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Abstract 
Background: Male infertility is usually determined by the manual evaluation of the se-

men, namely the standard semen analysis. It is currently impossible to predict sperm fer-

tilizing ability based on the semen analysis alone. Therefore, a more sensitive and selec-

tive diagnosis tool is required.  

Methods: Twelve fresh semen samples were collected from fertile volunteers attending 

the Avicenna Fertility Center (Tehran, Iran). The seminal plasma (SP) was prepared and 

subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS), and the to-

tal antioxidant capacity (TAC) was analysis. Thirty-four amino acids including essential 

amino acids (EAA), non-essential amino acids (NEAA), and non-proteinogenic amino 

acids (NPAA) relative concentration were determined, and the correlation between their 

concentration with spermiogram parameters and TAC of the SP was analyzed. 

Results: Significant positive correlations have been found between selected amino acids 

with the motility (Met and Gln, rs=0.92; Cys, rs=0.72; and Asn, rs=0.82), normal sperm 

morphology (Met, rs=0.92; Cys, rs=0.72; Glu, rs=0.92; and Asn, rs=0.82), and sperm con-

centration (Trp, Phe, and Ala). In contrast, several AAs, including Gly, Ser, and Ile 

showed negative correlations with sperm concentration (rs=-0.93, r=-0.92, and r=-0.89, 

respectively). Furthermore, TAC showed a positive association only with Tyr (rs=0.79).  

Conclusion: The strong positive/negative correlations between the seminal metabolic 

signature and spermiogram demonstrate the significance of determining metabolite lev-

els under normal conditions for normal sperm functions. Combining the metabolome 

with the clinical characteristics of semen would enable clinicians to look beyond bi-

omarkers toward the clinical interpretation of seminal parameters to explain the biologi-

cal basis of sperm pathology. 
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Introduction 

nfertility is a "modern" disease with signifi-

cant social implications and a distressing 

impact on the psychological health of fami- 
 

 

 
lies. Globally, the infertility rate is estimated to be 

around 15–20% with male infertility affecting ap-

proximately half of the infertile couples. To this 
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day, the underlying causes of the majority of male 

subfertility and infertility cases remain unknown 

(1, 2).  

The assessment of male fertility status is typical-

ly conducted through a standard semen analysis, 

following the guidelines provided by the World 

Health Organization (WHO) (3). While these 

guidelines are applied world-wide, a more effi-

cient, accurate, and precise semen analysis proce-

dure is needed to reach a better understanding for 

prediction of male fertility potential (4). Although 

it is becoming more obvious today that human 

seminal plasma (SP) can contribute significantly 

to a remarkable insight about male infertility and 

to develop a new diagnostic test, only a limited 

analysis of SP is available to characterize subfer-

tile and infertile men (5).   

To our surprise, even though SP is a rich source 

of biological material such as proteins and metab-

olites, it is an underestimated biological material 

in the study of the male reproductive system and 

infertility. During the last couple of years, re-

searchers have started paying attention to this 

non-invasive precious biological material using 

omics analytical techniques (6, 7). Specifically, 

metabolomics has opened a new window to a bet-

ter understanding of male infertility and the de-

velopment of new potential diagnostic tests (5, 8). 

Metabolomics is the study of the metabolome 

(small molecules less than 2000 Da) existing in 

tissues, cells, and biological fluids. Moreover, me-

tabolites represent the end result of cellular regu-

latory processes, making them more closely asso-

ciated with the phenotype (9). Currently, the hu-

man metabolome database contains 114,000 me-

tabolites which is significantly less than the num-

ber of potential proteins existing in the human 

body (~2 million). Thereby, the study of the me-

tabolome using high-throughput techniques is less 

complex and manageable than that of the proteo-

me (10, 11).  

Amino acids (AAs) are a subtype of the metabo-

lome playing an important role in the human body 

and they exist in different forms in nature (12). 

