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1. Introduction
  

	 DNA barcoding has emerged as a powerful genomic 
tool for species identification and biodiversity assessment, 
significantly accelerating the discovery and classification 
of taxa across diverse ecosystems (Gostel and Kress 
2022; Antil et al. 2023). The standard DNA barcode for 
animals, a 658 base pair region of the mitochondrial 
cytochrome c oxidase subunit I (COI) gene, has 
demonstrated approximately 98 percent accuracy in 

resolving species boundaries in major taxonomic groups, 
including arthropods, birds, fish, and mammals (Hebert 
et al. 2003). By enabling sequence-based comparisons 
with curated reference libraries, DNA barcoding allows 
for accurate identification even when morphological 
characters are ambiguous or cryptic (Lombogia et al. 
2020). This molecular approach has transformed several 
applied and theoretical fields, including biosecurity 
(Niemann et al. 2022), cryptic species detection (Wang 
et al. 2020), paleogenomics (Abdelhady et al. 2024), 
and forensic biology (Nithaniyal et al. 2021). Its global 
applicability is supported by initiatives such as the 

DNA barcoding and mini-barcoding are widely used to study insect biodiversity, 
including ants (Hymenoptera: Formicidae). This study evaluated the effectiveness 
of both approaches for species identification and phylogenetic inference in ants, 
with particular attention to the performance of universal primers during PCR 
amplification. Full-length DNA barcode (658 bp) and mini-barcode (127 bp) regions 
of the mitochondrial cytochrome c oxidase subunit I (COI) gene were retrieved from 
GenBank, aligned, and analysed with maximum-likelihood phylogenetics (1,000 
bootstrap replicates) under the Tamura-Nei model. The universal DNA barcoding 
primers (Folmer's LCO1490 and HCO2198) showed generally good alignment with 
ant COI sequences. However, multiple nucleotide mismatches were observed in 
LCO1490, including one critical mismatch located within the GC clamp region. In 
contrast, the universal mini-barcoding primers (UniMinibarF1 and UniMinibarR1) 
showed critical mismatches at their 3′ ends, likely reducing PCR efficiency. Despite 
limitations associated with primer mismatches, both DNA barcoding and mini-
barcoding are reliable for species identification. DNA barcoding and mini barcoding 
are both capable of distinguishing ants at the species level, regardless of the length 
of the sequences being compared. The same sequences have also been used for 
phylogenetic analysis, showing good ability to distinguish ant species based on 
phylogenetic tree reconstruction. The comparison of DNA barcoding and mini-
barcoding in ants showed that longer sequences offered superior resolution for species 
identification and phylogenetic reconstruction. These findings underscore the need 
for primer optimisation in ant-specific applications and highlight the utility of both 
barcoding strategies for taxonomic and evolutionary studies.
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Barcode of Life Data Systems (BOLD), which provides 
access to large-scale sequence libraries and integrative 
taxonomic tools (Ratnasingham and Hebert 2007).
	 Recent advances have further expanded the utility 
of barcoding by integrating in silico workflows that 
simulate marker performance, assess primer universality, 
and predict amplification success before any wet-lab 
work is undertaken (Ficetola et al. 2010; Wang et al. 
2023; Kalendar et al. 2024). However, despite these 
advances, no previous study has systematically compared 
the effectiveness of full-length DNA barcoding versus 
mini-barcoding regions in ants using in silico primer-
binding analysis and phylogenetic assessment. In insects, 
comparative performances of DNA barcoding and 
mini-barcoding have been conducted on several orders 
(Virgilio et al. 2010). In the order Hymenoptera, this 
study has only been conducted on aphid bees (Gonçalves 
et al. 2022). The lack of comparative insight presents 
a methodological gap in barcode optimization for ant 
taxonomy, particularly when dealing with degraded 
DNA.
	 Although most DNA barcoding studies have relied on 
recently collected, well-preserved specimens with intact 
DNA, increasing attention has been given to the potential 
of using degraded materials (Hajibabaei et al. 2006; 
Ogiso-Tanaka et al. 2025). These include processed 
biological products, decayed tissues, and archival 
samples housed in museum collections (Mason et al. 
2011; Nachman et al. 2023). The DNA in such materials 
is often fragmented as a result of exposure to varying 
preservation methods, such as pinning, desiccation, 
or treatment with chemicals like formaldehyde, all of 
which compromise molecular quality (Mason et al. 
2011; Mitchell and Rawlences 2021). Nonetheless, 
these historical specimens are essential for taxonomic 
studies, particularly for rare, endangered, or extinct 
species. Their inclusion allows researchers to link 
genetic information with morphological traits from type 
material and to clarify taxonomic boundaries (Prosser et 
al. 2016; Yang et al. 2018). Advances in in silico primer 
design and mismatch analysis now allow researchers 
to predict amplification success from fragmented 
templates, thereby guiding experimental strategies for 
such challenging samples (Li et al. 2008; Francis et al. 
2017; Wang et al. 2023; Huang et al. 2024). This study 
was therefore needed to inform primer selection for both 
high- and low-quality DNA templates in ants and to 
improve barcode-based species identification through 
computationally guided strategies.

