
 

 

Diagnostic Performance of RT-PCR for Fetal Sex Determination Using 1 

Cell-Free Fetal DNA in Maternal Plasma during the Last Third of the 2 

First Trimester in Mares  3 

 4 

 5 

Sina Tabatabaee1 , Mahmood Ahmadi-hamedani1 * , Reza Narenji Sani1, Hamid Staji2 6 
 7 
1. Department of Clinical Sciences, Faculty of Veterinary Medicine, Semnan University, Semnan, Iran 8 
2. Department of Pathobiology, Faculty of Veterinary Medicine, Semnan University, Semnan, Iran 9 
 10 

* Corresponding Author: ahmadi.hamedani@semnan.ac.ir 11 

https://orcid.org/0009-0003-7516-0121 12 

https://orcid.org/0000-0002-8281-3720 13 
 14 
 15 
 16 

 17 
 18 

Abstract 19 
Accurately determining fetal sex early in mares is essential for horse breeding. In this study, we 20 

investigated the detection of cell-free fetal DNA (cffDNA) in horse serum using RT-PCR during 21 

pregnancy. Blood samples were obtained from 30 pregnant mares in the last third of the first trimester 22 

of gestation at stables located in the provinces of Semnan, Golestan, and Tehran. In addition, blood 23 

samples were taken from one male foal and one female foal with no history of mating to serve as 24 

positive and negative controls, respectively. The phenotypic sex of the foals was recorded after 25 

parturition and compared with RT-PCR results performed on maternal plasma to evaluate the accuracy 26 

of fetal sex determination using the sex-determining region Y (SRY), equine Y‑ linked microsatellite 27 

marker YH12 (Eca.YH12), and microsatellite locus TKY270 on the equine X chromosome (TKY270) 28 

gene markers. A total of 30 pregnant mares were sampled, with 27 carrying to term and three aborting. 29 

Fetal sex was confirmed postnatally (11 males, 16 females). The SRY marker had a sensitivity of 30 

72.7%, specificity of 100%, and accuracy of 88.9%. Eca.YH12 marker yielded the same results as SRY 31 

and did not enhance sensitivity when used in combination. The X-linked marker TKY270 was detected 32 

in all samples, indicating that the samples were of high quality and could serve as an internal control. 33 

These markers supported our results, strengthening the diagnostic process. RT-PCR for the SRY gene 34 

detected cffDNA in the last third of the first trimester and worked well, especially for identifying 35 

female fetuses. These findings were further supported by the results obtained from the Eca.YH12 and 36 

TKY270 genetic markers. 37 
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1. Introduction 43 

Sex determination is a fundamental biological process in all sexually reproducing eukaryotes (1). In 44 

many species, sex is genetically established through the expression of one or more genes located on 45 
the sex chromosomes. Among vertebrates, the most common systems are male heterogamety (XX 46 
females and XY males) and female heterogamety (ZW females and ZZ males). Sex chromosomes have 47 
evolved independently multiple times, typically emerging when a member of an autosomal pair 48 
acquires a gene or allele responsible for sex determination. The frequency of new sex chromosome 49 

emergence varies greatly across species. Notably, frequent turnovers, defined as changes in the location 50 
or identity of sex-determining genes, have been observed in several taxa, including many species of 51 
fish and amphibians (2, 3). Over the years, scientists have developed several methods to determine 52 
genetic sex, including karyotyping, testing for H-Y antigens, and analyzing enzymes associated with 53 
the X chromosome (4). In addition to molecular methods, some studies have examined hormonal 54 

indicators such as maternal testosterone concentration to predict the sex of the fetus in horses (5). 55 
However, PCR-based methods have taken the lead. Why? Because they are they are faster, more 56 

accurate, and more reliable than the older techniques. Additionally, PCR is relatively easy to use and 57 

budget-friendly, making it a popular choice—especially in commercial settings (4). Fetal DNA 58 
fragments, originating from the trophoblastic cells covering the chorionic villi, are released into the 59 
maternal circulation following trophoblast apoptosis. Additionally, mRNA and DNA fragments 60 
derived from placental cell apoptosis contribute to a minor portion of fetal genetic material detectable 61 