The current AA database contains 300 AAs (13), 

but the exact number of AAs in nature is not 

known. They can be classified as proteinogeinc or 

non-proteinogenic AAs (NPAA) incorporated in a 

protein. Proteinogeinc AAs are furthermore divid-

ed into subclasses, namely essential AAs (EAA; 

histidine [His], lysin [Lys], isoleucine [Ile], leucin 

[Leu], methionine [Met], phenylalanine [Phe], 

threonine [Thr], tryptophane [Trp], and valine 

[Val]) and non-essential AAs (NEAA; alanine 

[Ala], arginine [Arg], asparagine [Asn], cysteine 

[Cys], glutamine [Gln], glutamine [Glu], glycine 

[Gly], serine [Ser], and tyrosine [Tyr]). While 

EAAs have to be included in the human diet, the 

NEAAs are synthesized by the human body (14-

16). NPAAs (alpha-aminoadipic acid [Aad], allo-

isoleucine [AIle], arginosuccinate [ASA], beta-

aminoisobutyric acid [bAib], citrulline [Cit], 

gamma-aminobutyric acid [GABA], glycylproline 

[Gly.Pro], homocysteine [Hcy], homocysteine  
 

alanine [Hcy.Ala], homo-citrulline [HoCit], hy-

droxylysine [Hyl], hydroxyproline [Hyp], and 

ornithine [Orn]) are not involved in protein syn-

thesis but are rather intermediate metabolites in 

different biochemical pathways in the human 

body (15, 17). 

In this study, the analysis of 34 AAs from SP 

was done using liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) and the levels of 

these AAs were compared considering sperm pa-

rameters such as sperm count, motility and normal 

sperm morphology, and seminal plasma total anti-

oxidant capacity (TAC). 

 
Methods 

Sample collection: Human seminal plasma sam-

ples were collected from non-alcoholic and non-

smoking volunteers at Avicenna Fertility Center 

(Tehran, Iran) who had fathered at least one child 

previously and were refered to Avicenna Fertility 

Center for sex selection family balancing of their 

children. This project was approved by the ethics 

committee of Avicenna Research Institute, Teh-

ran, Iran (Code: IR.ACECR.Avicenna.REC.1395. 

4).  
 

Inclusion and exclusion criteria: The inclusion cri-

teria for participation in the study were: age of 20 

to 40 years, normal body mass index (19 ≤BMI 

≤25), abstinence period, and the absence of any 

metabolic or cardiovascular diseases. 
 

Evaluation of spermiogram parameters: Twelve 

fresh semen samples were collected from fertile 

donors by masturbation following 3–4 days of 

sexual abstinence. The spermiogram parameters 

including volume, pH, sperm concentration, 

sperm motility, and normal sperm morphology  
 

were manually evaluated according to the 5th edi-

tion of WHO laboratory manual for the examina-

tion and processing of human semen (3). In brief, 

the sperm cells were counted using a Neubauer 

hemocytometer. Sperm morphology was assessed 
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after Papanicolaou staining of two semen smears 

and at least 200 spermatozoa per replicate (total 

400 spermatozoa) were evaluated using bright 

field nicroscopy at ×1000 magnification. Normo-

zoospermia is defined as normal sperm morphol-

ogy >4%, sperm concentration >15×106/ml, pro-

gressive motility, and non-progressive motility 

≥40%. 
 

Total antioxidant capacity of SP: Total antioxidant 

capacity (TAC) of SP was measured by an antiox-

idant assay kit (Dianbioassay, Tehran, Iran). TAC 

measurement is based on the capacity of seminal 

antioxidants to inhibit the oxidation of ABTS 

(2,20-Azino-di-[3-ethylbenzthiazoline sulphonate]) 

to ABTS+. The samples were prepared and the 

test was conducted as per manufacturer’s instruc-

tions. Briefly, SP was thawed and diluted 1:10 

with deionized water. Then, 20 µl of SP were 

added to 180 µl of reagent I and the absorbance 

was measured at 660 nm. Thereafter, 20 µl of rea-

gent II were added, incubated in dark for 10 min, 

and the absorbance was read at 660 nm. The dif-

ference between the first and second absorbance 

measurements was calculated. Finally, the TAC 

value of SP was determined in µM using a stand-

ard curve. 
 

LC-MS/MS analysis of free amino acids in human 

seminal plasma: All human seminal plasma sam-

ples were deproteinized using acetonitrile (ACN) 

as reagent and then analyzed by LC-MS/MS. This 

system is comprised of an Agilent LC 1200 series 

liquid chromatography with a HPLC photo diode 

array detector and an AB/Sciex API 3200 QTRAP 

LC/MS/MSn mass spectrometer. HPLC experi-

ments were run on a C18 column (250×4.6 mm, 5 

μm), the solvent system was tuned at a flow rate 

of 1 ml/min, and the solvent composition and elu-

tion followed a linear gradient of H2O: ACN, 

from 90% H2O to 10% for 60 min. Electrospray 

ionization (ESI) was set on the positive mode in a 

condition including sheath gas of 60 ml/min, aux-

iliary gas of 20 ml/min, spray voltage of 4.5 kV, 

capillary temperature of 200°C, capillary voltage 

of 46 kV, and tube lens of –60 kV. The mass range 

was m/z 45–1000 and the scan speed was set up to 

2400 amu/s. Different combinations of collision 

energies were used to reproduce product ions. 