	 To address the limitations of standard barcoding in 
degraded DNA, the mini barcoding approach has been 
developed. The mini-barcoding approach has been 
developed to overcome the limits of conventional DNA 
barcoding in degraded DNA templates. Mini barcodes 
are shorter regions within the COI gene, typically 
ranging from 100 to 300 base pairs in length (Meusnier 
et al. 2008). These shorter sequences retain sufficient 
taxonomic information to allow reliable species 
identification from degraded samples and, in some 
cases, offer resolution comparable to that of full-length 
barcodes in detecting intraspecific genetic variation 
(Xing et al. 2020; Liu et al. 2023). Because dozens of 
alternative mini-barcode primer pairs exist, in silico 
screening, which covers primer degeneracy, binding 
efficiency, and predicted taxonomic coverage, has 
become indispensable for selecting the most informative 
fragment for a given study system.
	 Ants (Formicidae) represent one of the most 
ecologically dominant and taxonomically diverse insect 
groups, with more than 13,000 described species and 
many more likely to be discovered (Messer et al. 2016; 
Cuautle et al. 2020). As key ecosystem engineers and 
bioindicators, ants contribute to nutrient cycling, soil 
aeration, seed dispersal, and population regulation of 
other invertebrates (Parr and Bishop 2022; Rocher et al. 
2022). Their sensitivity to environmental change makes 
them valuable for ecological monitoring, particularly 
in response to habitat degradation, pollution, and 
climate change (Menta and Remelli 2020; Zhang et al. 
2023). Ants serve as valuable bioindicators due to their 
sensitivity to environmental changes, making them useful 
for assessing the health of ecosystems. By monitoring 
changes in ant communities, it becomes possible to gain 
important insights into the broader ecological impacts 
of human activities like deforestation, urbanization, and 
agricultural expansion (Zina et al. 2021; Fotso Kuate 
et al. 2022; Wanna et al. 2022). Their importance in 
agriculture and pest management further underscores 
the value of preserving ant diversity.
	 The widespread availability of mitochondrial DNA 
(mtDNA) sequence data, particularly the COI gene, in 
public databases such as BOLD (https://boldsystems.
org/) and GenBank (https://www.ncbi.nlm.nih.gov/
nucleotide/) has enabled unprecedented insights into 
genetic diversity across ant (Formicidae) lineages 
(Kolondam et al. 2023). This wealth of data has revealed 
substantial barcode gaps, highlighting the effectiveness 
of COI for species identification within this ecologically 
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et al. 1994), and the universal mini barcoding primers 
UniMinibarF1 and UniMinibarR1 (Meusnier et al. 
2008).
	 The reverse primers were processed using the 
OligoAnalyzer tool (Owczarzy et al. 2008) to generate 
their reverse complement sequences, which were then 
aligned with the corresponding 3' binding sites of the 
COI sequences. Forward primers were directly aligned 
with the forward primer binding regions. Nucleotide 
mismatches between each primer and its corresponding 
binding site were examined at every position, with 
particular attention given to mismatches occurring at 
the 3′ end, which are known to affect PCR efficiency 
significantly.

2.3. Comparison of Species Identification Using 
DNA Barcoding Versus Mini Barcoding
	 Following the evaluation of primer binding sites, 
the effectiveness of both DNA barcoding and mini 
barcoding in differentiating ant species was assessed. 
This evaluation involved performing multiple sequence 
alignments in the same manner as described above, but 
with the primer binding regions excluded from the COI 
sequences to avoid bias in sequence similarity analysis. 
For DNA barcoding, the comparison focused on a 658-
base pair fragment, commonly referred to as the "Folmer 
region". In contrast, mini barcoding targeted a shorter 
127 base pair region corresponding to the expected 
amplicon of the universal mini barcode primers. 
	 Multiple sequence alignment (MSA) was performed 
using the MUSCLE algorithm in Geneious Prime, 
and pairwise sequence comparisons were made both 
within species (intraspecific) and between species 
(interspecific) for each dataset. These comparisons were 
used to evaluate and compare the discriminatory power 
of DNA barcoding and mini barcoding for ant species 
identification.

