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Abstract The present study evaluated the popula-
tion structure and genetic diversity using inter simple
sequence repeat (ISSR) markers in 18 natural popu-
lations belonging to three species of Eplingiella (E.
cuniloides, E. fruticosa and E. brightoniae), found
growing naturally in the semiarid region of North-
east Brazil. Samples of 265 plants were analyzed
using nine primer combinations, which generated
131 informative bands. Eplingiella spp. populations
showed moderate genetic diversity (percentage of
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polymorphic bands, PPB=75.6-96.9%, Nei’s genetic
diversity He=0.31-0.39, Shannon’s information
index 7=0.33-0.48). Molecular variance analysis
revealed that within populations, variations contrib-
uted more (74%) to the genetic diversity than between
population variations (26%), with percentage of the
genetic differentiation coefficient (G¢;=0.29). The
mean value of Fg; was 0.175, demonstrating good
differentiation between populations. The analysis of
the structure by the Bayesian method revealed the
formation of two groups (K=2), with many migrant
individuals and a high level of miscegenation. The
hierarchical cluster dendrogram grouped the 18 pop-
ulations into two major clusters, with good support
for the main clades (100%). According to principal
component analysis, the two main principal compo-
nents explained 21.06% of the total variation. The
ISSR markers used were effective in identifying the
variability of natural populations of Eplingiella spp.,
and population structure demonstrated recent diver-
sification of species. The results shed more light on
the genetic variation and evolutionary dynamics of
Eplingiella, helping to formulate effective breeding
strategies.

Keywords Genetic variability - Natural
populations - “Alecrim de vaqueiro” - Molecular

marker - Polymorphism
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ISSR Inter simple sequence repeat
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PPB  Percentage of polymorphic bands

He Nei’s genetic diversity

I Shannon’s information index

NPb  Number of polymorphic bands

Ggr  Genetic differentiation coefficient

F¢r  Wright’s genetic differentiation coefficient
between populations

PCA  Principal component analysis

Introduction

Lamiaceae is one of the most important families in
terms of aromatic properties, comprising about 250
genera and more than 7000 species, which are com-
mon to the Mediterranean and subtropical regions
(Bridi et al. 2021; Assaf et al. 2022; Fusani et al.
2022). Within this family, the genus Hyptis is con-
sidered to have great economic importance, and com-
prises about 280 species, which after a new circum-
scription based on molecular phylogenies have been
split into 11 genera, including the genus Eplingiella
Harley & J.F.B. Pastore (Harley and Pastore 2012).
Eplingiella comprises important aromatic spe-
cies which are a relevant source of essential oils
and secondary metabolites. They are used in food as
well as in traditional and modern medicine, includ-
ing the production of pharmaceuticals. Among these
are Eplingiella fruticosa (Salzm. ex Benth) Harley &
J.E.B. Pastore, Eplingiella cuniloides (Epling) Harley
& J.E.B. Pastore, and Eplingiella brightoniae Harley
(Harley 2014). These species occur in the semiarid
region of the Brazilian Northeast, in impoverished
sandy soils and are characterized by their shrub size,
with small xeromorphic leaves and flowers with short
pedicels (Harley and Pastore 2012; Harley 2014).
Eplingiella fruticosa (syn. Hyptis fruticosa Salzm.
ex Benth.), known popularly as ‘alecrim de vaqueiro’,
is native to the coastal region of the Brazilian North-
east (Silva et al. 2019). Pharmacological research has
validated its analgesic (Melo et al. 2020), antinocice-
ptive (Lima et al. 2013), anti-inflammatory (Andrade
et al. 2010), antioxidant (Pinto et al. 2021) and vas-
orelaxant (Moreira et al. 2010) properties, as well as
effects against neurodegenerative diseases (Beserra-
Filho et al. 2019). E. cuniloides is a perennial shrub,
endemic to dry and sandy areas in plateaus, found in
the municipality of Morro do Chapéu, Bahia, Brazil.
This species is also popularly known as ‘alecrim de
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vaqueiro’, but its potential use has not yet been scien-
tifically investigated. E. brightoniae is a bushy shrub,
up to 1-1.5 m tall, strongly aromatic, native to Serra
do Curral Frio (Curral Frio Mountains), straddling
the border between the municipalities of Umburanas
and Sento Sé, in Bahia, Brazil. Its occurrence is so
restricted that it is described as an endangered spe-
cies, since its natural habitat is constantly subjected to
fires and deforestation (Harley 2014).