When stable product ions were obtained, the au-

tomated selected reaction monitoring (SRM) 

mode optimization was used to obtain optimal 

collision energies in the range from –5 V to –180 

V. The Analyst® software, version 1.6.2 was used 

for analyzing the data. The detailed procedure of 

quantitative LC-MS/MS determination of 34 ami-

no acids was conducted according to Piraud et al. 

(18). 
 

Statistical analysis: Statistical analyses were per-

formed using R version 4.0.0 (2020-04-24)--

"Arbor Day" (https://www.r-project.org/). The 

data were analyzed for normal distribution using 

the Shapiro-Wilk test. Almost all data had a nor-

mal distribution. Therefore, correlation coeffi-

cients were calculated using Pearson correlation 

coefficients. To investigate the correlation of each 

parameter with the metabolites, mean centering 

and standardization (Auto Scaling) was applied 

for each sample before the correlation was calcu-

lated. Since the TAC values were less than one, 

Log-Transformation of the values of the metabo-

lites was performed and they were normalized 

with quantile-normalization. Next, the correlation 

was calculated similar to other parameters. 

 

Results 
Demographic data and spermiogram parameters: 

Demographic information and semen parameters 

of twelve fertile volunteers are shown in table 1. 
 

Total antioxidant capacity: The TAC of fertile vo-

lunteers’ SP was measured to be 0.478 mM ±0.15 

mM (mean ± SD) (Table 2).   
 

Relative amino acids concentration: In the present 

study, the distribution of 34 AAs showed signifi-

cantly different concentrations in different SP  
 

Table 1. Spermiogram parameters from fertile volunteers 
 

Variables 
Patients  

(N=12) 

Age (years) 37.2±5.4 

BMI (kg/m2) 28.9±2.6 

Abstinence (day) 3.6±1 

Semen parameters 

Volume (ml) 4.2±1.8 

pH 7.5±0.1 

Concentration (106 per ml) 43.58±12.76 

Total number (106 per ejaculate) 175.92±84.71 

Normal morphology (%) 5.75±2.14 

Rapid progressive sperm (%) 3.83±3.4 

Slow progressive sperm (%) 33.33±3.25 

Total motile PR + NP (%) 37.16±2.6 

Non-progressive sperm (%) 22.5±5.4 

TAC (mM) 0.478±0.15 
 

Values are reported as means ± standard deviations 

BMI: body mass index 

TAC: total antioxidant capacity 
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samples of fertile men.  
 

Essential amino acids: The relative concentrations 

of all nine EAA, shown in figure 1, were deter-

mined by LC-MS/MS. As shown, histidine (His, 4 

to 1148 µM) and lysine (Lys, 7.1 to 2157 µM) had 

the most variation. The EAA Lys was the most 

abundant AA found among other EAAs, while 

methionine (Met), tryptophan (Trp), and phenyl-

alanine (Phe) showed the least variation. 
 

Non-essential amino acids: The relative concentra-

tions of eleven NEAA found in SP were analyzed. 

As shown in figure 2, the most abundant NEAAs 

with the most variation were serine (Ser, 617 to 

1970 µM) and glycine (Gly, 450 to 1666 µM). 

The rest of the NEAAs including alanine, argi-

nine, asparagine, cysteine, glutamine, glycine, 

proline, serine, and tyrosine showed stable con-

centrations with a small variation.  
 

Non-proteinogenic amino acids: Fourteen NPAAs 

(alpha-aminoadipic acid [Aad], allo-isoleucine 

[AIle], arginosuccinate [ASA], beta-aminoisobu-

tyric acid [bAib], citrulline [Cit], gamma-amino-

butyric acid [GABA], glycylproline [Gly.Pro], ho-

mocysteine [Hcy], homocysteine alanine [Hcy. 