2.4. Phylogenetic Reconstruction Using DNA 
Barcoding Versus Mini Barcoding
	  To examine the phylogenetic resolution provided 
by each COI fragment, separate phylogenetic trees 
were constructed using the full-length (658 bp) and 
mini barcode (127 bp) datasets. Sequence alignments 
for each dataset were performed using MUSCLE, and 
phylogenetic trees were generated using the Maximum 
Likelihood method implemented in PhyML version 
3.3.20180621 (Guindon et al. 2010), which is integrated 
into Geneious Prime.

dominant insect group. These findings present a valuable 
opportunity for in silico comparative studies between full-
length DNA barcoding and mini-barcoding approaches. 
By leveraging existing COI records, researchers can 
evaluate the taxonomic resolution and phylogenetic 
performance of shorter COI fragments, which are 
especially useful when working with degraded or low-
quality DNA from museum specimens or environmental 
samples. In silico analysis also facilitates the refinement 
of universal and lineage-specific primers, improving 
PCR success rates across diverse ant taxa. 
	 This study aimed to evaluate the diagnostic 
performance of full-length barcodes and multiple 
candidate mini-barcode regions in ants (Hymenoptera: 
Formicidae) through comprehensive in silico analyses. 
Specifically, publicly available COI sequences were 
mined, primer binding was simulated, and mismatch 
frequencies were quantified across taxa. Phylogenies 
were constructed to compare the resolution between full 
and mini fragments. These steps provided a benchmark 
for selecting primer sets suitable for highly degraded 
or low-quality ant DNA, while also highlighting the 
utility of computational pre-screening in streamlining 
downstream laboratory workflows.

2. Materials and Methods

2.1. COI Gene Sequence Collection
	 A total of 31 ant species (Hymenoptera: Formicidae) 
with publicly available mitochondrial COI gene 
sequences were selected from GenBank (https://www.
ncbi.nlm.nih.gov). Species were chosen based on the 
credibility of the associated publications or the reputation 
of the submitting authors to ensure reliable taxonomic 
identification. The COI gene region was extracted by 
referencing gene annotations within the mitochondrial 
genome, where the full-length gene spans approximately 
1,500 base pairs. Details of the selected specimens, 
including accession numbers and relevant references, 
are provided in Table 1.

2.2. In Silico Comparison of Primer Annealing 
Sites
	 All COI gene sequences of 31 ant species 
(Hymenoptera: Formicidae) were retrieved from 
GenBank and recorded in Geneious Prime (version 
2025.0.3). The selected sequences were aligned using 
the MUSCLE algorithm (Edgar 2004). The two primer 
pairs   were included in the analysis: the standard DNA 
barcoding primers LCO1490 and HCO2198 (Folmer 
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Table 1. Selected COI gene sequence of ants from GenBank for analysis
Specimen Accession number Reference

Myrmica scabrinodis
Pristomyrmex punctatus
Linepithema humile
Linepithema humile
Solenopsis geminata
Dolichoderus sibiricus
Dolichoderus sibiricus
Dolichoderus quadripunctatus
Dolichoderus sibiricus
Dolichoderus sibiricus
Dolichoderus sibiricus
Formica selysi
Formica fusca
Monomorium pharaonis
Leptomyrmex pallens
Stenamma impar
Stenamma expolitum
Stenamma diecki
Brachyponera chinensis
Solenopsis invicta
Stigmatomma silvestrii
Ooceraea biroi
Pachycondyla annamita
Acropyga pallida
Ochetellus glaber
Ectomomyrmex javanus
Cryptopone sauteri
Tapinoma melanocephalum
Acropyga goeldii
Camponotus atrox
Monomorium triviale

NC_026133.1
AB556947.1
MT890564.1
NC_045057.1
HQ215537.1
MK801110.1
MW160468.1
NC_049088.1
MH719017.1
NC_041075.1
MT919976.1
KP670862.1
NC_026132.1
NC_051486.1
NC_023093.1
MT357021.1
MT357020.1
MT357019.1
MT215089.1
HQ215538.1
MT215092.1
QOIP01000140.1
OQ629337.1
NC_046425.1
MN044390.1
MK496222.1
MK138572.1
MN397938.1
MH158403.1
KT159775.1
LC605004.1