The concern with the loss of variability and the
extinction of species with medicinal potential has
increased the demand for works involving collection,
preservation and genetic conservation potential of
these valuable species (Hashemifar and Rahimmalek
2018). Thus, plant breeders have been concentrat-
ing their efforts on maintaining variation in natural
germplasm in an attempt to improve their breeding
programs. Genetic variability studies represent an
important tool for understanding the distribution rela-
tionships of species (Munda et al. 2022). For this pur-
pose, the analysis of molecular markers is considered
to be a robust tools for the evaluation of genetic diver-
sity of several species of Lamiaceae (Triguero-Pifiero
et al. 2021; Koohdar and Sheidai 2022; Talebi et al.
2022). Among these markers, the ISSR (Inter Simple
Sequence Repeat) markers have been widely used for
the evaluation of genetic relationships of medicinal
plants (Gupta et al. 2021; Feijoé et al. 2022; Kooh-
dar and Sheidai 2022; Peng et al. 2023). They are
dominant markers, and have the advantages of being
simple, quick, highly reproducible and highly poly-
morphic, besides requiring small DNA amounts and
being highly informative (Gupta et al. 2021; Ghanbari
et al. 2022).

However, the few molecular marker-based studies
of Eplingiella species are mainly restricted to char-
acterization of genotypes (Silva et al. 2017). To our
knowledge, use of molecular markers for assessment
of the structure and genetic diversity of natural popu-
lations of E. fruticosa, E. cuniloides and E. brighto-
niae, especially from the Northeast region of Brazil,
has not been reported. This limits the implementation
of reasonable conservation strategies and effective
management practices of natural populations.

Based on these concerns, we conducted the
present study with the following objectives: i) to
evaluate for the first time the genetic variation
within and among populations of selected spe-
cies of Eplingiella (E. fruticosa, E. cuniloides and
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E. brightoniae) using inter simple sequence repeat
(ISSR) markers, ii) to determine the level of pop-
ulation differentiation and relationships between
molecular and geographical distribution patterns of
this species, and iii) to evaluate the genetic structure
of the Eplingiella spp. populations and species stud-
ied. The information obtained provides new insights
into the population genetic structure of these spe-
cies to guide future actions for conservation and
new collections for breeding.

Material and methods
Plant material

Two hundred and sixty-five samples from 18 natural
populations of Eplingiella spp. (14 E. fruticosa, 3 E.
cuniloides and 1 E. brightoniae) were collected in
the states of Bahia and Sergipe, as listed in Table 1
and Fig. 1. These species were registered with plat-
form of the National System of Genetic Heritage

Table 1 Location, voucher data and sampling size of 18 populations of three species of Eplingiella Harley & J.F.B. Pastore used in

the present study

Population Species Municipality Geographical Sample size Voucher
coordinates

EF1850 E. fruticosa Morro do Chapéu/BA 11°35'06.7" S 15 Pastore, J.F.B. 3260
41°1222.2" O

EF1855 E. fruticosa Santa Terezinha/BA 12°42'19.4" S 17 Pastore, J.F.B. 3270
39°33'58.3" O

EF1864 E. fruticosa Rafael Jambeiro/BA 13°33'06.8" S 15 Pastore, J.F.B. 3272
39°27'18.3" O

EF1888 E. fruticosa Séo Cristovao/SE 10°55'33.6" S 15 Carvalho-Silva, A. 260
37°11'56.1" O

EF1893 E. fruticosa Japaratuba/SE 10°35'91.4" S 15 Carvalho-Silva,A. 261
36°59'28.4" O

EF1921 E. fruticosa Itaporanga d’Ajuda/SE 11°09'04.6" S 13 Carvalho-Silva,A. 262
37°24'10.7" O

EF1922 E. fruticosa Esplanada/BA 11°4524.8" S 10 Carvalho-Silva,A. 263
37°56'32.9" O