Ala], homo-citrulline [HoCit], hydroxylysine  
 

Table 2. Total antioxidant capacity 
 

Control Concentration (mM) 

1 0.59 

2 0.65 

4 0.61 

5 0.33 

6 0.55 

7 0.51 

8 0.44 

9 0.6 

10 0.64 

11 0.3 

12 0.54 

14 0.61 

15 0.59 

16 0.55 

17 0.27 

18 0.38 

19 0.47 

20 0.5 

23 0.56 

22 0.12 

27 0.24 

 0.478571429 

 0.149307927 

 

 

Figure 1. Normalized relative essential amino acids (EAA) 

concentrations of the seminal plasma (SP) samples. The box 

plots show the minimum, maximum, median, and mean of 

the data. The relative concentration of AA (µM) is given in 

the supplementary data. The EAA code; His: histidine, Ile: 

isoleucine, Leu: leucine, Lys: lysine, Met: methionine, Phe: 

phenylalanine, Thr: threonine, Trp: tryptophan, and Val: 

valine 

Figure 2. Normalized relative non-essential amino acids 

(NEAA) concentrations of the seminal plasma (SP) samples. 

The box plots show the minimum, maximum, median, and 

mean of the data. The relative concentrations of amino acids 

(µM) is given in the supplementary data. The NEAA code; 

Ala: alanine, Arg:  arginine, Asn: asparagine, Cys: cysteine, 

Gln: glutamine, Gly: glycine, Pro: proline, Ser: serine, and 

Tyr: tyrosine 
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[Hyl], hydroxyproline [Hyp], and ornithine [Orn]) 

were subjected to relative concentration meas-

urement using LC-MS/MS. However, as shown in 

figure 3, only ornithine (Orn) concentration show-

ed the significant relative contribution in SP (22 

to 183 µM). The rest of NPAAs did not contribute 

significantly to the AA profile of SP. Therefore, it 

was decided to exclude them from further analy-

sis. 
 

Correlation map of amino acids: A heatmap shows 

a correlation of the relative concentration of AA 

in the SP samples with the spermiogram parame-

ters and TAC (Figure 4). In an overall view, there 

are significant positive and negative correlations 

between the concentrations of AAs and sperm 

parameters. A significant positive correlation has 

been found between selected amino acids includ-

ing methionine, rs=0.92; glutamine, rs=0.92; cyste-

ine, rs=0.72; and asparagine, rs=0.82 (p<0.0001) 

with the motility. Furthermore, normal sperm 

morphology showed significant positive correla-

tions with methionine (rs=0.92, p=0.0004), cyste-

ine (rs=0.72, p=0.007), glutamine (rs=0.92, p= 

0.007), and asparagine (rs=0.82, p=0.008). Sperm 

concentration showed significant positive correla-

tions with aspargine, cystine, glycine, methionine, 

ornithine, tryptophan, and phenylalanine (p< 

0.0001) (Supplementary 1 and 2). In contrast, 

several AAs, including glycylproline, serine, and 

isoleucine showed negative correlations with 

sperm concentration (rs=-0.93, rs=-0.92, and rs= 

0.89, respectively). The total p-value of correla-

tion of heatmap can be found in supplementary 

table 3 and supplementary table 4. 

 

Discussion 

Metabolomics is a rapidly emerging field within 

the "omics" domain, currently experiencing rapid 

development. Metabolomics opens a new horizon 

in male infertility knowledge and diagnostics. 

During the last decade, several studies have been 

published regarding male infertility using metabo-

lomics technology (5, 8, 9). To the best of our 

knowledge, only one study has focused on the 

spermiogram parameters and metabolomic profile 

of fertile men (19). The existing procedure for 

distinguishing fertile men from infertile individu-

als currently lacks the necessary precision, sensi-

tivity, selectivity, and accuracy. Therefore, the 

need for a better diagnostic test is undeniable. To 

Figure 4. Heatmap of the correlation coefficients between 

spermiogram parameters, total antioxidant capacity (TAC), 

and amino acids in the seminal plasma (SP) samples. Only 

the amino acid that showed correlation over 70% was con-

sidered significant 

Figure 3. Normalized relative non-proteinogenic amino acids 

(NPAA) concentration in the seminal plasma (SP) samples. 