Babbucci et al. (2014)
Hasegawa et al. (2011)
Park et al. (2021a)
Duan et al. (2016)
Gotzek et al. (2010)
Park et al. (2019c)
Park et al. (2019c)
Park et al. (2020a)
Park et al. (2019c)
Park et al. (2019c)
Park et al. (2020a)
Yang et al. (2016)
Babbucci et al. (2014)
Park et al. (2023)
Berman et al. (2014)
Qian and Wu (2022c)
Qian and Wu (2022b)
Qian and Wu (2022a)
Park et al. (2021b)
Gotzek et al. (2010)
Park et al. (2021c)
McKenzie and Kronauer (2018)
Lin and Song (2023)
Duan and Qian (2023)
Park et al. (2020b)
Park et al. (2019b)
Park et al. (2019a)
Du et al. (2019)
Duan and Qian (2020)
Kim et al. (2016)
Idogawa et al. (2021)

#
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

	 The Tamura-Nei model (Tamura and Nei 1993) 
was applied for both datasets, and node support 
was evaluated using 1,000 bootstrap replicates. The 
resulting phylogenies were then analyzed to assess 
clustering patterns and overall resolution, allowing 
direct comparison of the performance of full-length 
and mini barcode regions in reconstructing evolutionary 
relationships among ant species.

3. Results

3.1. In Silico Comparison of Primer Annealing 
Sites  

The primer attachment sites were analysed to 
determine the length of the PCR amplicons. Multiple 
sequence alignment of the COI gene universal 
primer pair (Folmer et al. 1994) with 31 full-length 
COI gene sequences of ants revealed the primer 
attachment sites. The alignment began at nucleotide 
position 17, corresponding to the 5’ end of the 
LCO1490 primer, as shown in Figure 1, and ended at 

nucleotide position 725, corresponding to the 5’ end 
of the HC02198 primer, as shown in Figure 2. The 
HC02198 primer in Figure 2 was represented by its 
complementary sequence. These primer attachment 
sites produced a 709 bp amplicon in the PCR of ant 
samples, containing a 658 bp sequence known as the 
"Folmer region" (from nucleotide position 42 to 699), 
which was used for DNA barcoding.

Incorporation of the universal primer pair for 
mini-barcoding (Meusnier et al. 2008) into the 
sequence alignment revealed that the forward primer 
UniMinibarF1 overlapped with the DNA barcoding 
forward primer LCO1490 at nucleotide positions 
19 to 41 (Figure 1). Both forward primers initiated 
at approximately the same upstream location, with 
UniMinibarF1 spanning nucleotide positions 19 
to 44. On the downstream side, the reverse primer 
UniMinibarR1 was aligned at nucleotide positions 
172 to 195 (Figure 3), resulting in a predicted PCR 
amplicon of 177 base pairs. This amplicon included 
a 127-base pair region, located between nucleotide 
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Figure 1. Annealing position of forward primers for DNA barcoding (LCO1490) and mini-barcoding (UniMinibarF1) for the COI gene of 
several ant species

Figure 2. Annealing position of reverse primer for DNA barcoding (HC02198, represented by the complementary sequence) in the COI 
gene of several ant species
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the other is located closer to the 5′ end. At nucleotide 
position 24 (Figure 1), A in the primer aligns with T 
in the sequence alignment, and at position 21, A in 
the primer corresponds to either T or C in the target 
sequences. Furthermore, the two nucleotides at the 5′ 
end of the LCO1490 primer also show mismatches 
when aligned with the ant COI sequences.

The mini-barcoding forward primer UniMinibarF1 
exhibited nine nucleotide mismatches with the aligned 
COI sequences of ant species (Figure 1), including 
two located at the 3′ end of the primer (nucleotide 
positions 42 and 44). At nucleotide position 43, the 
primer sequence contains A, which is conserved across 
all ant species except Tapinoma melanocephalum, 
in which T is present. At position 44, the primer 
contains C, whereas the corresponding position in the 
ant sequences contains T. As the terminal nucleotide 
at the 3′ end does not match the target sequence in any 
of the ant species examined, this primer may require 
further optimization for reliable PCR amplification in 
Formicidae.

The DNA barcoding reverse primer HCO2198 
exhibited seven nucleotide differences when 

positions 45 and 171, which was used as the mini-
barcode fragment. A direct comparison between the 
658-base-pair DNA barcode and the 127-base-pair 
mini-barcode, specifically in ant species, has not been 
previously reported.