in maternal blood (6). It has been well established that circulating cffDNA can be detected in maternal 62 
blood throughout all stages of pregnancy (7). cffDNA becomes detectable as early as the fifth week of 63 

gestation and remains present until delivery (8). Due to its short half-life (approximately 16.3 minutes), 64 
cffDNA is rapidly cleared from the maternal bloodstream within a few hours postpartum, minimizing 65 
interference from previous pregnancies. This transient nature makes cffDNA an ideal target for non-66 

invasive prenatal genotyping studies (9). De Leon, Campos (10) provided the first evidence of 67 
circulating cffDNA in the plasma of pregnant mares, opening a new avenue for non-invasive prenatal 68 

diagnostics, including fetal sex determination. Molecular techniques based on cffDNA in maternal 69 
blood present a highly accurate and non-invasive alternative to traditional invasive procedures. Beyond 70 

sex determination, these methods have the potential to facilitate early diagnosis of genetic disorders 71 
and pregnancy-related complications (11). 72 

Early, non-invasive determination of fetal sex in horses has the potential to become a valuable tool in 73 
equine breeding and genetic diagnostics. By analyzing cffDNA present in maternal plasma, fetal sex 74 

can be identified during the first trimester of gestation. Determining a foal's sex early is economically 75 
crucial in the horse world, as it significantly impacts a pregnant mare's value. This study investigates 76 
the diagnostic performance of RT-PCR to detect cffDNA in the maternal plasma of pregnant mares 77 

during the last third of the first trimester of gestation. 78 
 79 

 80 

2. Material and methods 81 

 82 
2.1. Study Population 83 
The study population consisted of horse breeding farms located in the provinces of Semnan, Golestan, 84 

and Tehran. Sampling was conducted over an 8-month period in two phases, from December 2019 to 85 
March 2021. A total of 30 pregnant mares were examined to determine the fetal sex during the last 86 
third of the first trimester of pregnancy. The results regarding the sex of the fetus (male or female) were 87 
used to evaluate the accuracy of the test after the mares gave birth and were subsequently recorded. 88 

 89 
2.2. Sampling 90 
Blood samples were collected from 30 pregnant mares during the last third of the first trimester of 91 

gestation to determine fetal sex. Additionally, blood was drawn from one male and one female foal 92 



 

 

with no prior breeding history to serve as positive and negative control samples, respectively. The 93 

actual fetal sex (male or female) was recorded after parturition to assess the accuracy of the test. Blood 94 
was collected from the jugular vein and transferred into tubes containing EDTA-anticoagulant. The 95 
samples were quickly transported to the laboratory on ice. To isolate the plasma, the EDTA-treated 96 
blood samples were centrifuged at 4,000 RPM for 10 minutes.  97 

 98 

2.3. PCR analysis 99 
The separated plasma was stored at -80°C until it was time for DNA extraction. DNA was extracted 100 
from the plasma samples, as well as from the genomic DNA of the control mare and female blood 101 
samples, using a commercial DNA extraction kit (GeNet Bio, Korea). The amount and purity of the 102 

extracted DNA were assessed using a NanoDrop spectrophotometer. To identify the SRY gene marker, 103 
PCR was carried out on DNA obtained from the plasma of pregnant mares. The primers used for 104 
amplification of the SRY gene were forward primer 5′-CGCCAGCATAGATCACAGAA-3′ and 105 
reverse primer 5′-CGCAAGGTAGCTGAAAGACC-3′, as previously described by De Leon, Campos 106 
(10). To verify the reliability of the SRY gene detection, additional genetic markers were included in 107 

the analysis: ECAY (a Y-chromosome-specific marker), ECAX (an X-chromosome marker), and an 108 
autosomal marker to serve as a positive control for PCR. Specifically, the Eca.YH12 marker (291 bp), 109 

a Y-linked sequence specific to horses, was used as a secondary indicator of male DNA; TKY270 (274 110 
bp) was used to detect X-chromosomal sequences; and the GAPDH gene (150 bp), a commonly used 111 

housekeeping gene, served as an autosomal internal control. The primer sequences for these markers 112 
were as follows: 113 

The primers used for TKY270 were 5′-CTGCTTTAGAGAAACAAACT-3′ (forward) and 5′-114 
CCATGGTGAGAAAAATGAGA-3′ (reverse), as described by Wallner, Piumi (12). For GAPDH, the 115 
forward primer was 5′-GCCGTAACTTCTGTGCTGTG-3′, and the reverse primer was 5′-116 

