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Abstract 

Background Aromatase, encoded by Cyp19a1, is the rate limiting enzyme in biosynthesis of estrogens, and exces-
sive aromatase can reduce the semen quality in roosters. Seminal plasma extracellular vesicles (SPEV) are nanoscale 
vesicles that carry and transmit signaling molecules, thereby affecting semen quality. Currently it is still unclear 
whether SPEV are involved in the process of that aromatase affects the quality semen in chicken. To clarify this issue, 
lentivirus carrying Cyp19a1 (LV-CYP19A1) for over-expression of aromatase was constructed and injected to testis 
of 35-week-old roosters. Semen quality and seminal plasma hormone were measured, and SPEV were also extracted 
and proteome sequencing was performed after treatment of LV-CYP19A1.

Results The results indicated that semen volume, fertility, sperm motility, testosterone (T) levels were signifi-
cantly decreased, and estradiol  (E2) levels were significantly increased in LV-CYP19A1 group than those in control 
group (P < 0.05). Through proteomic analysis of SPEV, we identified 966 differentially expressed proteins (DEPs) 
in the comparison of LV-CYP19A1 group and control group. Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) items of DEPs are mainly enriched in ATP synthesis coupled electron transport, flagellated 
sperm motility, regulation of steroid biosynthetic process, and PI3K-Akt signaling pathway. Furthermore, 8 proteins 
including ENO4, APOB, SDHA, SDHB, UQCRC1, VIN, PITGB3 and FXN were identified as key proteins in SPEV involving 
in the process of aromatase regulated rooster semen quality.

Conclusions Our results reveal that aromatase can down-regulate the protein expression related to regulation of ATP 
synthesis and metabolism, and sperm motility in SPEV, thereby reducing semen quality in roosters.
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Background
With the age of roosters more than 45 weeks, the estra-
diol  (E2) levels increase and testosterone (T) levels 
decrease, resulting in a decline in semen quality, and 
subsequently affecting the reproductive performance 
[1–4]. Aromatase is one of the cytochromes P450 
enzyme series, encoded by Cyp19a1, which can catalyze 
the formation of estrogen from androgens, and is a key 
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rate limiting enzyme in estrogen biosynthesis [5–7]. The 
decline of semen quality in aged roosters is related to aro-
matase. Over-expression of aromatase will increase the 
serum  E2 levels and decrease T levels, thereby affecting 
sperm motility and reproductive performance [8, 9]. It 
was found that turkeys with high sperm motility exhib-
ited relatively lower aromatase expression levels and 
higher T levels than those with low sperm motility [10]. 
In chicken, aromatase inhibitors were used to reduce aro-
matase activity, increase testicular weight and plasma T 
levels, and improve semen density and sperm motility, 
thus improving the reproductive performance of aged 
roosters [11, 12]. However, how the aromatase affects 
semen quality is still unclear.

Extracellular vesicles (EVs) are natural nanoparticles 
containing bioactive molecules, which are widely pre-
sent in various body fluids, such as semen, plasma, urine, 
and milk, and are an important pathway for intercellu-
lar communication [13–15]. EVs with a diameter range 
of 30 nm to 250 nm can be secreted by various cell and 
contain various cellular products, including DNA, RNA, 
proteins and lipids [16, 17]. In mammals, EVs are gener-
ally associated with most physiological processes [18]. 
Semen EVs have been considered to promote of sperm 
motility and regulate capacitation process [19, 20]. These 
functions are based on their ability to transport bio-
molecules to the sperms [21]. Compared with astheno-
spermic patients, the cysteine-rich secreted protein-1, 
which has the function of regulating sperm motility, 
was significantly up-regulated in the SPEV of normal 
males, while the inhibitory protein glycodelin was sig-
nificantly down-regulated [20]. Most proteins related to 
the epididymosomes and prostasomes are transferred 
to the subcellular or membrane domains of sperm dur-
ing epididymal transport, and are involved in the acqui-
sition of fertilization ability, regulation of sperm motility 
and capacitation [22]. In avian, Luo et al. (2022) screened 
multiple proteins related to sperm maturation and func-
tion through proteomic sequencing and found that those 
proteins involved in endopeptidase inhibitor activity and 
calcium binding may support sperm survival [16]. Cord-
eiro L. (2021) reported that SPEV appeared more abun-
dant in fertile roosters than in subfertility roosters, and 
adding SPEV from fertile roosters to the semen of subfer-
tile roosters could improve their sperm motility [23].