Primer annealing to the target sequence is a critical 
requirement for successful PCR amplification. For 
the DNA barcoding forward primer LCO1490, eight 
nucleotide positions were found to differ from the 
aligned ant COI sequences. At the third nucleotide 
from the 3′ end (nucleotide position 39; Figure 1), 
the primer contains T, which is replaced by C in 
several ant species, including Leptomyrmex pallens, 
Stenamma impar, S. diecki, and Acropyga pallida. 
Likewise, at the sixth nucleotide from the 3′ end 
(nucleotide position 36; Figure 1), the primer sequence 
contains T, which alternates with C in species such as 
Myrmica scabrinodis, S. diecki, Solenopsis invicta, 
and Camponotus atrox. In addition, two further 
mismatches were identified at nucleotide positions 27 
and 30 (Figure 1), where T in the LCO1490 primer 
corresponds to C in various ant species. One of these 
mismatches occurs near the center of the primer, while 

Figure 3. Annealing position of reverse primer for mini-barcoding (Uni-MinibarR1, represented by the complementary sequence) in the 
COI gene of several ant species
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compared with the aligned COI sequences of the 
ant species (Figure 2). The five nucleotides at the 3′ 
end of the primer (positions 700 to 704) matched the 
consensus sequence in the ant alignment. Notably, G 
at position 701, which corresponds to C in the actual 
primer due to strand complementarity, contributes 
to the formation of a GC clamp (Lowe et al. 1990), 
potentially enhancing the specificity of primer 
binding. At nucleotide positions 705 and 708, the 
alignment showed variation between T and C, whereas 
the primer contains a thymine, corresponding to A in 
the reverse complement sequence. A similar variation 
was observed at position 714, where the primer has 
C, corresponding to G in the reverse complement. 
Nucleotide position 711 displayed the greatest 
variability, with all four nucleotides (T, A, G, and C) 
observed among the ant sequences.

For the reverse mini barcoding primer 
UniMinibarR1, sequence variation was observed at 
10 nucleotide positions across the aligned ant COI 
sequences (Figure 3). Notably, considerable variation 
was detected at the 3′ end of the primer binding site, 
particularly within the last three nucleotides, which 
are highly variable and not reflected in the primer 
sequence. The G at the terminal 3′ position of the 
primer was present in only 9 of the 31 specimens (29 
percent), suggesting a substantial risk of PCR failure, 
as correct pairing at the 3′ terminus is essential for 
successful DNA extension. Furthermore, the second 
nucleotide (C) from the 3′ end in the primer did not 
match any of the nucleotides present at that position 
in the ant sequences, which were either C or A. 
These mismatches at critical positions may reduce 
primer efficiency, and the design of an alternative 
reverse primer that avoids these variable sites may 
be necessary to improve amplification success in ant 
specimens.

3.2. Comparison of Species Identification by 
DNA barcoding vs. Mini-barcoding    

Species identification using DNA barcoding has 
commonly been conducted on fresh tissue samples 
(von Cräutlein et al. 2011; Jiao et al. 2020; Nehal 
et al. 2021). In contrast, the recovery of DNA from 
degraded specimens, whether due to suboptimal 
storage conditions or long-term preservation, has 
emphasized the utility of mini barcoding (Meusnier 
et al. 2008; Appleyard et al. 2022; Jaume-Schinkel 
et al. 2024; Li et al. 2024). Mini-barcoding relies 
on shorter DNA fragments, making it more suitable 

for compromised genetic material. However, the 
reliability of mini-barcoding for accurate species 
identification still requires critical evaluation. To 
date, no direct comparison between standard DNA 
barcoding and mini-barcoding has been conducted 
specifically for ant species using COI gene sequences. 
Therefore, the present comparison provides important 
baseline data that may inform future applications 
in molecular taxonomy and biodiversity studies 
involving the Formicidae family.

Multiple sequence alignment of 31 ant specimens 
revealed that the COI gene segment corresponding 
to the Folmer region (658 base pairs) is generally 
effective for distinguishing ant species (Table 
2). Sequence similarity among the same species 
(intraspecific) in DNA barcoding was between 92.9 
to 100% (with 86.9% as average), and in mini-
barcoding was between 91.3 to 100% (with 95% as 
average). The interspecific sequence similarity in 
DNA barcoding ranged from 70.1 to 98.8% (with an 
average of 72.0%), and in mini-barcoding, it ranged 
from 64.6 to 99.2% (with an average of 89%). A close 
similarity is shown by Dolichoderus quadripunctatus 
(NC_049088.1) with all of the Dolichoderus sibiricus 
specimens. A complete sequence match (100% 
similarity) was observed only between D. sibiricus 
(MH719017.1) and D. sibiricus (NC_041075.1), 
as both records represent the same species. Among 
other D. sibiricus specimens, sequence similarity 
ranged from 92.7 to 99.7%. In the case of mini-
barcoding, three specimens identified as D. sibiricus 
(MH719017.1, NC_041075.1, dan (MT919976.1)) and 
two specimens identified as L. humile (MT890564.1 
and NC_045057.1) shared identical sequences.