AATGAAGGGGTCATTGATGG-3′, as reported by Kakoi, Tozaki (13). 117 
For GAPDH, the primers used were 5′-GCCGTAACTTCTGTGCTGTG-3′ (forward) and 5′-118 

AATGAAGGGGTCATTGATGG-3′ (reverse), as described by De Leon, Campos (10). 119 
 120 

2.4. Statistical analysis 121 
The outcomes of RT-PCR fetal sex determination were systematically compared with the phenotypic 122 

sex identified at birth during the latter part of the first trimester of gestation. The results were 123 
subsequently presented as percentages to facilitate clear interpretation. To evaluate the performance of 124 
the SRY gene detection method in the last third of the first trimester of gestation, the following metrics 125 

were calculated using SAS software (version 9.1, SAS Institute, 1997): sensitivity, specificity, positive 126 
predictive value, negative predictive value, overall accuracy, and method efficiency. 127 

 128 
3. Results 129 
A total of 30 blood samples were collected from mares during the latter portion of the first trimester of 130 

gestation, with pregnancy confirmation achieved through ultrasonography. Among these mares, 27 131 
successfully delivered foals, while three unfortunately experienced abortions. The findings related to 132 

mare parturition, along with the outcomes of gene amplification for SRY, TKY270, and Eca.YH12 and 133 
GAPDH, derived from the analyzed blood samples, are detailed in Table 1. 134 

 135 
Table 1. Results of mare parturition and the outcomes of gene amplification for SRY, TKY270, 136 
Eca.YH12, and GAPDH from blood samples collected from pregnant mares 137 
 138 

Female Male 

No SRY TKY270 Eca.YH12 GAPDH No SRY TKY270 Eca.YH12 GAPDH 

1 - + - + 1 - + - + 

2 - + - + 2 + + + + 

http://www.biobiz.or.kr/goods_list.php?Index=253&v=


 

 

3 - + - + 3 + + + + 

4 - + - + 4 + + + + 

5 - + - + 5 - + - + 

6 - + - + 6 + + + + 

7 - + - + 7 + + + + 

8 - + - + 8 - + - + 

9 - + - + 9 + + + + 

10 - + - + 10 + + + + 

11 - + - + 11 + + + + 

12 - + - +      

13 - + - +      

14 - + - +      

15 - + - +      

16 - + - +      

 139 
 140 
An analysis of fetal sex following parturition indicated the presence of 11 male foals and 16 female 141 
foals. A comparison between the postnatal sex and the gene amplification results for SRY and TKY270 142 

was not conducted for three mares that gave birth to male foals. In male foals (n=11), SRY, a Y-143 

chromosome marker, was amplified in 8 of 11 cases (72.7%), with no amplification in the remaining 144 
three. Eca.YH12, another Y-linked marker, showed identical results. The X-linked marker TKY270 145 

and the autosomal control GAPDH were amplified in all male samples. In female foals (n=16), neither 146 
SRY nor Eca.YH12 was amplified, but both TKY270 and GAPDH were present in all samples. These 147 
findings confirm that TKY270 and GAPDH are reliable internal controls for DNA quality and 148 

amplification (Table 1). Diagnostic performance was then calculated. Using SRY alone, sensitivity for 149 
detecting male fetuses was 72.7%, specificity 100%, positive predictive value (PPV) 100%, negative 150 

predictive value (NPV) 84.2%, and overall accuracy 88.9% (Table 2). 151 
 152 

Table 2. Fetal sex determination in 27 pregnant mares using RT-PCR targeting the SRY and  153 
Eca.YH12 genes from free fetal DNA in maternal blood plasma during the last third of the first 154 

trimester of gestation and confirmed after parturition 155 
 156 

Marker True Positive 

(Male correctly identified) 

False Negative 

(Male misclassified) 

True Negative 

(Female correctly 

identified) 

False Positive 

(Female misclassified) 

Total 

SRY 8 3 16 0 27 

Eca.YH12 8 3 16 0 27 

 157 
When combining SRY and Eca.YH12 in an “either/or” approach (male if any Y marker is positive), 158 
the results were identical in this dataset, as Eca.YH12 did not rescue the three SRY-negative male cases 159 

