNA, which can obscure microbial DNA. In this study, we assessed and
refined three methods for DNA extraction from semen. Using low-speed centrifugation,
propidium monoazide (PMA) photochemical induction, and the HostZERO Microbial
DNA Kit, metagenomic sequencing was performed to detect and evaluate its efficacy.
Our findings indicate that low-speed centrifugation effectively reduces sperm and sperm-
associated DNA but may inadvertently remove microbial DNA. Increasing sample
quantities is a potential strategy for enhancing the microbial DNA ratio in semen
samples. PMA and the HostZEROMicrobial DNAKit utilization and optimization show
promise in reducing total semen DNA and augmenting microbial DNA representation.
Preliminary results suggest that traditional disinfection methods during semen sample
collection do not increase microbial contamination significantly. In particular, due to the
limited sample size, further investigation with a larger cohort is necessary for conclusive
validation of our findings.

Keywords
Microbiome sequencing; Host DNA depletion; Human semen; Male infertility

1. Background

Presently, 9% of couples suffer from infertility challenges,
with male factors accounting for around 50% of cases [1].
Varicocele, hypogonadism, cryptorchidism and obstructive
diseases [2], are among the myriad conditions contributing
to abnormal semen parameters in approximately 85% of
male infertility cases [3]. The abnormalities manifest as
a decline in sperm concentration, diminished motility,
and increased morphological abnormalities among sperm.
There is a correlation between male infertility, abnormal
semen parameters, and the presence, types and quantity of
microorganisms in semen [4].

Male semenwas traditionally considered sterile. Researches
have challenged this notion since several decades ago [4–6],
showing that the semen of at least some healthy males and
most males with reduced fertility is not entirely sterile [7].
In male semen, bacterial RNA sequencing has identified a
number of potentially beneficial or harmful bacteria, including
Lactobacillus, Anaerococcus, Pseudomonas and Klebsiella [4,

8]. Elevated levels of harmful bacteria and diminished levels
of beneficial bacteria in semen are associated with suboptimal
semen parameters. During bacterial DNA sequencing, human
DNA sequencing capabilities, reduces accuracy, and decreases
microbial data volume at identical sequencing depths. To
address this issue, methods have been developed to eliminate
host DNA.

Several pre-extraction techniques are employed to eradicate
intracellular host cell DNA, including filtration, density gradi-
ent centrifugation, and detergents such as sterile water, soap,
Triton X-100, Tween 20 and ionic surfactants. Extracellular
DNA can also be removed with DNA enzymes or propidium
monoazide (PMA). These methods have been formulated into
commercially available kits, including QIAamp DNA Mi-
crobiome, MolYsis™ Complete/UltraDeep Microbiome Prep,
and HostZEROMicrobial DNAKit. High-throughput targeted
capture techniques have also been developed using viral and
bacterial DNA as probes for sequence-specific hybridization
with target DNA. NEBNextMicrobiome DNAEnrichment Kit
and LOOXETER Enrichment Kit serve this purpose.
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The human genome is nearly 1000 times larger than mi-
crobial genomes (3.2 Gb vs. 3.6 Mb) [9], and sperm counts
in semen are approximately 5000 times higher than bacteria
counts (49,000,000/mL vs. 10,000/mL) [10, 11], suggesting
human DNA significantly outnumbers bacterial DNA. Thus,
enhancing bacterial DNA requires efficient methods of re-
moving human DNA. In this study, we aim to evaluate the
efficacy of these methods on human semen samples. Human
sperm, which contains a limited volume and resembles certain
microbial entities, was tested on a small group of volunteers
using centrifugation, PMA photochemical induction, and the
HostZERO Microbial DNA Kit. The 5 µm filter technique
was not used. The processed samples were then subjected
to metagenomic sequencing analysis to detect and assess the
efficacy of these threemethods. We are evaluating and improv-
ing these three methods to prepare for forthcoming large-scale
experiments.