The box plots show the minimum, maximum, median, and 

mean. The relative concentration of amino acids (µM) is 

given in the supplementary data. The NPAA code; Aad: al-

pha-aminoadipic acid, aIle: allo-isoleucine, ASA: arginosuc-

cinate, bAib: beta-aminoisobutyric acid, Cit: citrulline, 

GABA: gamma-aminobutyric acid, Gly. Pro: glycylproline, 

Hcy: homocysteine, Hcy.Ala: homocysteine alanine, HoCit: 

homocitrulline, Hyl: hydroxylysine, Hyp: hydroxyproline, 

and Orn: ornithine 
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obtain this, a thorough study of spermiogram pa-

rameters of fertile men is needed to be conducted 

using more precise techniques such as metabo-

lomics. SP is a "golden" biological fluid in the 

male reproductive system which has been under-

estimated in the diagnosis of infertile men (6, 7). 

From 34 AAs identified in SP, only 21 had signif-

icant relative concentrations (Figures 1-3). More-

over, the majority of non-proteinogenic AAs 

showed low levels of relative concentration (Fig-

ure 3). Only ornithine showed a high level of rela-

tive concentration (Figure 3). This is in agreement 

with findings of Engel et al. (19). Orn is the main 

source of non-proteinogenic AA conversion to 

polyamines such as spermine (20). Polyamines 

play a very important role in the sperm capacita-

tion and acrosome reaction (21).    

The total antioxidant capacity of SP plays an im-

portant role in infertility of men (22, 23). It is 

well-established that infertile men have an imbal-

anced TAC resulting in oxidative stress which has 

been linked with male infertility (4, 22) . Our data 

show that only Tyr (rs=0.79) is positively correlat-

ed with TAC (Figure 4). This is in accordance 

with data by van Overveld et al. which demon-

strated Tyr is an important contributor to the anti-

oxidant capacity of SP (24).  

Normal sperm morphology showed a significant 

positive correlation with some proteinogenic ami-

no acids in SP (Figure 4). Among the essential 

amino acids (EAAs), methionine (Met) exhibited 

a significant positive correlation (rs=0.92) with 

normal sperm morphology. Furthermore, the syn-

thesis of cysteine (Cys), a non-essential amino 

acid (NEAA), is interconnected with Met, as evi-

denced by their positive correlation (rs=0.72). Ad-

ditionally, glutamine (Gln), a prominent NEAA in 

seminal plasma, showed a strong positive associa-

tion with normal sperm morphology. Additional-

ly, Gln transforms to asparagine (Asn) through 

asparagine synthetase. As shown in figure 4, Asn 

is positively correlated with sperm morphology 

(rs=0.82). This observation is novel since Engel et 

al. were not able to show any association between 

normal sperm morphology and AAs in SP (19). 

Furthermore, this data is in agreement with the 

recently published NMR-based data on teratozoo-

spermia showing that Gln has an important role as 

a biomarker in teratozoospermia (25). Interesting-

ly, Xu et al. also reported a positive correlation 

between high abnormal sperm morphology and 

several metabolites in seminal plasma. Specifical-

ly, high abnormal sperm morphology was found 

to be positively correlated with carnitine, prosta-

glandin E3, leucylproline, valine, glutamyl argi-

nine, and hypoxanthine. On the other hand, a neg-

ative correlation was observed between morphol-

ogy and six other metabolites, namely butocona-

zole, 2-phosphoglyceric acid, prolylphenylala-

nine, glutamyl-se-methylselenocysteine, isopen-

tenyl pyrophosphate, and creatine riboside (26). 

Sperm motility is an important factor in the 

evaluation of male infertility. As illustrated in fig-

ure 4, four AAs showed a high positive correla-

tion with rapid progressive sperm motility (a 

grade). Methionine (Met) and glutamine (Gln) 

demonstrate the highest positive correlation with 

sperm_a. This observation is not surprising con-

sidering that the synthesis pathways of Met and 

Gln culminate in cysteine (Cys) and asparagine 

(Asn), respectively.Thus, these two AAs also 

show a positive correlation with sperm_a (rs=0.72 

and rs=0.82, respectively). Additionally, this data 

is in accordance with Zhang et al.’s findings who 

reported that Met and Gln, as biomarkers, play an 

important role in SP of asthenozoospermia pa-

tients (27). Other AAs, including proline, phenyl-

alanine, and leucine show positive correlations 

with other sperm motility parameters such as slow 

progressive sperm motility (b grade) though the 

correlation coefficient was relatively low (Figure 

4). Furthermore, Engel et al. did not observe any 

correlation between sperm motility and seminal 

plasma AAs (19). In order to evaluate whether 

these AAs make a major contribution in sperm 

motility, a further study, specifically including 

asthenozoospermic patients, is needed. The table 

showing total correlations can be found in sup-

plementary table 2. 

