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Abstract
With the rapid growth of the fruit industry worldwide, it is important to assess adulteration to ensure the authenticity and 
the safety of fruit products. The DNA barcoding approach offers a quick and accurate way of identifying and authenticating 
species. In this study, we developed reference DNA barcodes (rbcL, ITS2, and trnH-psbA) for 70 cultivated and wild tropi-
cal fruit species, representing 43 genera and 26 families. In terms of species recoverability, rbcL has a greater recoverability 
(100%) than ITS2 (95.7%) and trnH-psbA (88.6%). We evaluated the performance of these barcodes in species discrimina-
tion using similarity BLAST, phylogenetic tree, and barcoding gap analyses. The efficiency of rbcL, ITS2, and trnH-psbA 
in discriminating species was 80%, 100%, and 93.6%, respectively. We employed a multigene-tiered approach for species 
identification, with the rbcL region used for primary differentiation and ITS2 or trnH-psbA used for secondary differentia-
tion. The two-locus barcodes rbcL + ITS2 and rbcL + trnH-psbA demonstrated robustness, achieving species discrimination 
rates of 100% and 94.3% respectively. Beyond the conventional species identification method based on plant morphology, the 
developed reference barcodes will aid the fruit agroindustry and trade, by making fruit-based product authentication possible.
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Introduction

Tropical fruits, a botanically diverse group native to tropical 
climates (Underhill 2003), historically found their place in 
small-scale farming or were gathered from the wild for per-
sonal consumption. However, recent years have witnessed a 
significant transformation, turning tropical fruit production 
into a large and rapidly expanding industry. Mango, man-
gosteen, guava, pineapple, avocado, and papaya are among 
the major tropical fruits traded in the international markets 
(FAO 2022). Advancements in transportation systems and 
refrigerated storage have played a pivotal role in driving 
the industry’s growth, enabling efficient global consump-
tion and widespread exportation (Underhill 2003). In 2021, 
Asia, Africa, Central and South America, the Caribbean, 
and Oceania emerged as the primary exporters of tropical 

fruits, collectively contributing to the world export of 8379 
thousand tons (FAO 2022). Notably, significant quantities of 
tropical fruits were annually imported by major players, such 
as the United States of America, the European Union, and 
China, with these top importers acquiring more than 5369 
thousand tons (FAO 2022). While a substantial portion of 
tropical fruits is consumed fresh, the establishment of pro-
cessing industries has added another dimension to the indus-
try (Underhill 2003). To date, the tropical fruit industry is 
supporting the socioeconomic well-being of approximately 
160 million people in the tropics (Zhu et al. 2022).

Malaysia is characterized by its rich flora diversity, 
known as one of the world’s principal resources for tropi-
cal fruit trees (Saw et al. 1991), with a total of 520 tropi-
cal fruit species that produce edible fruits or seeds reported 
from its diverse ecosystems (Milow et al. 2014). In gen-
eral, tropical fruit species can be categorized as cultivated 
and wild. Among the 64 widely cultivated tropical fruits 
in the country, 21 major fruit species are cultivated on a 
commercial scale, including mango, mangosteen, guava, 
rambutan, banana, pineapple, durian, and jackfruit (Rozhan 
2019). In terms of wild tropical fruits, 76 species that pro-
duce wild edible fruits were recorded based on an inven-
tory from the 50-ha research plot of Pasoh Forest Reserve 

Accession Numbers: GenBank accessions of rbcL (OK052728–
OK052798), ITS2 (OK052867–OK052949) and trnH-psbA 
(OK052799–OK052866).
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in Malaysia (Saw et al. 1991). The wild mangoes, Mangif-
era (Anacardiaceae), mangosteen, Garcinia (Clusiaceae), 
rambutans, Nephelium (Sapindaceae), and the forest bread-
fruits, Artocarpus (Moraceae) are among the main families 
that make up more than half the fruit tree flora (Saw et al. 
1991). Besides being important contributors to human liv-
ing and livelihoods, most wild edible fruits also serve as an 
important food source for animals, as reported in a recent 
compilation of 160 species of tropical fruit species in Malay-
sia (Zawiah et al. 2019). Furthermore, tropical fruits are a 
significant contributor to the country’s agricultural gross 
domestic product. Annually, the industry generates over 
US$250 million in export profits and provides employment 
for more than 260,000 Malaysians (Rozhan 2019).