2. Materials and methods

2.1 Test materials
2.1.1 Volunteer recruitment
Fundamental information was collected through a question-
naire. This questionnaire was distributed by the Department
of Reproductive Medicine, Qingdao Municipal Hospital. Re-
spondents were required to provide fundamental personal in-
formation and pertinent medical histories as exclusionary cri-
teria. Volunteers were informed of the experimental objec-
tives before semen collection. Data security protocols ensure
confidentiality of respondents’ personal information and ques-
tionnaire outcomes. Semen samples from adult males meeting
the criteria are earmarked for use in subsequent experiments.
Using the aforementioned criteria, 16 volunteers were identi-
fied as meeting the inclusion criteria. All volunteers exhibited
healthy semen quality (i.e., no conditions affections affecting
semen quality, such as oligospermia or azoospermia). Among
them, 15 took part in routine medical examinations at the
hospital. A distinctive case involved a patient who underwent
kidney stone surgery at the hospital. Notably, the average
age of these volunteers is 29.72 ± 5.21 (mean ± standard
deviation). Volunteers are primarily from Qingdao City, with
no statistically significant differences in regional diversity,
potentially leading to latent regional bias.

2.1.2 Main reagents
Sperm capacitate solution Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 medium (DMEM/F12,
SH30023.0, Hyclone, UT, USA) with 10% Fetal Bovine
Serum (FBS, 10099-141, Gibco, Grand Island, NE, USA),
sterile water, 0.2 mmol/L PMA solution, HostZEROMicrobial
DNA Kit (D4310, Zymo Research, CA, USA), etc.

2.2 Experimental design
This experiment employs three methods—low-speed centrifu-
gation, propidium monoazide (PMA) photochemical induc-
tion, and the HostZERO Microbial DNA Kit—to eliminate
human DNA from human sperm cells’ intracellular and extra-
cellular components. Microbial DNA is then enriched in the

semen using these methods. Next, metagenomic sequencing of
the samples is performed, with a sequencing depth of 1 Gb per
sample. Samples with Qubit concentrations below 0.2 ng/µL
are excluded from the analysis. Based on the remaining data
obtained from the samples, the NonHostData/CleanData ratio
is calculated, which indicates the amount of microbial DNA
in total DNA. Comparative analyses are conducted based on
these ratios.

2.3 Test methods
2.3.1 Human semen sample collection
standards
Participants are required to observe a 3–7-day abstinence pe-
riod before sample procurement. They are instructed to thor-
oughly clean their glans and coronal sulcus with soapy water,
then change into freshly laundered clothing on the day of sam-
pling. Rigorous hand hygiene is strictly recommended prior to
formal sampling, with a 2–3-time washing regimen with soapy
water, followed by a 2–3-time disinfection with 75% alcohol
in the glans and coronal sulcus. Manually collect seminal fluid
throughmasturbation and direct deposit ejaculates into a sterile
receptacle subsequently [11].

2.3.2 Sample pretreatment
The semen samples are incubated undisturbed at 37 ◦C for 30
minutes to allow natural liquefaction. Aseptic pipette tips to
ensure sterility during agitation and homogenization. 1 mL
of liquefied semen is carefully aspirated and mixed with 500
µL of sperm capacitation solution. It is then subdivided into
4 or 6 aliquots for further examination or processing. Fig. 1
shows the first experiment used 4 aliquots, whereas each of
the following three experiments employed 6 aliquots each. In
particular, aliquots are processed with the HostZERO Micro-
bial DNA Kit, optimizing treatment efficiency. Using the kit
strategically enhances the overall effectiveness of subsequent
analyses or treatments.