Some of the proteinogenic AAs, including tryp-

tophan, phenylalanine, and alanine show positive 

correlations with sperm concentration (Figure 4). 

This is in agreement with Engel et al.’s and Qiao 

et al.’s findings (19, 28). Nevertheless, several 

AAs, including glycine, serine, isoleucine, had 

negative associations with sperm concentration. 

This data is in accordance with Qiao et al.’s report  

about a negative association of some amino acids 

with sperm concentration using gas chromatog-

raphy–mass spectrometry (GC-MS) (28). Among 

the NPAA, Orn showed a high positive correla-

tion with sperm concentration (rs=0.95). At the 

same time, it can be observed that Met and Cys 

have a high positive correlations with sperm con-

centration (rs=0.96 and rs=0.96, respectively) 

(Figure 4). These three AAs are interconnected in 
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biochemical pathways (20). Additionally, it is not 

surprising since Orn converts into several polyam-

ines which are important for sperm capacitation 

and acrosome reaction (21). Murgia et al. per-

formed an untargeted metabolic analysis of SP 

from oligozoospermic patients (29). However, 

they were not able to see significant AA changes 

in SP from these patients.  

Recognizing seminal metabolic signature and 

determining the cut-off levels of some notable 

metabolic compositions in fertile men with nor-

mal semen parameters may help to understand the 

underpinning mechanisms of male infertility (30).  

 
Conclusion 

In this study, a correlation analysis was conduct-

ed between the amino acid (AA) profile of semi-

nal plasma (SP) and spermiogram parameters ob-

tained from fertile men. The strong positive/nega-

tive correlations between seminal metabolic sig-

nature and sperm concentration, motility, and 

morphology demonstrate the significance of de-

termining metabolite concentration levels under 

normal conditions. Combining the metabolome 

with clinical characteristics of semen enables cli-

nicians to look beyond biomarkers toward the 

clinical interpretation of seminal parameters to 

explain the biological basis of sperm pathology. 
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Supplementary Table 1. p-values for the correlation of semen parameters and TAC with AA 
 