Sequence comparison within the Folmer region 
revealed the lowest similarity value, 71.4%, between 
Formica fusca (NC_026132.1) and Leptomyrmex 
pallens (NC_023093.1). In the mini-barcoding 
dataset, these two specimens exhibited a slightly 
lower similarity of 64.6%, although this was not the 
lowest observed across all pairwise comparisons. 
The lowest similarity based on mini-barcoding 
was found between L. pallens (NC_023093.1) and 
Pachycondyla annamita (OQ629337.1). When L. 
pallens (NC_023093.1) was compared with the 
remaining 30 specimens, 26 exhibited mini-barcode 
similarity values below 70%. In the case of full-length 
DNA barcoding, L. pallens (NC_023093.1) showed 
similarity values below 80% in all comparisons, with 
the exception of Monomorium triviale (LC605004.1).
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These findings indicate that the COI gene 
functions as an effective standard marker for species-
level differentiation in ants. DNA barcoding and 
mini-barcoding were able to be performed for species 
identification through sequence homology. Although 
both species in the genus Dolichoderus require special 
attention due to their close similarity, mini-barcoding 
with a shorter sequence was capable of distinguishing 
them. The size of the sequence does matter, but even 
the shorter sequence still served its purpose as a tool 
for species identification for ants.

3.3. Genetic Distance Comparison between 
DNA Barcoding and Mini-Barcoding in Ant 
Specimens  

Genetic distance of 31 ant specimens revealed 
that the Folmer region (658 base pairs) represents ant 
species taxonomically (Table 3). The intra-specific 
distance in DNA barcoding was between 0 and 0.091 
(with 0.049 as average), and in mini-barcoding 
was between 0 to 0.127 (with 0.068 as average). 
The inter-specific distance in DNA barcoding was 
between 0.029 to 0.836 (with 0.512 as average), 
and in mini-barcoding was between 0.009 to 1.466 
(with 0.621 as average). Both Dolichoderus sibiricus 
(MH719017.1) and D. sibiricus (NC_041075.1) 
specimens that are identical, as mentioned before in 
species identification, showed zero in distance. For 
mini-barcoding, four specimens shared identical 
sequences. It was between D. sibiricus (MH719017.1, 
NC_041075.1, and MT919976.1) and between L. 
humile (MT890564.1 and NC_045057.1). 

3.4. Barcode Length and Its Impact on Species 
Discrimination in Ants

The comparison between full-length DNA 
barcoding and mini-barcoding revealed differences in 
their capacity to resolve taxonomic and phylogenetic 
relationships among ant species (Table 4). Both 
approaches successfully amplified and analyzed the 
COI region, with nucleotide lengths of 658 bp for the 
full-length barcode and 127 bp for the mini-barcode. 
The mini-barcode showed slightly higher intra-specific 
identity (91.3–100%, average 95%) compared to the 
full-length barcode (92.9–100%, average 86.9%), 
indicating high sequence similarity within species 
despite the shorter fragment. Interestingly, inter-
specific identity was also higher in the mini-barcode 
(64.6–99.2%, average 89%) than in the full-length 
barcode (70.1–98.8%, average 72.0%), suggesting a 

potential reduction in discriminatory power due to the 
limited sequence length. 

In terms of genetic distance, the full-length barcode 
had a lower average intraspecific distance (0.049) than 
the mini-barcode (0.068), indicating better resolution 
of within-species variation. Similarly, average inter-
specific distance was lower in full-length barcodes 
(0.512) compared to mini-barcodes (0.621), although 
the maximum divergence observed was higher in the 
latter (1.466 versus 0.836). These results demonstrate 
that while mini-barcoding is effective for species 
identification—particularly in degraded samples—
full-length barcoding remains superior for capturing 
fine-scale genetic divergence both within and between 
ant species.