2.3.3 Sample centrifugation and hypotonic
depletion of human DNA from sperm cells
Due to the similar size of sperm cells and certain microorgan-
isms, we avoided filtrationmethods and instead employed low-
speed centrifugation. Recognizing the potential impact of cen-
trifugation speed and duration on sperm removal efficiency, we
conducted comparisons comparing speeds and durations. The
accompanying schematic diagram shows details of the specific
time and speed parameters for each trial. Two centrifugation
steps were taken. Initially, the precipitate was centrifuged
to remove sperm. We performed a second centrifugation
using the supernatant from the initial centrifugation. This
additional centrifugation promotes the sedimentation of both
microorganisms and residual sperm cells. 1 mL of sterile
water is added to the resultant supernatant, followed by brief
vortexing. Subsequently, the mixture is allowed to stand for 5
minutes at room temperature, leveraging osmotic pressure to
induce swelling and rupture of the remaining sperm cells and
liberate human DNA. Despite rigid cell walls, microorganisms
remain impervious to osmotic pressure and do not swell or
rupture.
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FIGURE 1. The schematic diagram of the entire experimental process. PMA: propidium monoazide.

2.3.4 Depletion of extracellular human DNA
by PMA treatment
Propidium monoazide (PMA) intercalates DNA through cell
membrane impermeability. Covalently modifies DNAwithout
light, preventing subsequent amplification. Exposure to light
can render residual PMA inactive. PMA stands out as a prefer-
able alternative to DNA nucleases, obviating the necessity for
washing steps that might lead to inadvertent DNA loss. The
protocol involves adding PMA to the sample to achieve a final
concentration of 10 µM, followed by a brief vortexing step.
The sample then undergoes a 5-minute incubation period in
darkness at room temperature. It is then placed on ice and
positioned 20 cm away from a standard desktop 650Whalogen
lamp for 25 minutes. The sample undergoes a brief cycle of
centrifugation and vortexing every 5 minutes. Ultimately, the
treated sample is frozen at −20 ◦C for preservation.

2.3.5 HostZERO Microbial DNA Kit treatment
removes extracellular human DNA
HostZEROMicrobial DNAKit utilizes an innovative approach
to address host DNA contamination by selectively lysing eu-
karyotic cells and subsequently degrading this DNA before the
overall DNA purification process. Zymo Research’s impartial
purification technology seamlessly complements this method,
which distinctively captures DNA from viable microbial cells
in biological samples. As per the manufacturer’s guidelines,
the protocol is outlined as follows: first, eliminating eukaryotic
host DNA from the sample; second, unbiased lysis of the re-

maining microbial cells; and finally, isolating microbial DNA.

2.3.6 Metagenomic sequencing
Non-targeted metagenomic sequencing involves the
comprehensive sequencing of total DNA from all organisms
within a sample without specific primers targeting particular
sequences. It captures the entire genetic spectrum of bacteria,
fungi, viruses, parasites, and other entities present in the
sample. Non-targeted metagenomic sequencing offers
superior taxonomic resolution and facilitates gene functional
analysis compared to targeted high-throughput sequencing.
However, its efficacy may be compromised in samples
containing a substantial host DNA background. Therefore,
methods for host DNA removal were developed to optimize
metagenomic sequencing efficiency. In preparation for
metagenomic sequencing of human semen samples, three
distinct methods—centrifugation, PMA treatment, and
HostZERO Microbial DNA Kit treatment—were employed to
mitigate host DNA in human semen. The processed samples
were then transported on dry ice to the sequencing facility,
where metagenomic sequencing was conducted, which
generated 1 Gb of data for each sample. The dataset enabled
a comprehensive assessment and evaluation of the efficacy
of these methods within the specific context of human semen
metagenomic sequencing.

2.3.7 Data processing and analysis
Metagenomic sequencing data were analyzed using Prism 8
software, with an emphasis on comparing total DNA concen-
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trations between treatment groups and the DNA/Total DNA
ratio. The DNA/Total DNA indicates the amount of microbial
DNA relative to total DNA. Inter-group comparisons were
conducted using t-tests, and all reported p-values reflect a two-
sided analysis. Significance levels were established at p< 0.05
to determine statistical significance.