EF1932 E. fruticosa Alagoinhas/BA 12°10'06.7" S 14 Carvalho-Silva,A. 264
38°27'14.0" O

EF1988 E. fruticosa Simao Dias/SE 10°43'48.2" S 15 Carvalho-Silva,A. 266
37°46'46.5" O

EF1989 E. fruticosa Itabaiana/SE 10°46'10.4" S 15 Carvalho-Silva,A. 265
38°21'32.0" O

EF2088 E. fruticosa Sao Gongalo/BA 12°23'30.6" S 15 Carvalho-Silva,A. 268
38°53'17.5" O

EF2089 E. fruticosa Feira de Santana/BA 12°11'48.8" S 15 Carvalho-Silva,A. 269

38°58'01.6" O

EF2091 E. fruticosa Saubara/BA 12°3728.9" S 15 Carvalho-Silva,A. 267
39°48'31.2" O

EF2347 E. fruticosa Umburanas/BA 10°2327.1" S 15 Carvalho-Silva,A. 337
41°19'10.7" O

EC1842 E. cuniloides Morro do Chapéu/BA 11°34'14.5" S 14 Pastore, J.F.B. 3250
41°10'32.4" O

EC1851 E. cuniloides Morro do Chapéu/BA 11°37'40.3" S 15 Pastore, J.F.B. 3264
41°00'01.8" O

EC1856 E. cuniloides Morro do Chapéu/BA 11°35'53.0" S 15 Pastore, J.F.B. 3267
41°09'49.5" O

EB2326 E. brightoniae Umburanas/BA 10°24'10.6" S 17 Carvalho-Silva,A. 338
41°18'40.3" O
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Fig. 1 Geographic locations of Eplingiella fruticosa (Salzm.
ex Benth) Harley & J.F.B. Pastore (circles) Eplingiella cuni-
loides (Epling) Harley & J.F.B. Pastore (triangles) and

Management and Associated Traditional Knowledge
(SISGEN) under reference number A1C1DEB.
Sampling was carried out considering the het-
erogeneous distribution of individuals in the habi-
tats, with an average of 15 individuals per popula-
tion. These were named according to the continuous
numbering recorded on the extraction form. Extrac-
tions, quantifications and data capture were carried
out at the Laboratory of Molecular Plant Systemat-
ics (LAMOL) of Universidade Estadual de Feira
de Santana (UEFS). Geographic distances between
populations ranged from 21 km (between EF2088 and
EF2089) to 634 km (between EF1850 and EF1893).
The species were identified by Dr. José Flori-
ano Baréa Pastore at UEFS and the voucher of each
population were deposited in the Herbarium da

@ Springer

Eplingiella brightoniae Harley (squares) populations sampled
from the semiarid regions of Northeast Brazil

Universidade Estadual de Feira de Santana (HUEFS),
listed in Table 1.

It is interesting to note that E. brightoniae is a
species restricted to two municipalities in Bahia
(Umburana and Sento Sé), but in the present study
we collected samples only in Umburana, since we
were unable to locate this species in Santo Sé due
to indiscriminate burning in that region at the time.
Therefore, we only represent a single population of E.
brightoniae.

DNA extraction
Aliquots of total DNA from each sample were used

in analyses, with the remaining material incorpo-
rated in the DNA Bank belonging to the Laboratory
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of Molecular Systems of Plants/UEFS. Fresh leaf
samples (500 mg) were collected in CTAB gel (35%
NaCl, and 3% CTAB) for DNA extraction using the
2X CTAB protocol (Doyle and Doyle 1987). The
extracted DNA was quantified by electrophoresis in
1% agarose gel in comparison with a 100pb ladder
marker (Invitrogen®).

PCR amplification

A total of 16 ISSR primers were tested. The polymer-
ase chain reaction (PCR) was carried out with total
reaction volume of 10 pl, containing 4.0 puL of the
Top Taq Master Mix Kit (Qiagen Inc., Hilden, Ger-
many), 2.0 puL of high-quality ultrapure H,O (part of
the amplification kit), 1.6 uL of TBT (Samarakoon
et al. 2013), 2.0 pL of diluted sample DNA (5 mg/
mL) and 0.4 pL of the primer (0.5 M). The amplifica-
tion reactions were performed in an Esco Healthcare
Swift® Max Pro thermocycler, starting with a dena-
turation cycle at 94 °C for 90 s, followed by 40 ampli-
fication cycles with denaturation at 94°C for 45 s,
annealing at 45-52 °C for 45s, and extension at 72 °C
for 90 s, plus two variations, the first at 94 °C and the
second at 44 °C, both for 45 s, followed by a final
extension at 72 °C for 7 min, for the 265 individuals.