In the worldwide food market, tropical fruit products are 
widely available to consumers. Fruit juice is among the most 
steadily growing industries across developing and developed 
countries (Dasenaki and Thomaidis 2019). Dietary supple-
ments derived from fruits have also gained substantial popu-
larity, positioned as premium food items renowned for their 
remarkable health benefits, ranging from obesity treatment 
and cancer prevention to anti-aging and combating various 
chronic diseases (Hayamizu et al. 2003; Watanapokasin et al. 
2010; Kong et al. 2021). In view of the growing market, 
ensuring the authenticity and the safety of fruit products 
become imperative, necessitating robust regulatory systems 
to detect and prevent adulteration and fraud (Jandrić et al. 
2017). Notably, significant strides have been taken in lever-
aging advanced technologies and analytical methodologies, 
including chromatography, spectroscopy, and DNA-based 
techniques, to assess the authenticity of fruit products, sig-
nifying a crucial advancement in ensuring the authenticity 
of these products in the market (Dasenaki and Thomaidis 
2019).

Since its inception in 2003, DNA barcoding has been a 
focal point of extensive research for species identification 
and authentication. This innovative approach relies on a con-
cise standard genomic region, universally present in target 
lineages, possessing sufficient sequence variation to effec-
tively discriminate among species (Hebert et al. 2003). The 
Plant Working Group of the Consortium for the Barcode of 
Life (CBOL) took a significant step by proposing two coding 
regions from the plastid genome, rbcL and matK as a “core 
barcode” for land plants, to be supplemented with addi-
tional regions, such as trnH–psbA, atpF–atpH, psbK–psbI, 
trnL intron, and ITS (CBOL Plant Working Group 2009). 
Beyond the candidates, other portion of the genome, such as 
the second internal transcribed spacer (ITS2) from nuclear 
ribosomal DNA, is highly recommended and has been used 
in plant barcoding studies (Chen et al. 2010; Duan et al. 
2019, Jones et al. 2021). Over the past decades, numerous 
research teams have piloted large datasets to evaluate the 
universality, sequence quality, and discriminatory power of 

the candidate barcode regions (Kress and Erickson 2007; 
Hollingsworth et al. 2009; China Plant BOL Group et al. 
2011). Recognizing differences in their efficiency, a multi-
gene-tiered approach is widely adopted, whereby a first-tier 
coding region common across the land plants provides reso-
lution at a certain rank (e.g., family or genus), and a more 
variable (coding or non-coding) region provides resolution 
up to the species level (Newmaster et al. 2006). This tiered 
strategy ensures a comprehensive and accurate approach to 
DNA barcoding, catering to the diverse resolution require-
ments across different levels of taxonomy.

Despite the importance of tropical fruits in global food 
trade and the assessment of fruit product authenticity, the 
availability of DNA barcodes for tropical fruits remains 
notably limited. Presently, only a handful of DNA barcodes 
for fruit trees have been documented, primarily within gen-
era, such as Ananas (Hidayat et al. 2012), Annona (Lar-
ranaga and Hormaza 2015), Garcinia (Anerao et al. 2021), 
Selenicereus (Huy et al. 2021), and Mangifera (Suparman 
et al. 2013; Fitmawati et al. 2016; Kumar et al. 2022). Rec-
ognizing this gap, this project was initiated with the pur-
pose of facilitating species identification and fruit product 
authenticity assessment. We present a simple and accessible 
approach to barcode the cultivated and wild tropical edible 
fruits and evaluate the efficiency of species discrimination.