AA Sperm_conc Sperm_count Non_prog Morphology TAC Sperm_a Sperm_b Sperm_ab 

Ala 0.002176 3.08E-05 0.09168 0.603728 0.220928 0.716754 0.070679 0.192612 

Arg 0.41787 0.013692 0.997815 0.045753 0.869013 0.058491 0.63514 0.651073 

Asn 3.42E-07 2.81E-10 0.459859 0.008171 0.020214 0.001124 0.542874 0.457102 

Asp 0.041235 0.73345 0.055481 0.716184 0.113337 0.510485 0.010001 0.048845 

Cys 6.67E-07 2.49E-10 0.545824 0.007353 0.015734 0.011721 0.416938 0.403977 

Glu 0.010277 0.528207 0.506167 0.834447 0.204116 0.161099 0.921184 0.956169 

Gln 9.81E-07 2.06E-10 0.089466 0.007353 0.012201 1.54E-06 0.319472 0.154216 

Gly 1.45E-05 2.50E-06 0.86482 0.378709 0.031919 0.327865 0.716184 0.783197 

His 0.081916 0.703054 0.12157 0.416938 0.163623 0.040416 0.066629 0.0348 

Ile 0.000103 0.000751 0.054254 0.834447 0.035856 0.735002 0.127473 0.218387 

Leu 0.287221 0.687742 0.035874 0.749479 0.04056 0.42521 0.013286 0.045753 

Lys 0.01071 0.000151 0.523602 0.86898 0.181768 0.829878 0.286691 0.098752 

Met 8.41E-07 1.24E-10 0.141545 0.000443 0.010667 8.47E-06 0.176577 0.161446 

Orn 1.99E-06 0.000336 0.88027 0.140413 0.027366 0.222798 0.99123 0.938663 

Phe 1.25E-05 5.48E-07 0.023443 0.037335 0.005725 0.090318 0.005253 0.011021 

Pro 0.059862 0.01173 0.032349 0.037335 0.05378 0.060386 0.0348 0.062749 

Ser 2.22E-05 8.16E-06 0.524314 0.766288 0.015824 0.411535 0.619356 0.921184 

Thr 0.001687 0.008668 0.06663 0.716184 0.024488 0.342419 0.062749 0.027955 

Trp 5.91E-07 2.67E-09 0.639407 0.246255 0.020544 0.405797 0.619356 0.63514 

Tyr 0.299386 0.117516 0.909209 0.542874 0.004234 0.397197 0.619356 0.619356 

Val 0.00134 0.001634 0.631928 0.956169 0.217637 0.823897 0.903739 0.886335 
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Supplementary Table 2. Total correlations of semen parameters and TAC with AA 
 

 Sperm_conc Sperm_count Non_prog Morphology TAC Sperm_a Sperm_b Sperm_ab 

Ala 0.002176 3.08E-05 0.09168 0.603728 0.220928 0.716754 0.070679 0.192612 

Arg 0.41787 0.013692 0.997815 0.045753 0.869013 0.058491 0.63514 0.651073 

Asn 3.42E-07 2.81E-10 0.459859 0.008171 0.020214 0.001124 0.542874 0.457102 

Asp 0.041235 0.73345 0.055481 0.716184 0.113337 0.510485 0.010001 0.048845 

Cys 6.67E-07 2.49E-10 0.545824 0.007353 0.015734 0.011721 0.416938 0.403977 

Glu 0.010277 0.528207 0.506167 0.834447 0.204116 0.161099 0.921184 0.956169 

Gln 9.81E-07 2.06E-10 0.089466 0.007353 0.012201 1.54E-06 0.319472 0.154216 

Gly 1.45E-05 2.50E-06 0.86482 0.378709 0.031919 0.327865 0.716184 0.783197 

His 0.081916 0.703054 0.12157 0.416938 0.163623 0.040416 0.066629 0.0348 

Ile 0.000103 0.000751 0.054254 0.834447 0.035856 0.735002 0.127473 0.218387 

Leu 0.287221 0.687742 0.035874 0.749479 0.04056 0.42521 0.013286 0.045753 

Lys 0.01071 0.000151 0.523602 0.86898 0.181768 0.829878 0.286691 0.098752 

Met 8.41E-07 1.24E-10 0.141545 0.000443 0.010667 8.47E-06 0.176577 0.161446 

Orn 1.99E-06 0.000336 0.88027 0.140413 0.027366 0.222798 0.99123 0.938663 

Phe 1.25E-05 5.48E-07 0.023443 0.037335 0.005725 0.090318 0.005253 0.011021 

Pro 0.059862 0.01173 0.032349 0.037335 0.05378 0.060386 0.0348 0.062749 

Ser 2.22E-05 8.16E-06 0.524314 0.766288 0.015824 0.411535 0.619356 0.921184 

Thr 0.001687 0.008668 0.06663 0.716184 0.024488 0.342419 0.062749 0.027955 

Trp 5.91E-07 2.67E-09 0.639407 0.246255 0.020544 0.405797 0.619356 0.63514 

Tyr 0.299386 0.117516 0.909209 0.542874 0.004234 0.397197 0.619356 0.619356 

Val 0.00134 0.001634 0.631928 0.956169 0.217637 0.823897 0.903739 0.886335 
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Supplementary Table 3. Correlation of p-values for heat map with semen parameters and TAC 
 