At present, the effects of both aromatase and SPEV on 
sperm motility have been studied separately, and whether 
aromatase can regulate sperm motility through SPEV has 
not been reported. In this study, we injected lentivirus 
carrying Cyp19a1 for over-expression of aromatase into 
the testis of 35 -week-old roosters and measured semen 
quality, serum and seminal plasma T and  E2 levels. Sub-
sequently, we isolated SPEV and performed proteomic 

sequencing, aiming to reveal the molecular mechanisms 
of aromatase mediated SPEV regulation of rooster semen 
quality.

Methods
Construction of lentiviruses over‑expressing cyp19a1
The PLVX-EGFP-Puro-CYP19A1 shuttle plasmid was 
obtained by inserting the coding sequence of Cyp19a1 
on the PLVX-EGFP-Puro vector (Fig. 1A). PLVX-EGFP-
Puro-CYP19A1 plasmid, backbone plasmid and transfec-
tion reagent Lip2000 were added to HEK293T cells with 
good growth conditions, and incubated in an incubator 
at 37℃ with 5%  CO2 for 8  h. Subsequently the culture 
medium was changed and the culture was continued for 
48 h. To obtain the PLVX-EGFP-Puro-CYP19A1, the cell 
supernatant was collected, centrifuged at 3500  rpm for 
10  min, and the precipitate was discarded. The super-
natant was filtered with a 0.22 μm filter membrane, and 
then centrifuged at 30,000 rpm for 2 h. the supernatant 
was discarded, and the precipitate was resuspended with 
100 μL of precooled PBS solution. Finally, the virus titer 
was detected and stored at −80℃. Primers are listed in 
Table S1.

Experimental animals
Seventy 35-week-old sexually mature Gushi roosters 
were purchased, and their body weight and semen qual-
ity were tested. Ten roosters with similar body weight 
and semen quality were selected and raised in the experi-
mental chicken farm of Huazhong Agricultural Uni-
versity (Wuhan, China), and divided into control group 
(Control) and lentivirus treatment group (LV-CYP19A1), 
with five chickens in each group. The control group and 
LV-CYP19A1 treated group roosters were anesthetized 
by injecting pentobarbital sodium into the wing vein, 
the dose was converted according to the proportion of 
40  mg/kg of the body weight of each rooster. Then an 
opening about 1  cm was made from the spine between 
the last and penultimate ribs of the rooster using a surgi-
cal method. The left testis of the roosters in the control 
group and the LV-CYP19A1 group were injected with 4 
μL empty lentivirus and lentivirus carrying Cyp19a1 (LV-
CYP19A1) with a lentivirus titer of 3.28 E + 06 pfu/mL by 
microinjector (Fig.  1B). After the fixed-point injection, 
the wound was sutured with absorbable suture and disin-
fected with 75% medical-grade alcohol. The experimental 
birds were kept in individual cages, given standard diet 
and ad  libitum drinking water, and their health status 
was monitored. From 20 days later, the semen quality of 
experimental birds was measured once a week until day 
55, and significant differences in semen quality between 
the control group and LV-CYP19A1 group were detected. 
Subsequently, semen quality and hormone determination 
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were conducted every other day, and artificial insemina-
tion was also performed to test the fertilization rate.

Semen quality and fertility evaluation
The semen samples of control and the LV-CYP19A1 
treated roosters were collected by trained professionals. 
Semen volume was measured with pipettes of different 
range of sizes. Semen parameters were determined by 
Computer-Assisted Semen Analysis (CASA, Minitube, 
Germany) after diluting (at 1:80) the semen with normal 
saline. Each indicator was repeated three times. The fresh 
semen of the roosters in the control group and the LV-
CYP19A1 group were collected for artificial insemina-
tion, and eggs were collected for artificial incubation and 
the fertilization rate of eggs was counted.

Detection of T and  E2 in serum and seminal plasma
Blood and semen of roosters in the control and LV-
CYP19A1 groups were collected, respectively. Serum 
and seminal plasma were separated at 2500  rpm/min 
after kept at room temperature for 60  min. Accord-
ing to enzyme linked immunosorbent assay (ELISA, 
ThermoFisher, USA) instructions of  E2 and T, 10 μL of 
the serum and seminal plasma and 40 μL of the sample 
diluent were added to the sample wells. Then100 μL of 

HRP-Conjugate reagent was added, sealed and incubated 
at 37℃ for 60 min. The closure plate membrane and liq-
uid were discarded, and the sample wells were washed 
five times with washing solution. Then the chromogen 
solution was added and evade the light preservation at 
37℃ for 15  min. Finally, the absorbance of the sample 
wells after adding stop solution was measured within 
15 min using an ELISA detector (Tecan, Switzerland).

