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al. 2000; Han et al. 2007; Barbosa et al. 2009; Yamazaki et 
al. 2011; Paul et al. 2019). In many population genetics and 
ecology studies where non-invasively collected samples are 
used, the lack of morphological information necessitates the 
use of genetic methods for sex identification (Nittu et al. 
2021). Individual cases have been recorded where the sex 
of an animal could only be accurately determined by genetic 
tests due to a congenital disorder, such as hermaphroditism 
(Pajares et al. 2009; Kropatsch et al. 2013). Fetal sex deter-
mination using the circulation cell-free DNA (ccfDNA) 
of uniparous mammals with long gestation benefits the 
management of economically important domestic animals 
as well as captive wild populations (Aucamp et al. 2023). 
Genetic sexing can be employed to monitor and study dis-
ease outbreaks within cervid populations, particularly in 
cases where sex-related differences in disease susceptibility 
or transmission exist. Understanding sex-specific responses 
to diseases can aid in implementing targeted control and 
management strategies (Moazami-Goudarzi et al. 2021). In 
areas where hunting is permitted, genetic sexing can help 
enforce hunting regulations and quotas. By identifying 
the sex of harvested animals, wildlife agencies can ensure 

Introduction

The family Cervidae comprises a diverse assemblage of 
majestic deer species, playing pivotal roles in both natural 
ecosystems and captive breeding programs. Understanding 
the sex distribution within these populations is essential for a 
comprehensive grasp of the species’ reproductive dynamics, 
genetic diversity, and population management (Yamauchi et 
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Abstract
Determining sex in Cervidae species is crucial for wildlife management, conservation, breeding programs, disease sur-
veillance, and forensic investigations. While existing genetic sexing methods have proven effective, they often involve 
time-consuming and resource-intensive processes. In response to the growing need for a more efficient and cost-effective 
technique, this study aimed to develop a novel loop-mediated isothermal amplification (LAMP) method for sex detec-
tion in various deer species. We designed LAMP primers specific to Cervidae based on sex chromosome-located genes, 
AmelogeninX, and SRY. Analytical specificity was confirmed using 108 samples from red deer, roe deer, and fallow deer, 
and species specificity was also tested in other deer and mammal species. Sex determination results were fast (40 min) 
and accurate (100% reliability). This technique has the advantage of allowing researchers to identify the sex of different 
deer species using the same method. Using the isothermal amplification properties of LAMP, this new method provides 
a simple, quick, and accurate tool to help researchers, wildlife managers, and forensic investigators with important sex-
related questions in cervid populations.
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sustainable hunting practices and prevent over-harvesting of 
specific sexes, contributing to the long-term conservation of 
cervid populations (Wilson and White 1998; Marealle et al. 
2010; Haines et al. 2012; Corlatti et al. 2019). As a part of 
forensic investigations in cases of illegal hunting or poach-
ing, genetic sexing can be employed to identify the sex of 
the poached animals aiding law enforcement efforts, when 
the sample is a carcass or remains of a specimen, hindering 
morphological identification (Takahashi et al. 1998; Wil-
son and White 1998; Hamlin et al. 2021; Morf et al. 2021; 
Zenke et al. 2022).

While traditional methods of sex determination, such 
as cytogenetic analysis (Cao et al. 2005; Fiorillo et al. 
2013) and PCR-based techniques, have provided valuable 
insights into cervid genetics (Pfeiffer and Brenig 2005; 
Han et al. 2007; Qiao et al. 2007; Kim et al. 2008; Bar-
bosa et al. 2009; Gurgul et al. 2010; Paul et al. 2019), the 
need for an alternative approach that offers higher efficiency 
and quicker turnaround times is becoming evident. In the 
studies conducted on sex detection in deer species, male-
specific Y-chromosome markers were identified using a 
traditional PCR method, with mitochondrial, autosomal, or 
X-chromosome markers employed as internal controls. The 
loop-mediated isothermal amplification (LAMP) technique, 
introduced in the early 2000s, has revolutionized molecular 
diagnostics by enabling rapid and isothermal amplification 
of target DNA sequences (Notomi et al. 2000). The LAMP 
method uses a unique set of four to six primers to amplify 
the target region under isothermal conditions, eliminating 
the need for thermocycling. This property reduces time, 
energy consumption, and the need for expensive devices, 
making the method highly suitable for resource-limited set-
tings (Wong et al. 2018; Hassan et al. 2022). Several experi-
ments conducted with the LAMP technique also confirm 
that the method is suitable for examining samples collected 
non-invasively, such as faeces, urine, saliva, skin tape discs, 
milk, and hair (Fernandes et al. 2022; Singhla et al. 2022; 
Taslimi et al. 2023; Sritong et al. 2024; Zuraik et al. 2024).