3.5. Comparison of Phylogenetic Resolution 
between DNA Barcoding vs. Mini-barcoding

The mitochondrial COI gene is widely used to 
infer phylogenetic relationships among species 
(Achint and Singh 2021; Prakrongrak et al. 2023; 
Abdoli et al. 2024; Walia and Dhillon 2024). As 
illustrated in Figures 4 and 5, both DNA barcoding 
(658 base pairs) and mini-barcoding (127 base pairs) 
were able to cluster species from the same genus into 
distinct clades. For example, Dolichoderus sibiricus 
consistently grouped with D. quadripunctatus in 
both datasets, indicating congruent placement across 
marker lengths. The same thing also occurs with the 
genus Formica and the genus Linepithema. While 
the DNA barcoding provided greater internal branch 
resolution and higher bootstrap support overall, 
the shorter mini-barcoding fragment also retained 
sufficient phylogenetic signal to distinguish closely 
related taxa. These findings suggest that both marker 
types can contribute to taxonomic resolution, though 
standard barcoding may offer enhanced reliability in 
deeper or more complex clades.

Variation in s  equence length can substantially 
influence the phylogenetic placement of certain 
specimens. A clear example is Acropyga pallida 
(NC_046425.1), which appears distantly related to 
the genus Dolichoderus when analyzed using the full-
length Folmer region. In contrast, the mini-barcoding 
dataset places this species within the Dolichoderus 
clade. This inconsistency highlights the limitations 
of shorter sequences, which may reduce the accuracy 
of phylogenetic inference. Overall, the longer Folmer 
region provides greater reliability for reconstructing 
phylogenetic trees, offering improved resolution and 
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Figure 4. Maximum likelihood phylogenetic tree of ant species based on 658 base pairs of the COI gene (DNA barcoding region), 

constructed using the Tamura-Nei model with 1,000 bootstrap replicates

Table 4. Comparison of DNA barcoding and mini-barcoding for 
species identification and phylogeny in ants

Category DNA Barcoding Mini-barcoding
PCR amplicon size
Nucleotide length 

for analysis
Intra-specific 

barcode identity
Inter-specific 

barcode identity
Intra-specific 

genetic distance
Inter-specific 

genetic distance

709 bp
658 bp

92.9-100%
(avg. 86.9%)
70.1-98.8%
(avg.72.0%)

0-0.091
(avg. 0.049)
0.029-0.836
(avg. 0.512)

177 bp
127 bp

91.3-100%
(avg.95%)
64.6-99.2%
(avg.89%)

0-0.127
(avg. 0.068 )
0.009-1.466
(avg. 0.621)

a more consistent representation of evolutionary 
relationships among ant species.

4. Discussion

	 The selection of appropriate primers is pivotal for 
the success of PCR-based DNA barcoding, particularly 
in taxa with high genetic variability such as ants. 
The widely used "Folmer" primers, LCO1490 and 
HCO2198, were originally designed based on sequences 
from marine invertebrates (Folmer et al. 1994). While 
these primers have demonstrated broad utility across 
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various metazoan taxa, subsequent studies have 
identified limitations in their universality, especially 
concerning insects. For instance, Clarke et al. (2014) 
and Elbrecht and Leese (2017) reported mismatches at 
primer binding sites in insect taxa, leading to reduced 
amplification efficiency.
	 In line with prior research demonstrating that 
primer-template mismatches can limit PCR efficiency 
(Stadhouders et al. 2010; Elbrecht & Leese 2017), 
our results underscore the importance of refining 
standard primers for ant-specific applications. Targeted 

adjustments to the LCO1490 sequence, particularly 
at sites influencing the GC clamp, could improve   
annealing efficiency and broaden taxonomic coverage. 
Similar modifications have been successfully applied 
in other insect groups (Pentinsaari et al. 2016). The 
adjustment is likely   to enhance amplification reliability 
in Formicidae, where even minor mismatches can affect 
PCR success.
	 Thermodynamic evaluation using OligoAnalyzer 
(Owczarzy et al. 2008) indicates that the modified 
LCO1490 primer has a melting temperature (Tm) 