Materials and methods

Sample collection and DNA extraction

All fruit reference samples were obtained from the living 
collections of the Kepong Botanical Garden (N03.22440 
E101.61578), Fruit Arboretum (N03.23043 E101.63397) 
of the Forest Research Institute Malaysia (FRIM), and 
the 50-ha forest research plot in Pasoh Forest Reserve 
(N02.98255, E102.31050). A total of 264 samples were 
collected, representing 70 fruit tree species, 43 genera, and 
26 families. Details of the collected reference samples are 
listed in Table S1. Leaf samples were collected from two to 
14 individuals per species. At least two samples per species 
were included to increase reliability and enable intraspe-
cific variation detection. Total DNA was extracted accord-
ing to Murray and Thompson (1980) with a single modifi-
cation (2 × CTAB) and further purified using a High Pure 
PCR Template Preparation Kit (Roche Diagnostics GmbH, 
Penzberg, Germany). For each sample, a properly pressed, 
labeled, and mounted voucher specimen was made for future 
reference.
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PCR amplification and sequencing of DNA barcoding 
markers

In this study, we employed refined DNA barcodes, rbcL 
and trnH-psbA used in tropical plants (Tnah et al. 2019), 
and supplemented with ITS2, which has proved remarkably 
effective at discriminating diverse plant groups (Chen et al. 
2010). The universal primer pairs of rbcL, ITS2, and trnH-
psbA used for amplification and sequencing are listed in 
Table S2. The three candidate DNA barcodes were ampli-
fied separately through a 10 μl PCR reaction, consisting of 
Q5 High-Fidelity 2X Master Mix (New England Biolabs, 
Ipswich, MA, USA), 0.5 μM of each primer, and approxi-
mately 10 ng of template DNA. The PCR reactions were 
performed in a GeneAmp PCR System 9700 (Applied Bio-
systems, Foster City, CA, USA), for an initial denaturing 
step of 30 s at 98 °C, 35 cycles of 98 °C for 10 s, 50 °C 
annealing temperature for 30 s, and 72 °C for 30 s, followed 
by a final extension of 72 °C for 2 min. The PCR products 
were subsequently purified with ExoSAP-IT Express (Affy-
metrix, Cleveland, OH, USA). The cycle sequence reactions 
of the purified products were bi-directionally using the Big-
Dye Terminator Sequencing Kit (Applied Biosystems) based 
on the standard dideoxy-mediated chain termination method. 
The sequencing thermal profile consists of 95 °C for 1 min, 
followed by 50 cycles of 95 °C for 10 s, 50 °C for 5 s, and 
60 °C for 4 min. The sequenced products were then purified 
using BigDye XTerminator Purification Kit (Applied Bio-
systems) prior to electrophoresis on an ABI 3130xl Genetic 
Analyzer (Applied Biosystems).

Analysis of species recoverability and species 
discrimination

Nucleotide sequences were edited and assembled using 
SEQUENCHER version 5.4.6 (Gene Codes Corpora-
tion, Ann Arbor, MI, USA). Heterozygous bases found in 
the chromatograms were manually assessed and assigned 
IUPAC (International Union of Pure Applied Chemistry) 
codes. All DNA sequences obtained in this study have been 
deposited in GenBank (Table S1). Species recoverability 
(the ability to successfully retrieve a sequence from a spe-
cies) of rbcL, ITS2, and trnH-psbA was compared among 
264 samples of 70 fruit species. In order to ensure the accu-
racy of sequence identification, the edited barcodes were 
cross-checked with the nucleotide sequences deposited in 
the GenBank database. The performance of barcode mark-
ers in species discrimination was evaluated using similarity-
based (Basic Local Alignment Search Tool, BLAST), near-
est genetic distance (Neighbor-joining, NJ), and barcoding 
gap methods. For each individual data set, the discrimination 
ability for each barcode region was assessed as a percentage 

of the total number of species correctly identified divided by 
the total number of species examined.