The PC reaction products were separated and vis-
valized in 2.0% agarose gels with SB buffer (Brody
and Kern 2004), and compared to a 100-base-pair
ladder marker with ethidium bromide staining. To
verify the reproducibility of the results, each PCR and
gel amplification run was repeated twice, and only the
amplified ISSR fragments present in both lanes were
considered. Gels were photographed and analyzed
using the software GelCompar II (Applied Maths), to
establish standardized comparisons between all sam-
ples in different gels and establish the homologous
bands based on size.

ISSR-PCR data analysis

The ISSR bands were counted using the binary scor-
ing system, recording the presence or absence of
bands as 1 or 0, respectively. A binary matrix (1/0)
was prepared with GelCompar II.

Genetic variation within and between populations
was estimated using the following parameters: number
of polymorphic bands (NPb); percentage of polymor-
phic bands (%PPb); and expected heterozygosity or

genetic diversity of Nei (1973) (He). Genetic structure
was estimated using the genetic differentiation coeffi-
cient (Ggp) (Culley et al. 2002), Shannon’s information
index (I) and the genetic distance between populations
(Fgp). For the purposes of population analysis and con-
servation (Pearse and Crandall 2004), the latter two
metrics are of great importance for assessing popula-
tion structure and gene flow (Takahata and Nei 1984).

Analyzes were performed using POPGENE v.1.32
(Yeh et al. 1999) and GenAlEx. 6.5 (Peakall and
Smouse 2012). Nei’s genetic distance (1978) and
genetic structuring (Fg;) were estimated using AFLP-
Surv. 1.0 (Vekemans et al. 2002). From these distances
(run of 1000 repetitions), cluster analysis was per-
formed based on Nei’s genetic distance matrix (1973)
and the neighbor-joining algorithm, using PHYLIP v.
3.695 (Felsenstein 1989). One thousand bootstrap rep-
etitions were performed to assess the statistical confi-
dence of each branch.

Principal component analysis (PCA) and analysis of
molecular variance (AMOVA) were performed using
GenAlEx 6.5 (Peakall and Smouse 2012). AMOVA
was carried out in two ways, first by assessing variabil-
ity at one level, between populations and within popu-
lations, and then at two levels, partitioning the variabil-
ity also between species.

The population structure was estimated using the
STRUCTURE 2.2 software based on the Bayesian
clustering algorithm (Pritchard et al. 2000), and the
result was confirmed by Structurama (Huelsenbeck and
Andolfatto 2007; Huelsenbeck et al. 2007; Huelsenbeck
et al. 2011). Population structure was analyzed by set-
ting the number of sub-populations (K-values) from 1
to 10, and each run was repeated five times. For each
run, a burn-in period of 50,000 and a Markov chain
Monte Carlo replication of 100,000 were set. The sta-
tistical parameter (AK) was used to determine the num-
ber of groups. Structure Harvester was used to deter-
mine the peak value of AK according to the method
described by Evanno et al. (2005).

Results and discussion
Genetic diversity
Among the 16 primers tested, only nine pro-

duced amplification of polymorphic ISSR patterns
(Table 2). A total of 131 polymorphic bands were
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detected among nine ISSR primers from the 18 pop-
ulations of Eplingiella obtained, with an average of
14.55 bands (loci) per primer (Table 2), indicating a
high level of polymorphism.