(Table 3). 160 

 161 
Table 3- Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), 162 
and accuracy of fetal sex determination based on the detection of free fetal DNA by RT-PCR during 163 
the last third of the first trimester of gestation in pregnant mares 164 

 165 

Marker 

SRY 

Accuracy Sensitivity Specificity PPV NPV 

88.9% 72.72% 100% 100% 84.21% 

Eca.YH12 88.9% 72.72% 100% 100% 84.21% 



 

 

Figures 1 and 2 illustrate the amplification curves for samples containing the SRY and TKY270 genes 166 

in male fetuses. In contrast, Figure 3 presents the amplification curve for samples with the Eca.YH12 167 
gene in female fetuses. 168 
 169 

 170 
 171 
Figure 1. Real-Time PCR Analysis in some fetal DNA samples extracted from the maternal plasma. 172 
Amplification Plot of SRY. 173 

 174 

 175 
 176 
Figure 2. Real-Time PCR Analysis in some fetal DNA samples extracted from the maternal plasma. 177 
Amplification Plot of TKY270. 178 
 179 

 180 
Figure 3. Real-Time PCR Analysis in some fetal DNA samples extracted from the maternal plasma. 181 
Amplification Plot of Eca.YH12. 182 

 183 
 184 



 

 

4. Discussion 185 
The presence of cell-free nucleic acids in blood was first reported by Mandel and Metais in 1948. 186 
Although initially regarded as a significant scientific discovery, it received limited attention until 1994, 187 
when the detection of mutated RAS gene fragments in the plasma of cancer patients brought renewed 188 
interest to the field (14). Lo, Corbetta (9) successfully isolated fetal-derived nucleic acids from 189 

maternal plasma using Y-chromosome-specific sequences. They demonstrated that these nucleic acids 190 
could be detected in maternal blood as early as the initial weeks of gestation and are rapidly cleared 191 
postpartum, minimizing interference from previous pregnancies. This fetal DNA enters maternal 192 
circulation primarily through apoptosis and immunologic or physical degradation of placental and fetal 193 
cells. 194 

Molecular approaches utilizing fetal DNA in maternal plasma provide a non-invasive and reliable 195 
alternative to traditional invasive procedures. Such techniques not only enable prenatal sex 196 
determination but also have broader applications in detecting genetic abnormalities and pregnancy-197 
related complications (11). In equine reproduction, non-invasive fetal sexing based on the analysis of 198 
cffDNA extracted from maternal plasma is a promising tool that can contribute to early genetic 199 

diagnosis. De Leon, Camops (10) introduced a notable approach for fetal sexing in horses using 200 
cffDNA. In their study, SRY gene amplification via PCR in 20 pregnant mares during the third 201 

trimester yielded 72.7% sensitivity and 85% overall accuracy. When second-round PCR and qPCR 202 
were employed, these values improved to 90.9% sensitivity and 95% accuracy, respectively. 203 

Kadivar, Tafti (16) further expanded this research by employing real-time PCR to detect SRY in 28 204 
pregnant Arabian mares between 8 and 20 weeks of gestation. The test achieved an overall accuracy 205 

of 88%, with 85.7% sensitivity and 90.9% specificity. The PPV and NPV were reported at 92.3% and 206 
83.3%, respectively. 207 
Similar advancements have been reported in bovine fetal sex prediction using maternal plasma DNA. 208 

JF (17) successfully identified fetal sex by amplifying the SRY gene in pregnant cows between days 209 
30 and 59 of gestation, with an overall accuracy of 60%. Later, Wang, Cui (18) employed nested PCR 210 

on 110 plasma samples from pregnant cows and reported fetal sexing accuracies of 100% for male 211 
fetuses (43/43) and 91% for female fetuses (61/67). Likewise, Da Cruz, Silva (19) achieved 88.6% 212 

accuracy in sex prediction by amplifying Y-specific sequences in plasma from 35 pregnant cows. The 213 
estimated accuracy rose to 99.9% when testing was conducted at or after day 55 post-fertilization. 214 