Isolation and preparation of SPEV samples
SPEV samples from the control and LV-CYP19A1 groups 
were separately processed by the ultrahigh-speed differ-
ential centrifugation [24]. The 1  mL semen sample was 
centrifuged at 1000  g, 4℃ for 10  min after diluting (at 
1:40) with phosphate buffer saline, and then residual cells 
and debris were removed by centrifugation at 12,000  g, 
4℃ for 30 min. The 0.45 μm and 0.22 μm filters were used 
to filter the larger vesicles in the supernatant, and then 
ultracentrifugation was performed twice at 100,000  g, 
4℃ for 90  min. Finally, the SPEV samples precipitated 
from the control group and LV-CYP19A1 group were 
resuspended in PBS and stored at −80℃. The Beckman 
Optima XE-90 ultracentrifuge with an SW-32Ti rotor 
(Beckman Coulter, USA) were used for ultrahigh-speed 
differential centrifugation.

Fig. 1 Cyp19a1 expression level detection and semen quality assessment of control group and LV-CYP19A1 group roosters. A Construction 
of Cyp19a1 over-expression vector. B Diagram of injection of lentivirus carrying Cyp19a1 over-expression vector into rooster testis. C qRT-PCR 
results of Cyp19a1 in control group and LV-CYP19A1 group. D WB results of Cyp19a1 in control group and LV-CYP19A1 group..a−b Different letters 
within the same row show significant differences among the groups (P < 0.05)
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SPEV morphology was determined by transmission 
electron microscopy
SPEV sample was dropped onto a copper mesh with 
a pore size of 2  nm and kept at room temperature for 
2 min. Following that the membrane surface of the mesh 
was put on the SPEV droplet, suspended it for 10  min, 
and dried with filter paper. Then negative staining was 
performed with 3% phosphotungstic acid solution for 
5 min and samples were air-dried. Finally, SPEV samples 
were observed by H-7650 100 kV analytical transmission 
electron microscope (TEM, Hitachi, Japan).

SPEV size was determined by nanoparticle tracking 
analysis
Nanoparticle tracking analysis (NTA, particle metrix, 
Germany) was used to detected particle size of SPEV 
samples. The sample wells were cleaned with PBS and 
filtered molecular water (Biological Industries, Israel). 
SPEV samples were diluted with filtered molecular water 
at 1:40,000. The instrument was calibrated with poly-
styrene microspheres (110  nm). Blank pool added with 
filtered molecular-grade water was used as a negative 
control. Laser was used to irradiate the particles in the 
suspension, and the scattered light was captured by the 
video camera to track the change of particle position and 
determine the diffusion of particles. The particle diam-
eter was calculated according to the diffusion coefficient, 
and then the NTA software ZetaView was used to gener-
ate the particle size distribution and counting. The proce-
dure was repeated three times for each sample.

SPEV marker proteins were detected by western blot
Identification of marker proteins in SPEV samples by 
western blot (WB). SPEV suspension (1:1 v/v) was 
mixed with radioimmunoprecipitation assay lysis 
buffer (RAPI, Vazyme, China) and phenylmethane-
sulfonyl fluoride (PMSF, Vazyme, China), and after 
incubation at 4℃ for 15 min, the supernatant was col-
lected to obtain SPEV protein after centrifugation at 
12,000  rpm for 15  min. The concentration of SPEV 
protein was measured by BCA detection kit (Biosharp, 
China). The SPEV protein was mixed with protein 
loaded dye (Biosharp, China), denatured at 98℃, and 
subjected to 10% SDS polyacrylamide gel electropho-
resis (Biosharp, China) at 120  V for 80  min. The iso-
lated gel protein was transferred to polyvinylidene 
fluoride membrane (PVDF, Vazyme, China) at 200 mA 
for 90 min, and blocked with 5% bovine serum albumin 
(BSA, MedChemexpress, USA) at room temperature 
for 60 min. The PVDF membranes were incubated with 
primary antibodies CYP19A1 (BIO-RAD, MCA2077S), 
CD9 (abclonal, A19027), TSG101 (abcam, ab133586), 

and ALIX (abclonal, A2215) proteins at 4℃ overnight. 
After cleaning, PVDF membrane was incubated with 
secondary antibody at room temperature for 60  min, 
and detected by chemiluminescent kit (Abbkine, USA).

