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Anacardiaceae is well-known for its edible fruits and economically important
species in Indonesia. Approximately 3% of Indonesia's endangered and
vulnerable species belong to this family. Fast and accurate species identification
is crucial to support the conservation efforts for this family, such as employing
DNA sequences. Species identification using DNA sequences, known as DNA
barcoding, has been widely used in many applied fields. So far, the application of
DNA barcoding for Anacardiaceae plant species is limited to several genera only,
such as Mangifera and Spondias. This research aimed to enrich the DNA barcode
references of Anacardiaceae and to evaluate the most suitable and effective
genetic marker as DNA barcodes to identify species of 35 samples representing
sixteen species of the Anacardiaceae family using chloroplast markers matK and
rbcL as barcode regions. When comparing the morphological identification with
the molecular assignments, the barcode accuracy was 62.50% (matK), 60.61%
(rbcL), and 73.33% (matK+rbcL) at the genus level. All the markers failed to
show a barcoding gap, even though the t-test showed that the intraspecific and
interspecific genetic distances were significantly different for matK and rbcL+matK.
Among others, Gluta walichii (Hook.f.) Ding Hou and Melanochyla caesia Jack
were the only species successfully resolved by all markers. Nevertheless, new
DNA barcodes of six Anacardiaceae species were made available by this study,
enriching the genetic references of tropical flora diversity.
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1. Introduction species conservation and utilization is insufficient

(Labdelli et al. 2020).

Anacardiaceae is a common tree, shrub, or
climber, often with resinous bark, including circa 70
genera and 600 species distributed throughout the
tropics and subtropics (Hou 1974). The family is well-
known for its edible and commercially used seeds
and fruits, such as cashew, pistachio, and mango (Pell
2004). Many produce valuable tannins (Aradjo et al.
2012; da Costa et al. 2018; Sobeh et al. 2018). Based
on IUCN data (2022), two out of 443 Anacardiaceae
species recorded globally, and even two species
endemic to Borneo are already extinct in the wild
(Mangifera casturi Kosterm. and M. rubropetala
Kosterm.), four species are endangered and eleven
species are vulnerable in Indonesia. The rich diversity
of the Anacardiaceae family provides vital ecosystem
services, such as food, yet genetic information for its
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The current problem related to Anacardiaceae's
conservation effort is to obtain a quick, precise,
and accurate morphological identification of the
specimens (Herrera et al. 2018; Santos et al. 2021). The
morphology-based plant species identification was
carried out by analyzing all parts of intact specimens,
including flowers and fruits, which are seasonally
available (Hassoon et al. 2018; Waldchen et al. 2018).
Major challenges of morphological identification,
especially in tropical regions such as Indonesia,
involve the limited access to herbarium collections,
a restricted number of literature studies, and the
comparatively low number of qualified taxonomists,
making the accurate identification process time-
consuming and inefficient (Gaston and O'Neill 2004;
Goodwin et al. 2015; Mata-Montero and Carranza-
Rojas 2016). Therefore, alternative methods that can
provide faster and more precise species identification
are advantageous to enhance the exploration of the
Anacardiaceae family.
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DNA barcoding is a molecular method widely
utilized to quickly identify species using a short
DNA sequence extracted from the organism's tissue
(Hebert et al. 2003; Kress and Erickson 2012). Many
studies have reported the success of using DNA
barcoding to identify animal species, such as fishes
(Ghouri et al. 2020), insects (Javal et al. 2021), birds
(Tizard et al. 2019), reptiles (Nagy et al. 2012), and
mammals (Galimberti et al. 2015). Regarding plant
identification, the application of DNA barcoding is
constrained by the absence of a universal diagnostic
marker (CBOL Plant Working Group 2009). However,
the markers maturase-K (matK) and ribulase-1,3-
biphosphate carboxylase oxygenase (rbcL) are the
recommended barcodes most used for plants (Kress
et al. 2005; Lahaye et al. 2008; Hollingsworth et al.
2011).The effectiveness of using these two markers for
species identification has been reported by Amandita
et al. (2019), in which more than 700 flowering plant
species were included in the study. Moreover, matK
is considered a marker with the highest species
discrimination for plant identification (Cowan and
Fay 2012). Meanwhile, rbcL has been widely used
to retrace plant group evolutionary relationships
(Omonhinmin and Onuselogu 2022); thus, these two

markers and/or a combination of them are highly
advised.