Genetic diversity estimates from ISSR are sum-
marized in Table 3. PCR amplification of the 265
individuals with the nine primers generated a total of
131 (100%) polymorphic bands (NPb), corresponding
to an average number of 119 (90.8%) polymorphic
bands per population. All primers produced high rates
of polymorphism for the 18 populations, and the pres-
ence of exclusive bands between them was not identi-
fied. For the population of E. fruticosa, the proportion
of polymorphic bands at the population level (%PPb)
varied from 75.3% (EF1989) to 93.9% (EF1888,
EF1893), with an average of 89.58% polymorphism.
Silva et al. (2017), when evaluating the genetic diver-
sity of E. fruticosa in the Brazilian state of Sergipe
using ISSR markers, identified high polymorphism.
They selected eight primers with 72 amplified bands,
varying from 8 to 11 with a mean of nine bands per
primer. The parameters that determine the degree of
genetic diversity among individuals (expected het-
erozygosity —He and Shannon’s information index—
I) showed similar trend as the PPB. The He ranged
from 0.30 (EF1989) to 0.38 (EF1850, EF1888) and
the Shannon’s index (/) tvaried from 0.37 (EF1989) to
0.47 (EF1850). The values found by us for He, I are
comparatively higher than the levels reported for E.
fruticosa by Silva et al. (2017), although the primers

Table 2 A list of nine Inter Single Sequence Repeat (ISSR)
primers selected for the current study, their sequences and
annealing temperatures

Primer Primer sequence Annealing  Polymorphic
5'-3" temperature bands
O
MAO (CTC),-RC 50 16
DAT (GA),-RG 49 16
TERRY (GTG),-RC 52 12
AW3 (GT)¢-RG 47 14
MANNY (CAC),-RC 52 16
ISSR901 (GT)¢-YR 52 13
ISSR 4 (CA)GT 49 15
ISSR 6 (CTG)G 51 17
ISSR7 (AG)g-YC 51 12
Total - - 131

Y=CorT;R=AorG
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Table 3 Genetic diversity parameters calculated for each ISSR
primer used in the 18 natural populations of three selected
species of Eplingiella Harley & J.F.B. Pastore. Number of
polymorphic bands (NPb), percentage of polymorphic bands
(%PPb), expected heterozygosity (He) and Shannon’s Informa-
tion Index (I)

Species Population NPb  %PPb He I

EF1850 120 91.6 0.38 047
EF1855 117 893 035 043
EF1864 122 93.1 037 046
EF1888 123 939 038 0.46
EF1893 123 939 036 0.44
EF1921 117 893 036 043
EF1922 116  88.5 037 041
EF1932 119 90.8 035 046
EF1988 117 893 036 043
EF1989 99 75.6 030 0.37
EF2088 120 91.6 035 043
EF2089 119 90.8 035 041
EF2091 118  90.1 035 043
EF2347 113 86.3 035 044
Average 117 89.58 036 043
EC1842 112 855 032 039
EC1851 121 924 038 0.46
EC1856 119 90.8 035 042

E. fruticosa

E. cuniloides

Average 117 89.57 035 042
E. brightoniae  EB2326 127 969 0.39 048
Average - 127 96.9 0.39 048

used to determine the genetic diversity of this species
are not exactly the same in the present study.

The population represented by E. cuniloides pre-
sented %PPb, ranging from 85.5 (EC1842) to 92.4
(EC1851), He values between 0.32 (EC1842) and
0.38 (EC1851), and Shannon index (/) ranging from
0.39 (EC1842) to 0.46 (EC1851). E. brightoniae
presented %PPb (96.9), He (0.39) and I (0.48). The
different levels of genetic diversity were probably
due to the locations of the sampled populations. The
results obtained in our study are in line with those
reported by other authors who have worked with nat-
ural populations of different species of Lamiaceae.
Gupta et al. (2021) identified 90% polymorphic bands
among Ocimum populations, and Jedrzejczyk and
Rewers (2018) found 100% polymorphic bands for
natural populations of Mentha L. On the other hand,
Kameli et al. (2013) observed low levels of diver-
sity in populations of Satureja spp., with percentage
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of polymorphic bands varying between 52.63% and
73.68%, although with high averages for Shannon’s
(0.46) and Nei’s (0.42) indices. These species, how-
ever, have a restricted and fragmented distribution,
which may have led to a narrowing of their genetic
bases (Nybom 2004; Rodrigues et al. 2013).