Tandem mass tag proteomic analysis of SPEV
The SPEV samples of the control group and LV-CYP19A1 
group roosters were mixed with 1% protease inhibi-
tor, sonicated to lyse the SPEV samples, centrifuged at 
12,000 g, 4℃ for 10 min, and the supernatant was sepa-
rated. The protein concentration was determined by 
BCA assay kit. After lysing the protein samples with 
lysis buffer, acetone was added and precipitated at −20℃ 
for 120 min, centrifuge at 4500 g for 5 min, discard the 
supernatant, air-dry the precipitate, and incubate over-
night with trypsin. Then add dithiothreitol (DTT) and 
iodoacetamide (IAA), and incubate at room temperature 
in the dark for 15 min. The peptide segments were clas-
sified by high pH reverse phase HPLC using an Agilent 
300extend C18 chromatographic column. After separa-
tion by an ultra-high performance liquid chromatography 
system, the peptide was injected into an NSI ion source 
for ionization, and then analyzed by Thermo Scientific 
TMQ active hf-x mass spectrometry. The raw data was 
retrieved using Proteome Discoverer (V.2.4.1.15) [25], 
with the reference database being G Gallus reference pro-
teome (Blast/Gallus/Gallus/9031/PR/2020 0727.fasta). 
Proteins with an adjusted P < 0.05 and Fold Change > 1.5 
were designated as differentially expressed proteins 
(DEPs). PCA analysis was performed using the R (V.4.1.2) 
[26], and visualized the PCA results by R package ggplot2 
(V.3.5.0) [27]. DEPs were annotated using GO and KEGG 
(http:// bioin fo. org/ kobas) [28]. PPI network analysis 
was conducted through the STRING (V.11.0, https:// cn. 
string- db. org/) [29], and the network was presented using 
Cytoscape (V3.8.1, http:// www. cytos cape. org/) software 
[30].

Quantitative Real‑Time PCR validation
The total RNA of SPEV samples was extracted by the tri-
zol method, and then the RNA was reverse-transcribed 
to cDNA using a reverse transcription kit. qRT-PCR was 
performed in ABI Quant Studio system (Life Technices, 
USA), and SYBR Green fluorescent dye was used as a 
molecular probe for qRT-PCR reaction, with reaction 
conditions were set to 45 cycles of 95℃ for 3 min, 95℃ 
for 15 s, 60℃ for 15 s, 72℃ for 20 s, and 95℃ for 5 s. qRT-
PCR gene primers are listed in Table  S1. Relative gene 
expression was calculated using the  2^−(∆∆Ct) method.

Statistical analysis
Student’s t-test was performed using SPSS 22.0 software 
to determine differences between groups. Data were 
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expressed as means ± SEM, P < 0.05 was considered as 
statistically significant. Graphs were plotted using the 
GraphPad Prism 8.0.

Results
Over‑expression of cyp19a1 reduces the semen quality 
of roosters
The expression of Cyp19a1 in testis was detected by qRT-
PCR and WB. The results showed that the expression 
of Cyp19a1 in the LV-CYP19A1 group was significantly 
higher than that of control group (P < 0.05, Fig.  1C-D). 
The semen quality and fertility were evaluated by CASA 
(Table  1). The semen volume, sperm motility, fertility, 
VCL, VSL and VAP of control group were significantly 
higher than LV-CYP19A1 group (P < 0.05). These results 
indicated that over-expression of aromatase could reduce 
the semen quality and reproductive performance of 
roosters.

Over‑expression of cyp19a1 reduces T hormone levels, 
and increases  E2 hormone levels in serum and seminal 
plasma
The serum and seminal plasma hormone levels were 
measured by ELISA. The results showed that the T lev-
els of serum and seminal plasma in control group was 
significantly higher (P < 0.05, Fig.  2A-B), and the  E2 lev-
els of seminal plasma was significantly lower than of LV-
CYP19A1 group (P < 0.05, Fig.  2C). Compared with the 
control group, the serum  E2 levels in LV-CYP19A1 group 

Table 1 Semen quality parameters of control group and 
LV-CYP19A1 group roosters

a −b Different letters within the same row show significant differences between 
groups (P < 0.05). Notes: VSL, straight-line velocity, VCL curvilinear velocity, 
VAP average path velocity, ALH amplitude of lateral head displacement, 
LIN linearity (VSL/VCL), STR, straightness (VSL/VAP), WOB wobble (VAP/VCL)