3. Results and analysis

We conducted four experiments, labeled 1st, 2nd, 3rd and
4th, respectively, as shown in Fig. 1. Additional clarification
is provided in the detailed description of each experiment.
16 volunteers participated in this study, and each volunteer’s
semen was assigned as a distinct sample for the corresponding
experiment. The experimental design encompassed an initial
phase involving 5 samples, followed by a second round with 4
samples, a third round with 4 samples, and a final round with
3 samples.
The 1st experiment evaluated the efficacy of removing

sperm at varying centrifugation speeds. The 2nd experiment
assessed whether sample volume influenced the ultimate
fraction of microbial DNA. This experiment also compared
PMA and HostZERO reagent kits’ effects on semen, in
comparison with the 1st experiment. In the 3rd experiment,
procedural refinements were systematically compared to the
1 mL group in the 2nd experiment to gauge their impact.
Lastly, the 4th experiment sought to determine the presence
of detectable microbial contamination during sampling.

3.1 1st experiment
In the 1st experiment, we concentrated on centrifugation to
eliminate host DNA, evaluating the efficacy of different cen-
trifugation speeds on sperm removal. Semen samples were
collected from 5 participants and divided into four groups after
pre-processing: 1⃝ Control group (no centrifugation); 2⃝ E1.5
(1500 rpm × 3 minutes); 3⃝ E2 (2000 rpm × 3 minutes);
4⃝ E3 (3000 rpm × 3 minutes), with 5 samples allocated
to each group. As illustrated in the graph, centrifugation
significantly reduced the total DNA amount compared to the
control. Furthermore, the total DNA amount decreased gradu-
ally with increasing centrifugation speed as the Fig. 2A shows,
but no statistically significant differences were observed at
different speeds as the Fig. 2B shows. Since semen contains a
negligible amount of bacterial DNA compared to humanDNA,
the decline in total DNA amount following centrifugation pri-
marily signifies host DNA removal. Centrifugation effectively
eliminates both sperm and internal DNA from human semen.
To evaluate the amount of microbial DNA in total DNA,

non-targetedmetagenomic sequencing was conducted. Budget
constraints standardized the sequencing depth at 1 Gb per sam-
ple. that the graph shows that, at identical sequencing depths,
microbial DNA amount failed to increase in response to sperm
DNA total amount reduction; instead, it remained relatively
consistent. We propose that during the centrifugation process
for sperm removal, microorganisms associated with sperm
were also removed. Consequently, the remaining sperm and
microorganisms persisted in comparable proportions within
the sample.

Since certain bacteria and viruses can adhere to sperm cells,
we infer that low-speed centrifugation effectively reduces the
total DNA amount in semen without increasing the amount
of microbial DNA. This is likely attributed to the concurrent
removal of most microorganisms associated with sperm cells
during centrifugation.

3.2 2nd experiment
In the 2nd experiment, we aimed to explore whether sample
volume would influence the amount of microbial DNA. To ad-
dress this, samples were divided into two groups: 1⃝H1 group
with a sample volume of 1 mL; 2⃝H2 group with a sample vol-
ume of 2 mL, featuring 2 samples in each group. Following the
pre-processing of each sample, low-speed centrifugation (1500
× 10 minutes, and (1600 rpm, 1700 rpm, 1800 rpm, 1900 rpm,
2000 rpm) × 3 minutes) was used to predominantly remove
sperm, followed by high-speed centrifugation at 60,000g for
20 minutes to isolate microbial DNA. Both groups’ samples
were now standardized in volumes. After remove extracellular
host DNA with PMA and the HostZERO Microbial DNA
Kit, samples from the same participants in each group were
combined and submitted for analysis.
There was no significant difference in total DNA concen-

tration between the two groups as the Fig. 3A shows, pos-
sibly due to the limited sample size. Furthermore, the H2
group had marginally higher microbial bacterial DNA than
the H1 group as the Fig. 3B shows, although the difference
was not statistically significant. This suggests that increasing
the sample concentration might enhance the bacterial DNA
amount. Nevertheless, further studies with a larger sample size
are necessary to substantiate and validate these preliminary
findings.