In the similarity BLAST analysis, all sequences obtained 
from the study were formatted as both database and query, 
and subsequently queried individually against the data-
base. When the query has a 100% match to the conspecific 
sequences, species discrimination is considered success-
ful. On the contrary, species discrimination is considered 
a failure when it matches numerous species. As an alterna-
tive to sequence similarity-based identification, the NJ tree 
(Saitou and Nei 1987) was constructed using the program 
MEGA 11 (Tamura et al. 2021) based on sequence diver-
gence estimated with Kimura 2-parameter (Kimura 1980). 
The multiple sequence alignments of ITS2 and trnH-psbA 
were performed using MAFFT (Multiple Alignment using 
Fast Fourier Transform; Katoh and Standley 2013). Boot-
strapping analysis was conducted based on 1000 replicates 
to evaluate the robustness of the node for each tree. The 
number of species with conspecific individuals success-
fully clustered under respective monophyletic groups in 
the phylogenetic tree was calculated. In the barcoding gap 
assessment, pairwise Kimura 2-parameter distances were 
calculated within and between species using MEGA 11. 
For species with two or more individuals, the barcoding gap 
was assessed by plotting the maximum intraspecific distance 
against the minimum interspecific distance. The percentage 
of species having a barcoding gap was calculated based on 
those with the minimum interspecific distance greater than 
the maximum intraspecific distance.

Results and discussion

Reference DNA barcodes of tropical fruits

Despite the desirability of using DNA barcoding broadly in 
plant identification, the lack of a reliable DNA barcoding 
reference library is often the main impediment to its appli-
cation. Therefore, the initial and crucial step involves the 
development of trustworthy reference barcodes. Securing 
access to accurately identified specimens from arboretums, 
botanical gardens, and forest research plots is indispensable 
for this purpose. In this study, fruit tree species spanning 
various families—Anacardiaceae, Fabaceae, Sapindaceae, 
Meliaceae, Moraceae, Myrtaceae, Phyllanthaceae, and oth-
ers—are integral components of the living collections at 
FRIM and Pasoh Forest Reserve. Within Malaysia’s tropi-
cal fruit diversity, approximately 160 species with major or 
medium economic status contribute to both self-consump-
tion and market demands (Milow et al. 2014). The ongoing 
effort aims to expand the DNA barcode reference library to 
encompass a more extensive array of local fruit species in 
future.
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We successfully generated a total of 264 rbcL barcodes 
(70 species), 253 ITS2 barcodes (67 species), and 223 
trnH-psbA barcodes (62 species) (Fig. 1). The PCR prod-
ucts for rbcL had a consistent length of 605 bp across 
all species (GenBank accession numbers OK052728-
OK052798). The length of the ITS2 sequence was 
221–495 bp (GenBank accession numbers OK052867-
OK052949). For ITS2, high-quality DNA barcodes were 
obtained; nevertheless, single-nucleotide polymorphisms 
(SNPs) and homo-polymers were observed in some 

species (Fig. 2). The intra-genomic variability of ITS2 
resulted in a number of SNPs in the region ranging from 
1 to 11, which were recoded with IUPAC codes. Partial 
readable sequences were observed in five species, due 
to homo-polymers composed of mononucleotide repeats, 
which caused premature termination of sequencing and 
resulted in unidirectional reads. The alignment length of 
trnH-psbA ranged from 215 to 664 bp (GenBank acces-
sion numbers OK052799-OK052866). The region was not 
amplified well in certain genera (e.g., Aglaia, Artocarpus, 
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Borassus, Dracontomelon, Durio, and Lansium) and had 
homo-polymers that were difficult to sequence accurately.

Based on the results, out of the 70 species, rbcL has a 
higher species recoverability (100%) than ITS2 (95.7%) 
and trnH-psbA (88.6%) (Fig. 1). All three regions were 
recovered for 60 species, except for a small number of 
species in the ITS2 and trnH-psbA. In the cases reported 
on rbcL (de Vere et al. 2012) and trnH-psbA (Sass et al. 
2007), empirical studies revealed that the addition of 
multiple primer combinations did not improve the over-
all recoverability. Moreover, as studies have shown that 
intra-genomic variability of ITS2 is common in plants 
(Song et al. 2012), further primer combinations might 
increase the risk of amplifying different copies within 
this multi-copy marker (Jones et al. 2021).