Traits Control LV‑CYP19A1

Volume (μL) 450.00 ± 150.55a 293.40 ± 175.02b

Fertility (%) 96.74 ± 1.35a 89.71 ± 1.30b

Sperm motility (%) 95.12 ± 4.01a 91.78 ± 0.87b

VSL(μm/s) 105.39 ± 11.03a 81.62 ± 17.51b

VCL (μm/s) 255.40 ± 65.45a 186.26 ± 24.97b

VAP (μm/s) 146.17 ± 14.21a 105.18 ± 14.98b

ALH (μm) 2.86 ± 0.64 1.99 ± 0.32

LIN (%) 41.26 ± 1.72 44.00 ± 9.14

STR (%) 72.10 ± 1.31 77.20 ± 6.46

WOB (%) 57.23 ± 3.22 57.00 ± 6.89

Fig. 2 Serum and seminal plasma hormone levels detection of control group and LV-CYP19A1 group roosters. Seminal plasma T (A),  E2 (C), and T/E2 
(E) levels of control group and LV-CYP19A1 group. Serum T (B),  E2 (D), and T/E2 (F) levels of control group and LV-CYP19A1 group. a−b Different letters 
within the same row show significant differences among the groups
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had an upward trend, but it was not significant (Fig. 2D). 
The T/E2 of serum and seminal plasma in control group 
was greater than 10, while in LV-CYP191 group was less 
than 10. The above results indicated that over-expression 
of aromatase reduces T levels, and increases  E2 levels in 
serum and seminal plasma.

Identification and characterization of SPEV
The morphology, particle size and marker proteins 
of SPEV were characterized by TEM, NTA and WB, 
respectively. The TEM results showed that SPEV exhib-
ited bilayer membrane structure (Fig.  3A-B). The NTA 
revealed that the particle size of SPEV in control and LV-
CYP19A1 groups ranged from 30 to 250 nm, with a main 
peak at 170.8 nm and 172.2 nm, respectively (Fig. 3C-D). 
Marker proteins TSG101, ALIX and CD9 of EVs were 
detected (Fig. 3E). These results indicated that SPEV were 
successfully isolated from the control and LV-CYP19A1 
groups.

Identification and functional annotation of SPEV DEPs
To investigate the effect of SPEV on the semen quality 
of rooster after over-expressing Cyp19a1, we performed 

proteomic sequencing of SPEV. PCA analysis showed 
that control group and LV-CYP19A1 group were clus-
tered well separately (Fig. 4A). By analyzing proteomic 
data, the volcanic map results showed that 966 DEPs 
were identified from SPEV between control group and 
LV-CYP19A1 group, 303 DEPs were up-regulated and 
663 DEPs were down-regulated (Fig.  4B). Heatmap of 
DEPs were plotted in Fig.  4C. GO and KEGG enrich-
ment analysis was performed on DEPs (Fig. 5A-B). The 
significantly enriched GO terms were ATP synthesis 
coupled electron transport, flagellated sperm motility, 
and regulation of steroid biosynthetic process in bio-
logical processes; ATP-dependent microtubule motor 
activity, cholesterol binding, sterol binding and elec-
tron transfer activity in molecular functions; sperm fla-
gellum, cytoplasmic vesicle lumen, and mitochondrial 
respiratory chain complex III in cellular components. 
KEGG enrichment analysis showed that the DEPs 
were mainly enriched in steroid biosynthesis, Choles-
terol metabolism, PI3K-AKT signalling pathway, and 
calcium signalling pathway. These results indicate that 
over-expression of aromatase is involved in the regula-
tion of ATP biosynthesis and steroid hormone, and may 
mediate sperm motility.

Fig. 3 Morphology, particle size, and marker proteins identification of seminal plasma extracellular vesicles (SPEV). A-B Morphological 
characteristics of SPEV in control group and LV-CYP19A1 group. C-D Particle size distribution of SPEV in control group and LV-CYP19A1 group. E 
Western Blot (WB) analysis of the common SPEV marker proteins
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PPI analysis of DEPs involved in key pathways 
and biological processes
To study the interaction between the proteins, we 

analyzed the PPI network of DEPs which were enriched 
in key pathways and biological processes. The protein-
biological process networks consisted of 7 key biological 

Fig. 4 Identification of differentially expressed proteins (DEPs) between control group and LV-CYP19A1 group. A Principal component analysis 
(PCA) of DEPs between control group and LV-CYP19A1 group. B Volcanic maps of DEPs between control group and LV-CYP19A1 group. C Heatmap 
of DEPs between control group and LV-CYP19A1 group