The products of the LAMP reaction can be detected 
with the naked eye, with the help of intercalating dyes or 
pH indicators, by measuring turbidity, or with agarose gel 
electrophoresis (Mori et al. 2001; Goto et al. 2009; Tanner 
et al. 2015). These methods, except for electrophoresis, do 
not require an additional step and can already be detected in 
the PCR tube during the reaction (Khamlor et al. 2015; Dini 
et al. 2016). The LAMP method has also various application 
possibilities in human medicine and veterinary sciences, 
particularly in diagnosing infectious diseases, animal hus-
bandry, and food testing (Zorkóczy et al. 2023).

Implementing the LAMP technique in cervid sex determi-
nation could offer numerous advantages compared to tradi-
tional PCR-based methods, including simplicity, robustness, 

and cost-effectiveness (Wong et al. 2018; Soroka et al. 
2021; Iqbal et al. 2022; Sharma et al. 2024). In response to 
the pressing demand for this more streamlined sex detection 
method in Cervidae species, we aimed to develop a novel 
LAMP-based assay that targets specific sex-linked genes. 
Additionally, the method’s isothermal nature enables rapid 
amplification and detection within a single reaction, mak-
ing it particularly suitable for on-site applications or studies 
involving large sample sizes (Nguyen et al. 2024).

Materials and methods

Sample collection and DNA extraction

Muscle samples were collected from registered shootings 
by hunters with a license from red deer (Cervus elaphus, 
n = 36), fallow deer (Dama dama, n = 36), and roe deer 
(Capreolus capreolus, n = 36), ensuring an equal distribu-
tion and knowledge of sexes (50%-50%), from various 
regions in Hungary. Genomic DNA was isolated using 
a FavorPrepTM Tissue Genomic DNA Extraction Mini 
Kit (Favorgen Biotech, Ping-Tung, Taiwan) following the 
provided procedural guidelines. The concentration of the 
extracted DNA was measured using a Qubit 2.0 Fluorom-
eter (Life Technologies Corporation, Carlsbad, CA, USA), 
and the quality was tested using a 1% agarose gel stained 
with GelGreen™ Nucleic Acid Gel Stain (Biotium, Fre-
mont, CA, USA). Isolated DNA from the tissue samples 
were stored at − 20 °C until subsequent analysis.

Design of deer-specific lamp primers

All available sequences of the sex-determining region Y 
(SRY) and Amelogenin X (AmelX) genes of the three tar-
geted deer species were downloaded from the National 
Center for Biotechnology Information (NCBI) GenBank 
database https://www.ncbi.nlm.nih.gov/genbank/, accessed 
on 05 August 2023) (Table S1). The selected homolog 
sequences were aligned in the MEGA11 (Tamura et al. 
2021) (Molecular Evolutionary Genetics Analysis) comput-
ing platform to identify conserved regions. The deer-spe-
cific primers for the Lamp reactions were designed based on 
the reference sequences KJ542362 (Cervus elaphus AmelX, 
596 bp) and DQ888692 (Cervus elaphus SRY, 690 bp) using 
PrimerExplorerV5 (PrimerExplorerV5) (Eiken Chemical 
Co., Ltd., Japan; http://primerexplorer.jp/e/). Since, based 
on the alignment, there may be some differences in the SRY 
sequences within the three species, we designed loop prim-
ers with the help of the same program based on the infor-
mation of the previously generated four primers in order to 
increase specificity and efficiency. The AmelX marker was 
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used as an endogenous control. These two sets of primers 
were synthesized, and the information about the primer sets 
used in this study is listed in Table 1.

Using GenBank (BLAST, Basic Local Alignment Search 
Tool), we performed a query with the chosen conserved 
sequences to find further matches, with the expectation of 
expanding the use of the primers designed in this study to 
other cervid species.