Evaluation of species discrimination (BLAST, 
phylogenetic tree, and barcoding gap)

In the present study, the rbcL emerged as the most effective 
region with good recovery and high sequence quality. Serv-
ing as the primary region in our multigene-tiered approach, 
it establishes a valuable backbone for the barcode dataset. 
In GenBank, the region provides a good baseline for com-
parison with other plant species, as it is one of the most 
characterized plastid coding regions with wide represen-
tation from all major groups. The evaluation of similarity 
BLAST (Fig. 1) and Neighbor-Joining trees (Figs. 3, 4, 5) 
revealed the discriminatory efficiency of rbcL, ITS2, and 
trnH-psbA as 80%, 100%, and 93.6%, respectively. Nota-
bly, rbcL demonstrates modest resolution at the species 
level, successfully discriminating 80% of the species, with 
the exception of 14 species from four genera (Baccaurea, 
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Garcinia, Mangifera, and Nephelium) exhibiting low inter-
specific variation (Fig. 3). This observation aligns with the 
slow evolutionary rate of the rbcL region, making it the least 
divergent plastid gene in flowering plants (Kress et al. 2005). 
Consistent with other studies, such as those conducted by 
the US National Herbarium (Kress and Erickson 2007) and 
the UK flora (Jones et al. 2021), rbcL exhibits a modest dis-
crimination ability, recorded at 76.3% and 64%, respectively.

In the assessment of the barcoding gap, the correlation 
between minimum interspecific and maximum intraspe-
cific distances demonstrated high discrimination ability of 
the three regions (Fig. 6, Table S3). The study unveils that 
80%, 97%, and 93.4% of species exhibit barcoding gaps 
in rbcL, ITS2, and trnH-psbA, respectively (Table S3)—a 

crucial criterion for establishing a reliable barcode. This 
alignment with the fundamental DNA barcoding principle, 
advocates for interspecific divergence to surpass intraspe-
cific variation (Hebert et al. 2003). Calculated mean inter-
specific distances based on rbcL, ITS2, and trnH-psbA 
were 0.0143, 0.0958 and 0.1092, respectively. Despite 
their lower recovery rates, ITS2 and trnH-psbA barcodes 
exhibited higher species discrimination, outpacing rbcL in 
the interspecific genetic distance. Remarkably, both ITS2 
and trnH-psbA are by far the best barcodes with the high-
est ability of species discrimination, and have been shown 
in numerous studies to be effective in the construction of 
DNA barcoding resources (Kress and Erikson 2007; Chen 
et al. 2010; Duan et al. 2019).
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Finding an effective and robust species-level identifica-
tion barcode across land plants remains a pressing challenge. 
Considering the ease of recovery, rbcL is the preferred 
option but it is hampered by lower species discrimination. 
If species discrimination greater than 80% is required, 
then there is a need to adopt a multigene-tiered approach, 
with the second or third tier being more taxon-specific. 
In our study, the implementation of three-locus plant bar-
codes (rbcL + ITS2 + trnH-psbA) yielded marginal or no 
improvement over two-locus plant barcodes (rbcL + ITS2 
or rbcL + trnH-psbA) in terms of discriminated species 
(Fig. 1). This finding aligns with similar observations by 
Kress et al. (2010), who achieved 93% species discrimina-
tion using two-locus (rbcL + trnH-psbA) and three-locus 
(rbcL + matK + trnH-psbA) barcodes in a Puerto Rican 

Forest plot. In terms of cost efficiency, we opted for a 
two-locus approach rather than a three-locus. Besides, the 
two-locus plant barcodes, e.g., rbcL + trnH-psbA (Kress 
and Erickson 2007; Ferri et al. 2015; Tnah et al. 2019), 
rbcL + trnL-F (de Groot et al. 2011), ITS2 + trnH-psbA 
(Duan et al. 2019), among others, have been extensively 
used to establish reference libraries for various important 
plants.