Fig. 5 GO and KEGG analysis of differentially expressed proteins (DEPs) between control group and LV-CYP19A1 group. A GO analysis of DEPs 
between control group and LV-CYP19A1 group. B KEGG analysis of DEPs between control group and LV-CYP19A1 group
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processes and 68 DEPs (Fig. 6A). It showed that ENO4, 
APOB and FXN were involved in several key biologi-
cal processes. ENO4 was enriched in ATP metabolic 
process, sperm motility, and flagellated sperm motility; 
APOB was enriched in regulation of steroid biosynthetic 
process, sperm motility, and flagellated sperm motility; 
FXN was enriched in ATP metabolic process, regulation 
of steroid biosynthetic process, and positive regulation 
of steroid metabolic process. To investigate the interac-
tion relationship between ENO4, APOB, FXN and other 
proteins, we further performed PPI analysis of 62 DEPs 

involved in key biological processes (Fig. 6B). The results 
indicated that ENO4, APOB and FXN can interact with 
10, 2 and 5 key DEPs, respectively. The key proteins that 
interact with ENO4 are mainly enriched in ATP synthe-
sis coupled electron transport (SDHA, SDHB, NDUFS8, 
UQCRC1, FXN), ATP metabolic process (ALDOB, 
ATP5C1, ATP5A1Z, DLD, AK9), sperm motility (ENO4, 
SPAG6, TEKT2, TEKT3, GAS8); The key proteins that 
interact with FXN are enriched in ATP synthesis coupled 
electron transport (SDHA, SDHB), and ATP metabolic 
process (UQCRC1, UQCRC2, UQCRFS1). SDHA, SDHB 

Fig. 6 Key protein-biological process, protein-pathway, and protein–protein interaction (PPI) analysis of differentially expressed proteins (DEPs). 
A Key protein-biological process analysis of DEPs between control group and LV-CYP19A1 group. B PPI analysis of DEPs involved in key biological 
processes between control group and LV-CYP19A1 group. C Key protein-pathway analysis of DEPs between control group and LV-CYP19A1 group. 
D PPI analysis of DEPs involved in key pathways between control group and LV-CYP19A1 group. Orange diamonds represent the key pathways 
and biological processes; Green triangles represent the key proteins; Orange inverted triangles represent proteins that interact with individual key 
proteins; Pink octagon represent proteins that interact with multiple key proteins
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and UQCRC1 can interact with ENO4 and FXN, which 
may play an important role in regulating sperm motility. 
The key DEPs related to regulation of steroid metabolic 
process, ATP metabolic and synthesis process, and sperm 
motility are shown in Table 2. The protein-pathway net-
works consisted of 6 key pathways and 36 DEPs (Fig. 6C-
D). The results indicated that VIN and ITGB3 were 
enriched in PI3K-Akt signaling pathway and ECM-recep-
tor interaction, and could interact with multiple DEPs. 
The key proteins that interact with VIN and ITGB3 are 
mainly enriched in PI3K-Akt signaling pathway (NRAS) 
and ECM-receptor interaction (ITGB1, ITGAV, FN1), 
calcium signaling pathway (PTK2B, PLCB1), and choles-
terol metabolism (APOH, APOB, APOA1). The results 

suggested that over-expression of aromatase may affect 
sperm motility by down-regulation of expression pro-
teins involved in ATP synthesis and metabolism in SPEV. 
ENO4, APOB, FXN, SDHA, SDHB, UQCRC1, VIN and 
ITGB3 may play the most critical role in these processes.

Discussion
Semen quality is a crucial reproductive trait in poultry 
production and breeding, and good semen quality is an 
important foundation for maintaining high fertility [31, 
32]. T and  E2 are steroid hormones related to semen 
quality, and the balance of T and  E2 is essential for main-
taining male reproductive functions [33–35]. Aromatase 
can convert T into  E2, which is one of the key reasons 

Table 2 Key differentially expressed proteins related to regulation of steroid metabolic process, ATP metabolic and synthesis process, 
and sperm motility

Protein name Protein accession Protein description P value Control vs. 
LV‑CYP19A1