Figure 5. Maximum likelihood phylogenetic tree of ant species based on 127 base pairs of the COI gene (mini-barcoding region), constructed 
using the Tamura-Nei model with 1,000 bootstrap replicates
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between 56.5°C and 59.8°C and a predicted hairpin 
formation temperature below 17.1°C, suggesting 
acceptable primer performance for downstream 
applications. The reverse primer HCO2198, when 
aligned with the ant COI sequences, showed seven 
nucleotide variations. However, none of these 
mismatches occur within the critical five nucleotides 
at the 3′ end, which are essential for effective 
annealing. This observation is consistent with findings 
by Stadhouders et al. (2010), who emphasized the 
importance of the 3′ terminal region in primer binding 
efficiency. Therefore, modification of HCO2198 
is not currently deemed necessary for the ant COI 
amplification.
	 Regarding mini-barcoding primers, UniMinibarF1, 
designed for broad taxonomic coverage including 
degraded samples (Meusnier et al. 2008), presents 
critical mismatches at the 3′ end in ants. Such 
mismatches can significantly impair PCR success, as 
even single mismatches at the 3′ terminal base can 
reduce amplification efficiency (Kwok et al. 1990). Our 
findings suggest that UniMinibarF1 is suboptimal for 
ants and may be replaced with the modified LCO1490, 
given their overlapping binding sites.
	 The reverse mini-barcode primer UniMinibarR1 
also showed mismatches at its internal 3′ region, 
notably positions 172–174, which are highly variable 
across Formicidae. Designing a new primer starting 
from position 175, with adjustments based on 
sequence consensus, yielded a proposed sequence 
with improved binding potential and acceptable 
thermodynamic properties, aligning with primer design 
recommendations by Ye et al. (2012).
	 Primer properties and barcode length both influence 
the taxonomic and phylogenetic resolution of DNA 
barcoding. In this study, both the 658 bp full-length 
barcode and the 127 bp mini-barcode successfully 
differentiated all ant species. However, longer sequences 
captured greater intraspecific variation, as observed 
in D. sibiricus and L. humile, where full-length COI 
data revealed subtle divergence not detected by the 
shorter fragment. This finding is consistent with Meier 
et al. (2006), who noted that while mini-barcodes are 
generally adequate for species identification, they are 
less informative for population-level or phylogenetic 
analyses.
	 The observed intraspecific variation in some 
specimens may also be influenced by colony 
structure, as ants exhibit both monogyny (single 
queen) and polygyny (multiple queens), which can 

affect mitochondrial DNA variation due to maternal 
inheritance. In polygynous species such as L. humile 
and Dolichoderus spp., the presence of multiple 
reproductive queens can lead to higher mitochondrial 
diversity within a species, potentially contributing to 
the subtle divergence observed.
	 Phylogenetic analyses further highlighted 
differences in resolution, as shown in the genetic 
distances. Although both barcode lengths clustered 
congeners such as D. sibiricus and D. quadripunctatus, 
discrepancies emerged in deeper relationships. In 
our analysis, Acropyga pallida exhibited differing 
phylogenetic placements depending on the sequence 
length used, highlighting the limitations of short 
mitochondrial fragments in resolving deeper 
evolutionary relationships. This observation 
aligns with previous studies indicating that shorter 
mitochondrial sequences often lack sufficient 
phylogenetic information, leading to reduced 
topological stability and potential misinterpretations 
in phylogenetic analyses. For instance, Chan et al. 
(2022) have demonstrated that short 16S rRNA 
fragments can produce inaccurate phylogenetic 
reconstructions with lower and more variable branch 
support, erratic genetic distances, and overestimated 
species delimitation partitions due to insufficient 
phylogenetic information content.
	 Studies have shown that complete mitochondrial 
genomes provide more robust phylogenetic signals 
than single mitochondrial genes, offering higher 
resolution and more precise date estimates (Zhang et al. 
2021; Finnegan et al. 2025). This suggests that while 
mini-barcoding remains a useful tool for species-level 
identification, full-length DNA barcoding or complete 
mitochondrial genomes are preferred for more accurate 
phylogenetic inference.
	 Therefore,   in order to achieve reliable phylogenetic 
placements and understand evolutionary relationships 
accurately, especially in taxa like ants where 
subtle genetic differences are significant, utilizing 
longer mitochondrial sequences is recommended. 
Consequently, careful primer optimization and 
appropriate barcode length selection are essential 
for enhancing COI-based species identification 
and phylogenetic analysis. This study supports the 
refinement of molecular tools for Formicidae and 
contributes to broader applications in biodiversity 
assessment and bioinformatics.
	 In conclusion, DNA barcoding has become a 
standard approach for species identification across 
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various taxa, including ants, utilizing universal primers 
for amplifying the COI gene. In this study, DNA 
barcoding primer HC02198 is considered reliable 
for PCR amplification, while LCO1490 showed 
mismatches within the sequence alignment with one 
critical variation in the GC-clamp region. The universal 
mini-barcoding primers encountered significant issues, 
leading to potential failure in PCR amplification. It is 
recommended to use LCO1490 as a forward primer 
for mini-barcoding, while designing a new reverse 
primer by shifting the annealing site three nucleotides 
downstream to enhance the success of mini-barcoding 
for ants. As a tool for species identification, DNA 
barcoding and mini-barcoding are reliable for this 
purpose. The same sequences that were employed 
for species identification comparison demonstrated 
the ability to be employed in phylogenetic analysis. 
A longer sequence for species identification and 
phylogenetic analysis determined better accuracy.
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