3.3 3rd experiment
In the 3rd experiment, we modified specific steps, based on
the findings in the 2nd experiment. However, we maintained
a sample volume of 1 mL to facilitate a direct comparison
with the H1 group in the 2nd experiment. Following pre-
processing, for each 1 mL sample, low-speed centrifugation at
2000 rpm for 10 minutes was used to eliminate the majority
of sperm. Microbial DNA was isolated using high-speed
centrifugation at 60,000g for 20 minutes was. Following
the removal of extracellular host DNA using PMA and the
HostZEROMicrobial DNAKit, samples from the same partic-
ipant were amalgamated and sent for analysis. Improvements
implemented include: (1) Addition of 20 µL of proteinase
K to each sample, followed by 1-minute vortexing, followed
by incubation at 55 ◦C for 15 minutes. (2) Addition of 100
µL of DNA/RNA Shield™ (2X concentrate) to each sample,
accompanied by 1-minute vortexing and 15-minute incubation
at room temperature for. (3) Addition of 750 µL of Zymo-
BIOMICS™ Lysis Solution to each sample, followed by 10-
minute vortexing and centrifugation at 12,000g for 1 minute.
The results indicated a notably lower total DNA concentra-

tion than the H1 group in the 2nd experiment as the Fig. 4A
shows. However, t-tests revealed no statistically significant
differences between the groups due to the limited sample size
(only 2 samples in each group). Although the amount of
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FIGURE 2. The results of the 1st experiment. (A) The result of the concentration of total DNA in the 1st experiment. (B)
The result of the amount of microbial DNA in total DNA in the 1st experiment. **indicates statistical significance, p-value <
0.001.

FIGURE 3. The results of the 2nd experiment. (A) The result of the concentration of total DNA in the 2nd experiment. (B)
The result of the amount of bacterial DNA in total DNA in the 2nd experiment.
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FIGURE 4. The results of the 3rd experiment. (A) The result of the concentration of total DNA in the 3rd experiment. (B)
The result of the amount of microbial DNA in total DNA in the 4th experiment.

microbial DNA in total DNA was higher than the H1 group
in the 2nd experiment as the Fig. 4B shows, to t-tests did not
reveal any significant differences. Certain modifications to
the HostZEROMicrobial DNA Kit may improve results when
applied to semen. For these findings to be validated, further
research with a larger sample size is needed.

3.4 4th experiment
In the 4th experiment, we aimed to examine potential mi-
crobial contamination during sampling by collaborating with
volunteers and local healthcare professionals. To minimize
the risk of microbial contamination, we collected samples
from a patient with healthy semen who had kidney stones in
the operating room while maintaining sterility throughout the
procedure. Simultaneously, two specimens obtained through
conventional methods served as the control group (Group C).
Following pre-processing, low-speed centrifugation at 8000g
for 6 minutes was used to predominantly eliminate sperm, fol-
lowed by high-speed centrifugation at 60,000g for 20 minutes
to isolate microbial DNA. The HostZEROMicrobial DNA Kit
was used to eliminate extracellular host DNA, incorporating
the enhancements implemented in the 3rd experiment, before
sending the samples for analysis.
The results showed that the amount of microbial DNA in

total DNA was similar in Groups A and C as the Fig. 5 shows.
Thus, semen obtained under completely sterile conditions on
the operating table and semen acquired through routine meth-

ods after disinfection did not differ significantly in microbial
content. Furthermore, routinely obtained semen did not show
any noticeable microbial contamination.