POR F1P2T2 NADPH–cytochrome P450 reductase 0.019 down

APOA1 P08250 Apolipoprotein A-I 5.88E-07 down

APOB F1NV02 Apolipoprotein B 5.68E-05 down

FXN F1P1P5 Frataxin intermediate form 0.025 down

AGT F1NDH2 Angiotensin 1–10 9.28E-05 down

NPC2 F1N9N4 Epididymal secretory protein E1 0.010 down

ATP5D A0A1D5NW93 ATP synthase F1 subunit delta 0.025 down

DLD Q5ZM32 Dihydrolipoyl dehydrogenase 0.047 down

SDHA F1NPJ4 Succinate dehydrogenase flavoprotein subunit 4.16E-04 down

SDHB A0A1D5PIF0 Succinate dehydrogenase iron-sulfur subunit 4.70E-04 down

SDHC A0A3Q2U2Y6 Succinate dehydrogenase cytochrome b560 subunit 8.74E-03 down

NDUFA6 A0A1D5P4B1 NADH dehydrogenase 1 alpha subcomplex subunit 6 0.002 down

NDUFB7 A0A1D5P384 Complex I-B18 0.010 down

UQCRC1 F1NAC6 Ubiquinol-cytochrome c reductase core protein 1 1.01E-04 down

NDUFB9 A0A1D5PNM0 Complex I-B22 0.012 down

COX4I1 Q5ZJV5 Cytochrome c oxidase subunit 4I1 1.77E-04 down

SPAG6 E1C6P7 Sperm associated antigen 6 (predicted) 2.56E-04 down

NDUFS8 A0A1D5PE41 Complex I-23kD 0.005 down

ENO4 A0A3Q3AEZ3 2-phospho-D-glycerate hydro-lyase 0.002 down

ENO3 P07322 Beta-enolase 0.001 down

ATP1B1 P08251 Sodium/potassium-transporting ATPase subunit beta-1 0.001 down

AK9 F1NRW9 Nucleoside-diphosphate kinase 1.07E-04 down

ADPGK F1NGR5 ADP dependent glucokinase(predicted) 0.001 down

UQCRFS1 Q5ZLR5 Cytochrome b-c1 complex subunit Rieske 0.001 down

KIF2B A0A3Q2UFD1 Kinesin-like protein 8.39E-04 down

TEKT1 A0A3Q2UCQ4 Tektin 2.71E-05 down

TEKT2 E1C1A3 Tektin 3.84E-06 down

TEKT3 E1BZ49 Tektin 2.91E-05 down

GAS8 F1NLA8 Dynein regulatory complex subunit 4 9.99E-04 down

ALDOB P07341 Fructose-bisphosphate aldolase B 6.44E-04 down

VDAC3 A0A1L1RKA6 Voltage-dependent anion-selective channel protein 3 0.001 down
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for the increase of  E2 and the decrease of T [12]. It has 
been reported that tol2/ transposase was used to gener-
ate transgenic males that can over-express aromatase, 
which can produce high levels of estradiol and medi-
ate the generation of striped feathers of female traits in 
males [36]. The levels of T increased in testis of turkey 
with high sperm motility, and aromatase mRNA and pro-
tein expression were significantly down-regulated [10]. 
Our results indicated that over-expression of aromatase 
can significantly increase  E2 levels and decrease T levels, 
which subsequently affect semen volume, sperm motility 
and fertility of roosters. The DEPs of SPEV were signifi-
cantly enriched in regulation of steroid biosynthetic and 
metabolism process, and cholesterol metabolism. The 
proteins FXN, APOB, APOA1, NPC2 and POR related 
to steroid biosynthesis and cholesterol metabolism were 
significantly down-regulated. The sequencing results fur-
ther verified that aromatase reduced the T hormone lev-
els and semen quality of roosters.

Sperm motility is an important indicator of the semen 
quality, while the supply of ATP is a key factor affecting 
sperm motility [37]. It has been reported that ATP can 
improve sperm motility during in  vitro fertilization in 
humans, pigs, and mice [38–40]. ATP content was posi-
tively correlated with the sperm straight-line velocity, 
flagellum beating frequency and swimming velocity [41–
44]. Active release of ATP is mediated by ion channels 
and EVs [45]. Gardella et  al. (2002) reported that ATP 
could mediate EVs secretion through the high mobil-
ity group box 1 protein [46]. Subsequent studies showed 
that ATP produced by the glycolytic pathway was found 
in EVs with more plausible evidence for the presence of 
ATP [47]. At present, it is generally believed that EVs can 
enwrap ATP and deliver it to target cells [48, 49].