Further validation was provided by Lemos, Takeuchi (20), who used TSPY gene primers to accurately 215 
match PCR results with phenotypic sex in all 47 male and 37 female bovine fetuses studied. 216 
In sheep, Kadivar, Hassanpour (21) reported the successful application of real-time PCR targeting the 217 

SRY gene for sex determination in 46 pregnant ewes between the second and fifth months of gestation. 218 
Their approach showed 100% sensitivity and specificity, with no false positives or negatives. 219 

Quantitative real-time PCR further demonstrated a significant increase in fetal DNA levels as 220 
pregnancy progressed. Similarly, biometric variations in the genitalia of other livestock species, such 221 
as the Arbia goat, have been examined to enhance understanding and diagnosis of reproductive status 222 

and pregnancy (22). Kadivar, Hassanpour (23) introduced a novel approach using the amelogenin gene 223 
for fetal sexing in sheep. In a group of 45 pregnant ewes (8–18 weeks of gestation), the test 224 

demonstrated 96.5% sensitivity, 87.5% specificity, and 93.3% overall accuracy. The relative 225 
quantification showed a significantly higher level of cffDNA in ewes beyond 12 weeks of gestation 226 

compared to earlier stages. 227 
Our findings revealed that no false-positive results occurred in fetal sex determination using cffDNA 228 
across all trimesters, aligning with previous research in mares (24, 25) and ewes (21, 23), which also 229 
utilized the detection of TKY270 and Eca.YH12 gene fragments alongside the SRY marker. However, 230 
some other studies have reported occurrences of false positives (10, 13, 16, 17). On the other hand, the 231 

false-negative results we found were similar to those reported in previous studies (10, 13, 16, 24). 232 
Interestingly, these false negatives became less common as the pregnancy advanced in mares, which 233 



 

 

helped improve the accuracy of the test. This trend was also supported by our observation that the 234 

Eca.YH12 gene fragment was missing in every sample that gave a false-negative result. 235 
Detection of cffDNA using an RT-PCR assay targeting the SRY gene during the last third of the first 236 
trimester of pregnancy in the studied mares demonstrated acceptable diagnostic performance 237 
(including accuracy, specificity, and positive predictive value), especially for female fetus detection. 238 

Additionally, the identification of the Eca.YH12 and TKY270 gene markers have further confirmed 239 
these findings.  240 
The main limitation of our study was the occurrence of these false negatives in male fetuses. The most 241 
likely explanations include a low concentration of cell-free fetal DNA (cffDNA) during the last third 242 
of the first trimester of gestation, as well as the single-copy nature of SRY and Eca.YH12, and potential 243 

technical constraints in DNA extraction or PCR efficiency. Previous reports in horses have emphasized 244 
similar challenges: for example, De Leon and Campos (10) reported a sensitivity of 72.7% using SRY 245 
PCR and an increased sensitivity of up to 90.9% using nested-PCR or qPCR approaches. Kadivar, Tafti 246 
(16) employed nested real-time PCR for mares between 8 and 20 weeks of gestation, achieving a 247 
sensitivity of 85.7% and an accuracy of 88%. Increasing gestational age, adopting quantitative or nested 248 

PCR, or utilizing multi-copy Y markers, such as TSPY, may enhance sensitivity in future studies. 249 
The auxiliary markers had distinct roles. Eca.YH12 mirrored the performance of SRY in this dataset 250 

and, therefore, did not enhance sensitivity when combined; however, it provided methodological 251 
robustness as an independent Y target. TKY270, being X-linked, was consistently amplified in all 252 

samples and functioned as a reliable internal control, ensuring that negative Y results reflected the 253 
actual absence of signal rather than amplification failure. 254 

Taken together, our results support the feasibility of early fetal sex determination in horses using non-255 
invasive cffDNA testing during the last third of the first trimester. However, the occurrence of false 256 
negative results highlights the importance of gestational age and technical optimization. A practical 257 

diagnostic system was that in a case of positive detection of either of the marker (SRY or Eca.YH12), 258 
male sex should be noted; on the other hand, in a situation where neither of the markers (Y markers) 259 

could be detected on the sample, the status of the sample should be female sex, as long as internal 260 
controls (TKY270, and GAPDH) are satisfactorily identified. The assay with unknown ambiguity must 261 

be retried at a slightly later stage. 262 
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