So far, the reports on using DNA barcoding for
Anacardiaceae species are very limited and focus
only on a few genera, such as Mangifera (Hidayat
et al. 2012) and Spondias (Silva et al. 2015). In this
study, nine genera of Anacardiaceae plants, namely
Mangifera, Buchanania, Melanochyla, Dracontomelon,
Semecarpus, Campnosperma, Parishia, Drimycarpus,
and Baouea, collected from Indonesia's lowland forest
were analyzed to test the effectiveness and accuracy
of the matK and rbcL as DNA barcoding markers for
the identification of these plant species.

2. Materials and Methods

2.1. DNA Barcode Datasets

The data used in this study were matK and rcbL
sequences of Anacardiaceae plant species, consisting
of sixteen species (Table 1) obtained from "plant DNA
barcoding" research activities in the CRC990-EFForTS
project (https://www.uni-goettingen.de/efforts). The
Anacardiaceae plant samples were collected from
50 m x 50 m inventory plots in and around the area
of Bukit Duabelas National Park (1°51'S 102°39'E)

Table 1. List of Anacardiaceae plant species included in the current study

Species name Conservation Available reference Number of Sample ID
status* sequences™* samples
Mangifera indica L. Data deficient  matK, rbcL, ITS 3 KR0618, KR5174,

M. torquenda Kosterm.

M. foetida Lour. Unspecified

M. caesia Jack Near threatened
M. laurina Blume Unspecified
Buchanania sessilifolia Blume Unspecified
Melanochyla caesia (Blume) Ding Hou Vulnerable

M. beccariana Oliv. Unspecified

M. tomentosa Hook.f. Unspecified

Dracontomelon dao (Blanco) Merr. & Rolfe  Least concern

Semecarpus cf. caesia Blume

Campnosperma auriculatum (Blume) Hook.f.
Gluta wallichii (Hook.f.) Ding Hou

Parishia insignis Hook.f.

Unspecified

Least concern
Least concern
Least concern

Drimycarpus luridus (Hook.f.) Ding Hou
Bouea macrophylla Griff.

Unspecified
Unspecified

KR5172

ITS 2 KR5176, KR5128

matK, rbcL, trnH-psbA, ITS 2 KR5122, KR5459

- 1 KR4544

matK, rbcL ITS, trnH-psbA 2 KR1894, KR5348

matK, rbcL 5 KR4735, KR2825,
KR1967,
KR1966,
KR4934

matK 2 KR4964, KR1613

- 1 KR4575

- 1 KR3359

matK, rbcL, trnH-psbA 4 KR2827, KR2397,
KR4182,
KR4281

matK 2 KR3418, KR3323

matK, rbcL 2 KR2617, KR1904

matK, rbcL, trnH-psbA 2 KR1386, KR1363

- 1 KR0486 (matK),
KR1377 (rbcL)

- 1 KR0698

KR4432, KR4433

*The conservation status according to the IUCN Red List database (2022), **The availability of reference sequences
according to the NCBI database (http://www.ncbi.nlm.nih.gov/)
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and Harapan Rainforest (2°14'S 103°19'E) in Jambi
province, Sumatra, Indonesia.

From each sample, leaf tissues (approximately
2 cm?) were collected freshly and dried in silica
gel for DNA analysis. Herbarium vouchers were
prepared and stored in Herbarium Bogoriensis and
BIOTROP Herbarium, Bogor, Indonesia. Several high-
quality photographs of the herbarium vouchers were
taken for further identification and to be uploaded
along with the DNA barcodes to the DNA barcoding
database (https://www.boldsystems.org). The DNA
sequences were extracted, amplified, and sequenced
at the Department of Forest Genetics and Forest Tree
Breeding, Goettingen University, Germany, following
Amandita et al. (2019).