Testing lamp primers in target species

The designed primers were examined on a total of 108 con-
trol samples of three species with known sex (n = 18 per 
sex per species). The LAMP reactions were compiled sepa-
rately for the AmelX and SRY markers: each reaction (5 μl 
in volume) consisted of 3  μl 10X Isothermal Mastermix 
(ISO-004, OptiGene, Horsham, West Sussex, UK), 0.2  μl 
FIP/BIP primers (40 μM stock), 0.2  μl F3/B3 primers (5 
μM stock), 0.2 μl LF/LB primers (20 μM stock, used only 
in the SRY reaction), 0.3 μl Betaine (5 M stock, Thermo-
Fisher Scientific, Waltham, MA, USA), 1 ng DNA template, 
and PCR grade-H2O to volume. PCR tubes were placed 
into a pre-heated thermocycler set to 65 °C for 50 min. A 
non-template control (NTC) was also used as the negative 
control in all LAMP experiments. Qualitative assessments 
of amplifications were conducted using two different end-
point analyses: (a) 1 μL GelRed™ Nucleic Acid Gel Stain 
(10,000X stock, Biotium, Fremont, CA, USA) diluted with 
nuclease-free water 1:10 (v/v) was added to each tube and 
detected under blue-light with Glite 900 BW Gel Scanner; 
(b) samples were transferred to 2% agarose gel stained with 
the same gel stain used in method (a), run for 20 min and 
detected under blue-light (Glite 900 BW Gel Scanner).

Marker sequencing

Sanger-sequencing was applied to determine whether the 
targeted AmelX and SRY regions were amplified in the 
three deer species. Both markers per species were ampli-
fied with locus specific F3/B3 primers in singleplex PCR 
reactions. The PCR reactions (25 μl in volume) consisted of 
5 μL DreamTaq™ Green PCR Master Mix (ThermoFisher 
Scientific, Waltham, MA, USA), 0.5 μM F3, and 0.5 μM B3 
primer, 1 ng DNA template, and PCR grade-H2O to volume. 
PCR was carried out in an AppliedBiosystems 2720 Ther-
mal Cycler with the following conditions: an initial 95ºC 
for 10 s. followed by 36 cycles of 20 s at 94ºC, annealing of 
20 s at 54ºC, and 20 s at 72ºC. Qualitative assessments of 
singleplex amplifications were conducted using 2% agarose 
gel stained with GelRed™ Nucleic Acid Gel Stain (Biotium, 
Fremont, CA, USA).

Amplification products were purified using GenEluteTM 
PCR Clean-Up Kit (Sigma–Aldrich, St. Louis, MO, USA). 
Both DNA strands were sequenced using the BigDye® 
Terminator v.1.1 Cycle Sequencing Kit (Thermo Fisher 
Scientific, Waltham, MA, USA) following the manufac-
turer’s recommendations. PCR amplicons were sequenced 
by an ABI Prism 3130XL Genetic Analyzer (Applied Bio-
systems, Waltham, MA, USA), according to the manufac-
turer’s guidelines. Sequence analyses were performed using 
Sequencing Analysis Software 5.1 (Applied Biosystems, 
Waltham, MA, USA), and alignment using Sequencher™ 
5.4.6 software (Gene Codes Corp, Ann Arbor, MI, USA).

Analytical specificity and sensitivity of the LAMP 
deer sex assay

For assessing the specificity and applicability of the two 
primer sets and the developed assays, isolated DNA from 
spotted deer (Axis axis, n = 8), sambar deer (Rusa unicolor, 
n = 6), and barking deer (Muntiacus muntjak, n = 2) was 

Table 1  Data of the designed primers
Primer name Type Sequence

(5’-3’)
Concentration
μM

SRY-F3 Forward outer ​C​C​A​G​C​C​G​A​G​A​T​A​C​A​A​C​A​A​C​A 0.2
SRY-B3 Backward outer ​G​G​G​A​T​T​C​T​C​T​A​G​A​G​C​C​A​C​C​T 0.2
SRY-FIP Forward Inner Primer

(F1c + F2)
​C​A​C​A​C​T​G​A​T​C​A​T​T​T​G​C​G​C​T​G​C​G-​A​A​T​C​C​T​C​T​C​G​C​C​T​T​T​G​G​G​A​A 1.6

SRY-BIP Backward Inner Primer
(B1c + B2)

​A​A​T​G​T​T​A​G​G​G​A​G​A​G​C​G​G​C​C​A​G-​C​G​T​T​C​A​C​G​A​G​A​C​C​A​C​A​C​A​A 1.6

SRY-LF Loop Forward ​G​T​C​T​G​T​G​A​A​C​A​A​G​G​A​A​G​A​G​G​C​T 0.8
SRY-LB Loop backward ​A​A​G​C​G​A​C​C​C​A​T​G​A​A​C​G​C​C​T​T​C 0.8
AmelX-F3 Forward outer ​G​A​A​C​C​C​A​T​G​G​G​T​G​G​A​T​G​G 0.2
AmelX-B3 Backward outer ​G​G​T​T​T​G​G​C​T​G​G​T​G​G​T​G​T​T 0.2
AmelX-FIP Forward Inner Primer (F1c + F2) ​T​G​A​T​G​A​G​G​C​T​G​C​A​G​G​G​C​G-​A​A​A​T​C​A​T​T​C​C​C​G​T​G​G​T​G​T​C​C 1.6
AmelX-BIP Backward Inner Primer