 Sperm_conc Sperm_count Non_prog Morphology TAC Sperm_a Sperm_b Sperm_ab 

Ala 0.791171 0.91468 -0.5081 -0.09313 0.266489 0.117218 -0.50042 -0.41258 

Arg -0.25815 0.686419 0.000888 0.588217 0.078503 0.55962 0.10941 0.118585 

Asn 0.965915 0.991841 0.236196 0.818561 -0.30433 0.818845 0.297134 0.347098 

Asp 0.595074 0.110071 0.565217 0.277647 0.111469 0.210937 0.581132 0.553692 

Cys 0.960988 0.992037 0.19396 0.718023 0.171855 0.697258 0.232385 0.268381 

Glu -0.70609 -0.20236 -0.21305 -0.37367 -0.20433 -0.43171 -0.23221 -0.28721 

Gln 0.957809 0.992332 0.511099 0.920045 0.58283 0.953738 0.557582 0.633495 

Gly -0.92697 -0.94897 -0.05515 0.27996 0.475379 0.309344 -0.01977 -0.03606 

His 0.521706 -0.12312 -0.47171 -0.52611 -0.24574 -0.597 -0.50938 -0.60469 

Ile -0.89051 -0.83376 -0.56756 -0.0008 -0.09072 0.109409 -0.51582 -0.47665 

Leu 0.334945 0.129755 0.608216 0.305412 0.459609 0.254241 0.629775 0.624152 

Lys -0.70335 -0.88133 0.204579 0.04066 -0.24802 0.069576 0.184641 0.250031 

Met 0.959106 0.993079 0.450594 0.915658 0.530489 0.934553 0.521294 0.590265 

Orn 0.95128 0.859726 -0.04881 -0.44327 -0.13368 -0.3802 -0.08822 -0.06177 

Phe 0.929128 0.962507 0.645304 0.549913 0.280204 0.509941 0.691787 0.698938 

Pro 0.557137 0.697203 0.617645 0.617384 0.009873 0.556199 0.669032 0.651375 

Ser -0.92025 -0.93505 -0.20424 -0.20188 0.075733 -0.26156 -0.22219 -0.28988 

Thr -0.80233 -0.7171 -0.54542 -0.30172 -0.02808 -0.3006 -0.54567 -0.59197 

Trp 0.96193 0.987176 -0.15103 0.283359 0.32862 0.264666 -0.1317 -0.1304 

Tyr 0.327082 0.476274 0.03696 0.171395 0.789558 0.269364 0.055151 0.071377 

Val -0.81189 -0.80369 -0.15437 0.000299 0.388344 0.072056 -0.13478 -0.13617 
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Supplementary Table 4. AA correlation of heatmap with semen parameters and TAC 
 

AA Sperm_conc Sperm_count Non_prog Morphology TAC Sperm_a Sperm_b Sperm_ab 

Ala 0.791171 0.91468 -0.5081 -0.09313 0.266489 0.117218 -0.50042 -0.41258 

Arg -0.25815 0.686419 0.000888 0.588217 0.078503 0.55962 0.10941 0.118585 

Asn 0.965915 0.991841 0.236196 0.818561 -0.30433 0.818845 0.297134 0.347098 

Asp 0.595074 0.110071 0.565217 0.277647 0.111469 0.210937 0.581132 0.553692 

Cys 0.960988 0.992037 0.19396 0.718023 0.171855 0.697258 0.232385 0.268381 

Glu -0.70609 -0.20236 -0.21305 -0.37367 -0.20433 -0.43171 -0.23221 -0.28721 

Gln 0.957809 0.992332 0.511099 0.920045 0.58283 0.953738 0.557582 0.633495 

Gly -0.92697 -0.94897 -0.05515 0.27996 0.475379 0.309344 -0.01977 -0.03606 

His 0.521706 -0.12312 -0.47171 -0.52611 -0.24574 -0.597 -0.50938 -0.60469 

Ile -0.89051 -0.83376 -0.56756 -0.0008 -0.09072 0.109409 -0.51582 -0.47665 

Leu 0.334945 0.129755 0.608216 0.305412 0.459609 0.254241 0.629775 0.624152 

Lys -0.70335 -0.88133 0.204579 0.04066 -0.24802 0.069576 0.184641 0.250031 

Met 0.959106 0.993079 0.450594 0.915658 0.530489 0.934553 0.521294 0.590265 

Orn 0.95128 0.859726 -0.04881 -0.44327 -0.13368 -0.3802 -0.08822 -0.06177 

Phe 0.929128 0.962507 0.645304 0.549913 0.280204 0.509941 0.691787 0.698938 

Pro 0.557137 0.697203 0.617645 0.617384 0.009873 0.556199 0.669032 0.651375 

Ser -0.92025 -0.93505 -0.20424 -0.20188 0.075733 -0.26156 -0.22219 -0.28988 

Thr -0.80233 -0.7171 -0.54542 -0.30172 -0.02808 -0.3006 -0.54567 -0.59197 

Trp 0.96193 0.987176 -0.15103 0.283359 0.32862 0.264666 -0.1317 -0.1304 

Tyr 0.327082 0.476274 0.03696 0.171395 0.789558 0.269364 0.055151 0.071377 

Val -0.81189 -0.80369 -0.15437 0.000299 0.388344 0.072056 -0.13478 -0.13617 

 

 