The morphological identification of the samples
included in this study was conducted by taxonomists
affiliated with the CRC990-EFForTS project and
had been reported by Rembold et al. (2017). For the
data analysis, all the samples in this study were
referred to the species name based on morphological
identification. The availability of reference sequences
for each species in this study was checked in the
National Center for Biotechnology Information (NCBI)
database (http://www.ncbi.nlm.nih.gov/), as shown
in Table 1.

2.2. Editing and Alignment

Forward and reverse sequences of each sample
were combined into a consensus sequence (contig)
using CodonCode Aligner software (CodonCode
Corp., USA). The concatenated sequences were saved
as nexus or fasta files, which were further converted
into mega files using the MEGA11 software (Tamura et
al. 2021). Sequence alignments were performed using
the ClustalW algorithm in MEGA11 software (Tamura
et al. 2021). Furthermore, matK and rbcL alignments
were combined to create multiple alignments for both
matK+rbcL markers using SequenceMatrix software
(Vaidya et al. 2011).

2.3. ldentification Suitability Analysis

The identification suitability analysis was
performed to compare the morphological and
molecular identification results by comparing the
aligned sequences to the NCBI (http://www.ncbi.
nlm.nih.gov/) database using Basic Local Alignment
Search Tools (BLAST) algorithm (Altschul et al. 1990).
The best match for each sample was the reference
sequence with the highest similarity score and the

lowest e-value. The identification suitability was
measured by calculating the number of consistent
morphological (the species name according to the
data source) and molecular identifications (according
to the BLAST result) at the family, genus, and species
levels. When the result of BLAST with the highest
score matched only the family but not the genus, it
was counted to match only up to the family level;
and if it matched the genus but not the species
name, the identification was considered to be correct
only up to the genus level. When the morphological
identification did not match the BLAST result, it was
determined as misidentified and was excluded from
the dataset (Amandita et al. 2019).

2.4. Genetic Distance Analysis

Each marker's sequence alignment dataset was
used to calculate intra- and interspecific genetic
distances using MEGA11 software with Tamura 3
parameter model (Tamura et al. 2021). The intra-
and interspecific genetic distances were depicted as
histograms to evaluate the presence of a barcoding
gap (Amandita et al. 2019) using Microsoft Excel ver.
16. Student’ t-tests were performed to compare the
mean values of intra- and interspecific distances of
each marker, and ANOVA was done to compare the
mean values of intra- and interspecific distances
between the markers. All the statistical analyses
were carried out using JMP Statistical software (SAS
Institute Inc., USA).

2.5. Phylogenetic Tree Reconstruction

The phylogenetic analysis was conducted in this
study to evaluate if matK, rbcL, and the combined
barcodes could resolve the investigated taxa into
appropriate taxonomical groups. The phylogenetic
tree reconstruction was carried out using Maximum
Likelihood as an accurate method for DNA sequence
assignments (Hall 2005). The multiple alignments
were uploaded to the MEGAT11 as a fasta file into the
Phylogeny menu. The calculation was done with 1,000
bootstrap replications using Tamura 3 parameter
model, and the rate among sites was adjusted as
Gamma distributed with invariant sites (G+I) (Tamura
et al. 2021). matK and rbcL sequences of Dacryodes
laxa (A.W. Benn) H.J. Lam, D. rostrata (Blume) H.].
Lam, and D. rugosa (Blume) H.J. Lam of the family
Burseraceae, which is one of the closest group to
the Anacardiaceae (Pell 2004), were included in the
reconstruction of phylogenetic trees as the outgroup.



Ryadi A et al.

3. Results
3.1. Comparison of Molecular and
Morphological Identification

Table 2 shows the identification suitability
between morphological identification and molecular
identification. Out of 35 samples, only five samples
were correctly identified up to the species level using
matK, namely KR4735 and KR4934 (Buchanania
sessilifolia), KR1386 and KR1363 (Gluta wallichii), and
KR2617 (Campnosperma auriculatum). None of the
samples was correctly identified up to the species
level by rbcL, and only one sample (KR4934) was
correctly assigned to the species level by molecular
identification using the combined marker set,
matK+rbcL.

3.2. Barcoding Gap

The distribution of intra- and interspecific genetic
distances of the two markers (matK, rbcL) and
their combination (Figure 1) shows that intra- and

interspecific distances are overlapping, meaning no
barcoding gaps were formed by the dataset.