(B1c + B2)
​C​A​T​G​G​T​G​C​C​A​G​C​T​C​A​G​C​A​G​C-​G​G​G​T​T​G​G​A​G​T​C​A​T​G​G​A​G​T​G​T 1.6
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Results

Primer design

By aligning the available target sequences in the three inves-
tigated species, it was possible to identify a SRY gene section 
that shows 100% similarity in red deer and fallow deer, and 
93–100% similarity in roe deer compared to the former two 
species. While only one LAMP primer set was generated for 
the SRY gene, five primer sets were created for the AmelX 
gene. The location of the chosen primers designed for this 
research on both genes’ sections is shown in Fig. 1. Since dif-
ferences in the generated primer binding sequences are pos-
sible in at least one position in fallow deer and up to at least 
six positions in roe deer, loop primers (LF and LB) for SRY 
gene section were also designed (Fig. 1). Based on the results 
of the in silico analysis of the same gene sections of different 
deer species, our LAMP primers designed for conserved gene 
sections show a high degree of sequence homology with other 
species as well (Table S2).

As part of primer testing, traditional monoplex PCR ampli-
fication of both markers in the three deer species examined 
revealed the appropriate length of the specific gene segments 
in the corresponding sexes. The products were verified by 
sequencing, and the obtained base sequences were compared 
with sequences available in GenBank. As a result, 100% 

included, in addition to red deer, roe deer, and fallow deer. 
These samples had previously been verified for sex using 
the traditional PCR method (Zenke et al. 2022). Addition-
ally, DNA samples from seven non-deer species (sheep, 
human, dog, cat, horse, cattle, and swine; both males and 
females) were examined as part of the study. AmelX and 
SRY Lamp reactions, with these samples of DNA, had con-
ditions identical to those described above for amplification 
of primary target species.

To assess the optimal reaction time, the reaction tubes 
separately assembled of 6–6 samples for the two mark-
ers were placed in a thermocycler at 65 °C for 35, 40, 45, 
and 50  min, respectively. Sensitivity evaluations of the 
two developed Lamp assays were performed using serially 
diluted genomic DNA with concentrations 1.0, 0.5, 0.25, 
0.125, and 0.062 ng/μl. The amount of the DNA was esti-
mated using a Qubit™ Fluorometer. Loop-mediated ampli-
fication of 1 μl of diluted sample was performed using the 
conditions described above for LAMP reactions.

Fig. 1  Alignment and identification of gene segments in the SRY (A) 
and Amelogenin X (B) sequences in red deer (Cervus elaphus), fal-
low deer (Dama dama), and roe deer (Capreolus capreolus) by MEGA 

program. The grey arrow indicates a possible different nucleotide posi-
tion from the designed primer sequence for fallow deer and the yellow 
arrows for roe deer sequences
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(Fig. 2). A patent application for the method has been initiated, 
with the application base number P2300426.

The analytical sensitivity of the 40-minute LAMP test for 
red deer was determined at 0.25 ng DNA, while it was 0.5 ng 
DNA for fallow deer and roe deer for both the AmelX and SRY 
reactions (Fig. S2). The designed AmelX primers show low 
species specificity, since visible LAMP products were detect-
able for mouflon, human, dog, cat, horse, cattle, and swine 
DNA (male and female). However, SRY primers show higher 
specificity to deer DNA since an obvious LAMP product was 
only detectable using male mouflon DNA (Fig. S3).

Regarding the DNA test of the other three deer species, 
spotted, sambar, and barking deer, all LAMP reactions for 
the AmelX marker gave positive results if the amount of used 
DNA reached 1 ng. Positive SRY results were obtained with 
the Lamp reaction in animals that proved to be male with the 
traditional PCR test (Fig. S4). These products were also veri-
fied by sequencing. AmelX obtained from spotted, sambar, 
and barking deer were deposited into the NCBI GenBank 
with the identification codes PP358594-PP358596. SRY gene 

homology was achieved with sequences corresponding to the 
respective species and sex. The AmelX and SRY gene segments 
detected in the three species were deposited into the NCBI 
GenBank with the identification codes OR515036-OR515041.