4. Discussion

Microorganism types and quantities in male semen correlate
with male semen parameters [4], and an in-depth exploration
of microorganisms in male semen is imperative to preserve
and enhancemale reproductive abilities. Non-targetedmetage-
nomic sequencing for detecting microbial genes in semen,
however, presents significant challenges due to the presence
of sperm and the extensive human genome relative to microor-
ganisms. Consequently, non-targeted metagenomic sequenc-
ing requires effective and reliable methods for removing host
DNA. Presently, host DNA removal strategies are primarily
focused on two aspects [12].
Methods such as filters with varying pore sizes, differential

centrifugation, density gradient centrifugation, and flow cy-
tometry are used to eliminate host cells before DNA extraction.
The remaining host cells are then lysed with sterile water,
saponin, Triton X-100, Tween 20, or zwitterionic detergents.
To degrade host DNA, DNA enzymes or PMA are used. Kits
have been developed based on these methodologies.
As an alternative approach, a highly multiplexed sequence

capture method is used, in which known viral and bacterial
DNA are utilized as probes for sequence-specific hybridization
with target DNA, thus effectively isolating microbial DNA
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FIGURE 5. The result of the amount of microbial DNA in total DNA in the 4th experiment.

from the host background. In this study, we explored the
impacts of low-speed centrifugation, PMA photochemical in-
duction, and the HostZERO Microbial DNA Kit on human
semen, implementing some enhancements.
Human DNA was initially removed from sperm cells using

low-speed centrifugation. Centrifugation significantly reduced
the semen DNA content compared to non-centrifugation. Ad-
ditionally, as centrifugation speed increased, semen DNA con-
tent decreased consistently, indicating centrifugation’s effec-
tiveness in removing sperm and their DNA.
Unexpectedly, centrifugation did not increase the amount of

microbial DNA. This phenomenon may be related to microbial
attachment to the sperm surface [4] or their presence inside
sperm [13]. While centrifuging, microbes attached to sperm
were simultaneously removed, resulting in microbial DNA
loss. We further eliminated human DNA using PMA and the
HostZERO Microbial DNA Kit and investigated the relation-
ship between the initial sample volume and the final amount
of microbial DNA. Doubling the initial sample volume hinted
at a potential increase in the final amount of microbial DNA.
However, no significant differences were observed between
both groups, possibly due to the small sample size.
Following our considerations, wemodified the experimental

steps of the HostZERO Microbial DNA Kit based on our con-
siderations, primarily extending their duration. In response to

this adjustment, the amount of microbial DNA almost doubled.
However, due to the limited number of experimental samples,
a statistically significant difference could not be demonstrated.
Further research with a larger sample size is necessary to
validate these findings.
Finally, we examined the possibility of microbial contami-

nation during sampling. Comparing a sample collected on a
sterile operating table with one obtained through routine meth-
ods after disinfection showed a similar amount of microbial
DNA. Therefore, sampling after routine disinfection may not
cause noticeable microbial contamination. For confirmation of
this observation, larger sample sizes are needed.

5. Conclusions

In summary, we studied the impacts of low-speed centrifu-
gation, PMA photochemical induction, and the HostZERO
Microbial DNA Kit on human semen samples and incorpo-
rated some improvements. Low-speed centrifugation has been
found to be an effective method of removing sperm and their
DNA, as well as microbial DNA. Semen samples could po-
tentially contain more microbial DNA if the sample volume
is increased. Along with refined methods, PMA and the
HostZERO Microbial DNA Kit may effectively reduce semen
DNA content and increase the amount of microbial DNA.
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Obtaining semen samples after masturbation does not seem
to result in significant microbial contamination. As such,
our study is limited, particularly with a small sample size,
which may lead to bias and affect both statistical differences
and the comprehensive presentation of results. Ultimately,
this constraint limits the ability to provide a detailed con-
trol and draw precise conclusions, resulting in only a broad
overview of the findings. Reducing sequencing depth may im-
pact metagenomic data comprehensiveness, potentially omit-
ting low-abundance microbial species or rare variations.
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