All the minimum values of interspecific distances
calculated here are equal to the minimum values of
intraspecific distances, which are zero (Table 3). These
null values of the interspecific distances were present
when pairing two species with identical sequences.
Furthermore, the rbcL sequences tend to have a
wider overlap between the intra- and interspecific
distances compared to matK and matK+rbcL. The
t-test shows that the intra- and interspecific distances
significantly differed when matK and matK+rbcL
markers were used but not with rbcL. Meanwhile, a
one-way ANOVA revealed significant differences in
interspecific distances among the markers.

3.3. Phylogenetic Analysis

The phylogenetic relationships between sixteen
species of Anacardiaceae were estimated based
on DNA barcodes of matkK, rbcL, and the combined
dataset (matK+rbcL) using the Maximum Likelihood

Table 2. Identification of suitability percentage based on taxonomical rank

Identification match matK (%) rbcL (%) matK+rbcL (%)
Up to species level 15.63 0.00 3.33
Up to genus level 62.50 60.61 73.33
Up to family level 21.87 39.39 23.34
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Figure 1. Distribution of intraspecific (yellow) and interspecific (grey) genetic distances for markers (A) matK+rbcL, (B)

rbcL, and (C) matK.

Table 3. Intra- and interspecific distances of each marker and mean comparison tests

Marker Intraspecific Intraspecific t-test p-value
Min. Max. Mean (SD) Min. Max. Mean (SD)

matK 0.0000 0.3474 0.0541 (0.0714) 0.0000 0.9021 0.2268 (0.2841) <0.05*

rbcL 0.0000 0.0503 0.0168 (0.0158) 0.0000 0.0666 0.0225 (0.0163) >0.05

matK+rbcL 0.0000 0.1756 0.0342 (0.0370) 0.0000 0.3311 0.1070 (0.1058) <0.05*

ANOVA p-value >0.05 <0.05*

*: mean values are significantly different, SD: standard deviation
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tree approach (Figure 2). Most bootstrap values,
especially in matK and rbcL trees, were higher than
70%, indicating that the accuracy and stability of the
topologies are high. A low resolution was detected for
Mangifera spp. branches in the matK+rbcL tree, while
it seems non-monophyletic in the matK tree. Samples
of Gluta wallichii and Melanochyla caesia were
found to be monophyletic in all trees. Meanwhile,
the other species were non-monophyletic, except
Bouea macrophylla in the rbcL tree. Furthermore,
in matK and rbcL trees, samples of Semecarpus cf.
caesia, Melanochyla tomentosa, M. beccariana, and
Dracontomelon dao were clustered together.

4. Discussion

One way to determine the accuracy level of DNA
barcodes is by comparing the molecular identification
resulting from BLAST searches against reference
databases with morphological identification (Meier
et al. 2006). A matched identification was highest
at the genus level for all three markers (Table 2), as
also reported by other studies (Amandita et al. 2019;
Wati et al. 2022). Meanwhile, at the family level, at
least 20% of the samples were correctly identified
as Anacardiaceae, but assigned to different genera;

KR3459 Mangifern foetida
KRSHE Mongifera laurina
KRS$174 Mangifera indica
KR4544 Mangifera caesio
KR3031 Mangifera torquenda 2]
KR5176 Mmgifera torquenda

———KR5I74 Mangifera indica
—— RRI§% Mangifera laurina

————KR5128 Mongifera torquenda 8

for example, the sequences of Dracontomelon dao
(KR2827, KR2397) were assigned to Choerospondias
axillaris with 97% similarity by using matK and
matK+rbcL, or as Spondias pinnata with 98% similarity
by rbcL. A similar case was detected for sequences of
Semecarpus cf. caesia (KR3418 and KR3323) assigned
to Melanochyla fulvinervia with 98% similarity using
matK and matK+rbcL, while sequences of Melanochyla
spp. (KR4964, KR1613, KR4575, and KR3359) were
assigned to Semecarpus reticulatus with >98% similarity
by using rbcL. Moreover, the rbcL sequences of two
samples (KR0486 and KR0698) were identified as
species belonging to other families, probably due to
contamination or mislabeling during the lab analysis;
thus, these sequences were excluded from the dataset.