The "omics" method is a powerful tool to understand 
the genetic and molecular mechanisms related to live-
stock reproduction [50, 51]. In this study, the proteomic 
sequencing of SPEV indicated that the DEPs were sig-
nificantly enriched in ATP synthesis coupled electron 
transport, ATP metabolic process, and flagellated sperm 
motility. The proteins ENO4, UQCRC1, VDAC3, SDHA, 
SDHB, GAS8, AK9, DLD, TEKT2, TEKT3, SPAG6 and 
MYO6 were involved in ATP synthesis and metabolic 
processes, and sperm motility were significantly down-
regulated in LV-CYP19A1 group. We speculated that 
aromatase may affect sperm flagellar motility by down-
regulating the expression of proteins involved in ATP 
synthesis, thus affecting sperm motility. ENO4 is located 
in the sperm principal piece and can participate in the 
glycolysis and ATP synthesis process, providing energy 
for sperm cells, and is essential for the motility of sperm 
flagellum, ENO4 gene knockout mice exhibit abnormal 
sperm morphology and asthenozoospermia [52]. ENO4 

gene mutation can lead to male infertility in humans 
[53]. Mutations in GAS8, a gene encoding a nexin-dynein 
regulatory complex subunit, could cause primary ciliary 
dyskinesia and cause non-syndromic male infertility [54]. 
ENO4 and GAS8 may be key proteins in the regulation 
of sperm flagellar motility. VDAC3 is a channel protein 
in the outer membrane of mitochondria that is believed 
to play an important role in regulating ATP transport 
and  Ca2+ homeostasis [55]. VDAC3 is involved in the 
formation of the acrosome during spermatogenesis, and 
VDAC3 deficiency can lead to abnormal mitochondrial 
sheaths and decreased sperm motility [56–58]. SDHA 
and SDHB are components of the succinate dehydroge-
nase (SDH) complex, and SDH activity is positively cor-
related with sperm quality, SDHA mutations can lead to 
male infertility [59]. An RNA interference-based silenc-
ing of SDHB gene significantly down-regulates multiple 
proteins involved in glycolysis, reduces sperm count, and 
inhibits testicular development in “Macrobrachium nip-
ponense” [60, 61]. Mitochondria are crucial for sperm 
quality and male fertility, UQCRC1 is involved in mito-
chondrial function and sperm capacitation. Boar fertility 
is controlled through systematic changes of mitochon-
drial protein ATP5F1 and UQCRC1 expression dur-
ing sperm capacitation [62]. Tetrabromodiphenyl ether 
injures cell viability and mitochondrial function of 
mouse spermatocytes by decreasing mitochondrial pro-
teins ATP5B and UQCRC1 [63]. UQCRC1 and VDAC2 
have been reported to be highly sensitive biomarkers for 
predicting diseases mediated bisphenol-A [62]. Tektin 
proteins were identified as important proteins related 
to fertility in livestock [64]. In conclusion, we speculate 
that ENO4 and GAS8 may mainly regulate sperm flagel-
lar motility, while VDAC2, VDAC3, SDHA, SDHB and 
UQCRC1 are mainly involved in ATP biosynthesis.

KEGG enrichment analysis showed that the DEPs 
were mainly enriched in PI3K-AKT signalling path-
way, ECM-receptor interaction pathways, and calcium 
signalling pathway. It has been reported that the PI3K/
AKT signaling pathways are involved in regulating vari-
ous male reproduction processes, including modulating 
the hypothalamus-pituitary gonad axis during sper-
matogenesis, promoting proliferation and differentia-
tion of spermatogonia and somatic cells, and regulating 
sperm autophagy and testicular endocrine functions 
[65, 66]. ECM-receptor interaction signaling pathway 
promotes the formation of chicken sperm stem cells 
[67], while calcium signaling pathway is associated with 
sperm function. In this study, the proteins VIN, ITGB3, 
ITGB1, ITGAV and FN1 are involved in multiple bio-
logical processes, suggesting their important regulatory 
effects on sperm functions, which needs to be further 
investigated.
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Conclusions
In summary, the results indicate that aromatase can 
down-regulate the expression of proteins related to 
ATP synthesis coupled electron transfer, flagellar sperm 
motility, and steroid biosynthesis and metabolism in 
SPEV, decreased T levels and increased  E2 levels in 
serum and seminal plasma, and ultimately reduce the 
semen quality of roosters. Furthermore, 8 proteins 
including ENO4, APOB, SDHA, SDHB, UQCRC1, VIN, 
PITGB3 and FXN in SPEV were identified as key pro-
teins for aromatase to regulate semen quality in roost-
ers. Our findings are further elucidated the molecular 
mechanism of aromatase in affecting the reproductive 
ability of roosters, and lay the theory for subsequent 
research.
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