Specificity and sensitivity of LAMP reactions

The LAMP reaction for the AmelX marker gave positive results 
in red, roe, and fallow deer species, males and females from all 
108 samples. The reactions aimed at detecting the SRY marker 
resulted in positive outcomes for all male samples (n = 54) and 
negative results for female samples (n = 54) of all three species. 
The optimization of different reaction times showed that SRY 
primers fully discriminated females from males when LAMP 
reactions were performed for 40 min (Fig. S1). Visualization 
of the amplified products was possible by adding an intercalat-
ing dye (GelRed™) directly to the reaction tubes at the end of 
the reaction and then detecting them with blue light screening; 
the same results were obtained with agarose gel electrophoresis 

Fig. 2  Possibilities of detecting the amplification of AmelX and SRY 
markers using the LAMP method from one female and one male sam-
ple per species. A: on agarose gel, B and C: mixed with intercalat-

ing dye under blue light illumination with two different displays (♀: 
female sample, ♂: male sample, + : true positive, - : true negative, 
RC = reagent control)
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Remarkably, LAMP does not necessarily require expen-
sive reagents (such as fluorescently labeled primers) or elec-
trophoresis for amplified product detection. The examination 
of the results of the reactions with an intercalating dye proved 
to be sufficiently sensitive and reliable, which is supported by 
the identical results of detection on agarose gel. However, the 
subsequent addition of the intercalating dye at the end of the 
reaction is considered an extra step, and the re-opening of the 
reaction tubes includes the possibility of potential contamina-
tion (Quoc et al. 2018; Kumar et al. 2021). Nevertheless, the 
method did not cause problems if done with sufficient care.

In conclusion, we developed a LAMP-based technique for 
identifying the sex of several deer species. The development 
of a quick LAMP-based sex detection approach for Cervidae 
species is expected to make a substantial contribution to wild-
life management, conservation efforts, and breeding programs. 
This method is considered a powerful and dependable alterna-
tive to PCR. By offering a simple and reliable tool, research-
ers and wildlife managers can swiftly and efficiently address 
sex-related inquiries within cervid populations, thereby mak-
ing a valuable contribution to the overall comprehension and 
conservation of these iconic and ecologically consequential 
organisms.

Supplementary Information  The online version contains 
supplementary material available at https://doi.org/10.1007/s42991-
024-00457-9.
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Discussion

LAMP techniques have been developed so far to genetically 
test the sex of many wild bird and fish species (Hsu and Tsai 
2011; Chan et al. 2012; Centeno-Cuadros et al. 2017; Elnom-
rosy et al. 2022), as well as various economically important 
domestic animal species (Hirayama et al. 2006, 2013; Khamlor 
et al. 2015; Kim et al. 2015; Dini et al. 2016). Sex identification 
in Cervidae is among the most critical parameters for conserva-
tion efforts and legal hunting. However, due to the lack of mor-
phological information during the collection of non-invasive 
samples and in most forensic cases, a genetic method is needed 
to perform such identification. Methods developed with a uni-
versal primer system designed for conserved DNA segments 
allow for sex testing from diverse biological samples of several 
different deer species (Zenke et al. 2022). As far as the authors 
know, this is the first application of LAMP in identifying the 
sex of Cervidae and clearly shows the potential application of 
LAMP in molecular ecology and conservation efforts, as well 
as in the forensic field. The LAMP primers designed for the 
AmelX gene as a reaction control were successfully utilized in 
all investigated deer species (most commonly found in Europe 
and India), and positive results were obtained in all cases dur-
ing the examination of the female and male samples. However, 
the LAMP primers designed for the SRY gene, though appear-
ing less than ideal based on the in silico tests, proved efficient in 
the in vitro, even on DNA samples from roe deer and other deer 
species from India, where several base deviations can occur in 
the primer binding regions. This is probably also due to the loop 
primers, which help the reaction work more efficiently by pro-
viding increased starting points for DNA synthesis, resulting in 
shorter amplification time and higher specificity. The primers 
designed in this study can be uniformly employed for the three 
antlered wild species found in Europe (red deer and European 
roe deer) and other parts of the world (fallow deer). Based on 
our in silico and in vitro testing, our developed method can also 
be applied to cervids in other continents in the future after in 
vitro testing of certain species and populations. The developed 
robust and rapid LAMP assays showed the advantage of simple 
detection (evaluated by visual inspection), rapid reaction time 
(40 min), isothermal conditions (less equipment required), and 
high efficiency. Therefore, the method is more economical and 
practical than conventional PCR. The LAMP assay can be eas-
ily performed in the field and is a valuable tool for detecting sex 
ratios in wild populations. The sensitivity and specificity of the 
assay were established using a diverse set of cervid samples, 
encompassing various species and populations.
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