One factor that might be the cause of the
unsuitability between morphological and molecular
identification in this study is the absence of reference
sequences in databases, as pointed out by many studies,
e.g., Nilsson et al. (2006), Virgilio et al. (2012), and Qing
et al. (2020). Table 1 shows the reference sequences
for six species (Melanochyla caesia, M. beccariana, M.
tomentosa, Parishia insignis, Drimycarpus luridus, and
Bouea macrophylla) were not available at all in the
NCBI database. In contrast, the reference sequences
for Mangifera torquenda were limited only to the

KRS348 Mangifera lawrina

KR5174 Mangifera indica
KR5348 Mangifera laurina
KR5459 Mangifera foetida
KR4344 Mangifera cassia
KR508] Mangifera torquenda
KRI8%4 Mangifera laurina

KR4544 Mangifera caesia
KRO61§ Mangifera indica

KRS122 Mangifera foetida
_f[ﬂﬂﬂﬁ Mangiera indice
KRISH Mangifera laring
KR5128 Mmgifera torquenda

KRSI72 Mongifera mdica
KR0436 Parishia insignis

KR4231 Dracontomelon dao
KR3359 Melanochyla fomentosa

| KRSI72 Mangifera indica
————KR308] Mangifera torquenda
————KR5176 Mangifera torquenda
KR5122 Mangifera foetida
KRS5459 Mangifera foetida
——KRI613 Melanochyla caesia
KR4375 Melanochyla beccariana
KR4964 Melanochyla caesia
ER4182 dao

KR3323 Semecarpus cf caesia o )
KR4182 Draconiomelon dao
KR3418 Semecarpus f. caesia
KR4575 Melmochyla beccariana
KRO698 Drymicarpus huridus
KRI613 Melanockyla caesia
W‘:mm Melanockyla caesia

100, KR2397 Dracontomelon dao

6

KR2827 Draconiomelon dao
KRI966 Buchanania sessilifolia

KR3418 Semecarpus ¢f caesia
KR3359 Melmochyia tomentosa
ER3323 Semecarpus ¢f caesia

KR1363 Ghuta wallichi
{ KR1386 Gha wallchi
) KR#281 Dracontomelon dao
— L RRI377 Parishia insignis
KR#433 Bouea macrephya
—m:m«sz Bouea macropinila

KR4934 Buchmania sessilifolia

ER4735 Buchamania sessilifolia

KRIO6T Buchanania sessilifolia

3] KR2825 Buchamania sessilifolia
|:.l'i'-|?ﬁ Buchanania sessilifolia

ER2825 Buchamania sessilifolia

i:ﬂiﬂﬁ? Buchamania sessiiifolia
% KR1966 Buchanania sessilifolia

0 KRI9 Campnosperma auriculanm

ER2617 Ca

_|: KR0618 Mangifera indica
[ KR5122 Mangifera foetida

KR5176 Mangifera torquenda
KR5128 Mangifera torquenda
KR5172 Mangifera indica
KR4281 Dracontomelon dao
KR3418 Semecarpus cf. caesia
KR3323 Semecarpus cf. caesia
KR4575 Melanochyla beccariana
KR3359 Melanochyla tomentosa
KR4182 Draconiomelon dao
KRI613 Melanochyla caesia
KR4964 Melanochyla cassia
KRI1966 Buchanania sessilifolia
KRI967 Buchanania sessilifolia
KR4934 Buchanania sessilifolia
KR2397 Draconiomelon dao
KR2827 Dracontomelon dao
KR2825 Buchanania sessilifolia
KR4735 Buchanania sessilifolia
KRI904 Campnosperma auriculanum

KR2617 Campnosperma auriculanm

ERI904 Ca
KR4934 Buchamania sessilffolia

KRI324 Dacryodes rostrata
m Emﬂj Dacryodes lava
61 KR2387 Dacryodes mugosa

™) KRI363 Ghita wallichii lml—‘—xk‘iﬂ? Dr dao
100 KRI1386 Ghuta wallichit 6 KR2827 Dracomtomelon dao