In the context of two-locus plant barcodes, the univer-
sal core locus of the rbcL region serves as a foundation, 
while ITS2 and trnH-psbA are interchangeably employed 
as a second tier region. The independent application of the 
second tier alignment for a limited number of unresolved 
taxa mitigates difficulties in aligning highly divergent gen-
era. In our study, both ITS2 and trnH-psbA regions exhibited 
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a sufficient number of autapomorphies, elevating their 
discrimination abilities to 100% and 94.3%, respectively 
(Fig. 1). Despite the fact that ITS2 had a higher species 
recovery rate, trnH-psbA was included as a complimentary 
second tier region. This study revealed instances where cer-
tain species were non-amplifiable in ITS2 but were amplified 
perfectly using trnH-psbA (e.g., Myristica fragrans & Litchi 
chinensis). Likewise, with the use of trnH-psbA alone, spe-
cies recoverability in the genera Aglaia, Artocarpus, Boras-
sus, Dracontomelon, Durio, and Lansium was limited. Rec-
ognizing the variation in recoverability and the limitation of 
individual DNA barcodes, the flexibility in choosing a sec-
ond tier locus offers a substantial advantage. The approach 
has the advantage of keeping the complementary second 
tier regions at two for any particular group of taxa, thus 
maintaining the current efficiency of the system (Newmaster 
et al. 2006).

Applications of the reference DNA barcodes

While facilitating species identification, reference DNA 
barcodes play a pivotal role as indispensable tools for taxo-
nomic exploration and phylogenetic analysis. Their utility 
becomes particularly evident when distinguishing closely 
related species that share highly similar morphological char-
acteristics. The absence of diagnostic flowers and fruits dur-
ing the juvenile stage presents challenges in making rapid 
and unequivocal identification, thereby impeding studies in 
diversity evaluation, germplasm collection, conservation, 
and management (Larranaga and Hormaza 2015). In plant 
genera where diagnostic features are lacking and morpho-
logical plasticity complicates the assessment of phylogenetic 
relationships, as seen in the Mangifera genus (Fitmawati 
et al. 2016), DNA barcodes provide a crucial solution. Dis-
crepancies between morphological characteristics (Koster-
mans and Bompard 1993) and molecular studies (rbcL; 
Suparman et al. 2013, ITS; Fitmawati et al. 2016) highlight 
the necessity for taxonomic revision. In our current study, 
the cluster analysis of three Mangifera species based on 
ITS2 (Fig. 4) supports the previous molecular classification 
(Fitmawati et al. 2016). The acquisition of molecular data 
through DNA barcodes is thus imperative for supporting and 
supplementing morphology-based taxonomic classifications 
in such instances.

Considering the substantial global consumption of 
fruit juices and products, the detection and the preven-
tion of adulteration and fraud are important and should 
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be given attention. It is crucial to establish robust control 
systems to safeguard consumers against impure and deceit-
fully presented fruit products (Dasenaki and Thomaidis 
2019). When a query sample has been processed or is in 
powder form, taxonomic identification is impossible, let 
alone verification of product authenticity, unless there are 
unique biochemical markers for the particular species. 
DNA barcoding offers a solution to overcome this limi-
tation. The technique has proven effective in identifying 
fruit residues in various products, including juices (Faria 
et al. 2013; Wu et al. 2018), pectin (Barcaccia et al. 2015), 
plant oil (Spaniolas et al. 2008), yogurt (Ortola-Vidal et al. 
2007), purees, chocolates, and cookies (Sakai et al. 2010). 
Moreover, in an increasingly health-conscious population, 
tropical fruits are seen as an appropriate source of nutri-
tion, added variety, and exotic appeal (Underhill 2003). 
As such, the DNA barcodes are useful for authentication 
assessment and plant-based adulterant detection, pertain-
ing to fruit-based nutritional products.

Conclusions

Given the importance of tropical fruits in socioeconomic 
development, extensive research to catalog fruit genetic 
resources is needed to strengthen the industry. The estab-
lishment of reference DNA barcodes for 70 tropical fruit 
tree species in this study allows us to use DNA barcod-
ing techniques for species identification and authenticity 
assessment of fruit products. We evaluated the effective-
ness of the multigene tier approach, with the two-locus 
barcodes, rbcL + ITS2 and rbcL + trnH-psbA demon-
strating excellent resolution in species discrimination. In 
concert with conventional species identification methods 
rooted in plant morphology, the established reference bar-
codes hold immense potential for the agroindustry and 
food trade. Their utilization will not only enhance the 
accuracy of species identification but also fortify fruit-
based product authentication in the industries.
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