KRI324 Dacryodes rostraia

KR2617 Campnosperma auriculatum
KRI363 Gluta wallichii

KRI386 Gluta wallichit

KRI32 Dacryodes rostraia

KR2387 Dacryodes rugosa

81 ER2413 Dacryodes lma 8 KR2413 Dacryodes lava

Figure 2. Maximum likelihood tree of Anacardiaceae species based on matK (left), rbcL (center), and matK+rbcL (right)
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Inter Transcribed Spacer (ITS) region. Several studies
(Bruni et al. 2012; Burgess et al. 2011; Cowan and
Fay 2012) stated that molecular species assignment
using NCBI and the Barcode of Life Data system (BOLD,
https://www.boldsystems.org/) is greatly influenced
by the level of reference sequence availability in
such databases. As a result of this study's reference
sequences of Melanochyla caesia, M. beccariana, M.
tomentosa, Parishia insignis, Drimycarpus luridus, and
Bouea macrophylla are now available in the database
mentioned above.

An ideal DNA barcode can be determined by the
presence of a barcoding gap, which occurs when the
maximum intraspecific distance is lower than the
minimum value of the interspecific distance (Meyer
and Paulay 2005). The presence of a barcoding gap
in plant DNA barcodes has been reported in different
studies. Gogoi and Bhau (2018) reported a barcoding
gap for Nepenthes (Nepenthaceae) samples when using
ITS and matK, but not with rbcL. Similar results were
reported by Trujillo-Argueta et al. (2021) for rbcL that
showed overlapping intra- and interspecific genetic
distances. Candek and Kuntner (2014) imply that the
barcoding gap size strongly depends on the taxonomic
groups in question.

Nevertheless, Ross et al. (2008) suggested that the
overlap of the distribution of intra- and interspecific
distances was a poor predictor of identification success.
According to Barret and Hebert (2005) and Liu et al.
(2011), a marker with a wider overlap of intra- and
interspecific distances is considered a less effective
DNA barcode. In this regard, the current study's rbcL
marker is considered less effective than matK and
matK+rbcL.

The taxonomic resolution through phylogenetic
analysis allows for assessing a certain marker's
effectiveness as a DNA barcode (Kang et al. 2017).
The clustering of different species within the same
clade seems to be related to the mismatch between
the morphological and molecular identification
previously discussed; the samples of Semecarpus
spp. were identified as Melanochyla spp., and vice
versa, as well as four samples of Dracontomelon dao
were inconsistently assigned to other Anacardiaceae
species. Also, Ariyarathne et al. (2020) reported that
Semecarpus is not a monophyletic group. Semecarpus
and Melanochyla belong to the tribe Semecarpeae, and,
as reported by Weeks et al. (2014), clustered next to
each other. The failure to recover monophyletic
clades for Semecarpus and Melanochyla indicates that
the markers used in this study could not provide

a reasonable distinction to discriminate the taxa
properly. However, the most recent phylogenetic
study on Anacardiaceae (Weeks et al. 2014) using the
trnL intron and trnL-F intergenic spacer and rps16 in
67 genera, including Semecarpus and Melanochyla,
revealed a clear resolution between both genera.

In conclusion, as an early reference to the use of
DNA barcodes for Anacardiaceae species identification,
this study provides preliminary information on the
effectiveness of plant core barcodes, matK and rbcL
and the combined matK+rbcL, in assigning samples
at least to the genus level. Even though the markers
failed to show a barcoding gap for the dataset, the
intra- and interspecific genetic distances proved to be
significantly different, except for rbcL. The phylogenetic
analysis showed that neither matK nor rbcL provided
a clear taxonomic resolution for investigated species
of Anacardiaceae. Nevertheless, this study provides
new reference sequences of six Anacardiaceae species,
which may facilitate species assignment in floristic
surveys. Further studies should include a reasonable
number of samples representing the richness of the
family in tropical regions and alternative markers to
validate the efficacy of DNA barcoding. On a global
scale, DNA barcoding has been proven to be a reliable
method for biodiversity assessment and phylogenetic
studies to support conservation efforts of valuable
species.
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