Genetic structure

Analysis of molecular variance (AMOVA) revealed
significant variations (P<0.01), and the majority
of the variance observed occurred within popula-
tions (71%), while the remaining 29% was vari-
ation between populations, indicating a strong
genetic structure (Table 4). Generally, the presence
of high variability within the population detected in
the present study meant the divergence of the indi-
vidual within a single population. This is in agree-
ment with reports on other Lamiaceae plants that
also indicated greater within-population variation,
such as Mentha cervina L. (Rodrigues et al. 2013),
Perovskia abrotanoides Karel and P. atriplicifolia
(Hashemifar and Rahimmalek 2018), Salvia rose-
marinus Schleid. (Zigeneet al. 2020), and Melissa
officinalis L. (Koohdar and Sheidai 2022).
Considering two levels of partitioning, when pop-
ulations were grouped by species, the proportion of
within-population variance decreased (69%), as well
as among-population variance (27%), with 4% of the
variation being attributed to the differentiation among
species. This can indicate there is very little differen-
tiation at the species level, or that the method used
was not sensitive to genetic differences between them,
although the result was statistically significant. In
addition, these rates reveal the great diversity among

the sampled populations, confirming the values of He
and /.

The average value of the genetic differentiation
coefficient (Ggr) among populations of Eplingiella
spp. was 0.29, indicating a high degree of genetic
differentiation between populations, as well as Pg
shown in Table 4, which represents the value of indi-
viduals taken at random within each population in
relation to individuals taken at random in the entire
sample. Nei (1978) classified (Gg;) into three classes:
low <0.05), moderate (0.05<Ggr<0.15) and high
(G Gg¢p>0.15). In this study, the average value of
the genetic differentiation coefficient (Gg¢;) among
populations of Eplingiella spp. was (0.29), in a mod-
erate class (total=0.29), indicating a high degree of
genetic differentiation between populations, as well as
@ shown in Table 4, which represents the value of
individuals taken at random within each population in
relation to individuals taken at random in the entire
sample.

A high and significant (P <0.01) genetic differen-
tiation, according to the ®-statistic (®gp), was also
observed among species, among populations and
within populations. The highest value ®g; was found
within populations (®4;=0.449) and the lowest was
observed among species (@s;=0.279). Similar pat-
terns of genetic differentiation have been observed for
other plant species (Flihi et al. 2022).

The AMOVA also revealed a moderate wright
genetic  differentiation ~ between  populations
(Fgr=0.175). If the Fg; value is between 0 and 0.05,
genetic differentiation between populations is low; if
it is between 0.05 and 0.15, differentiation is moder-
ate; if it is between 0.15 and 0.25, it is high; and if
it is above 0.25, differentiation is very high (Wright

Table 4 AMOVA results of ISSR data used to determine the genetic structure for different hierarchical levels of the 18 populations

of Eplingiella Harley& J.F.B. Pastore

Source of variation *DF SQ MSD Variance (%) Do P
Eplingiella spp.

Among populations 17 2269.085 133.476 7.778 29% 0.290 <0.01
Within populations 247 4699.503 19.026 19.026 71% <0.01
Taxa: E. fruticosa, E. cuniloides and E. brightoniae

Among species 2 377.938 188.969 1.086 4% 0.040 <0.01
Among populations 15 1891.147 126.076 7.346 27% 0.279 <0.01
Within populations 247 4699.503 19.026 19.026 69% 0.307 <0.01

“DF degrees of freedom; SQ sum of squares; MSD mean square deviation; variance; (%): Percentage of variance; @, Genetic dif-

ferentiation; P significance value
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1978, Hartl and Clark 1997). A recent study carried
out by Duan et al. (2022) stated that the genetic dif-
ferentiation coefficient Fgr is a vital parameter to
reflect the degree of genetic structure. The results
obtained here are in line with those reported by Saidi
et al. (2013) and Silva et al. (2017), who also found a
moderate genetic diversity in Satureja L. (Lamiaceae)
and E. fruticosa (Lamiaceae) species, respectively.

The genetic structure of the 18 populations of
Eplingiella spp. was determined by employing the
Bayesian clustering method based on STRUCTURE
(version 2.2) analysis, resulted in the formation of
three peaks (K=2, K=6 and k=8), indicating three
possibilities of assigning individuals to real popula-
tions (Figs. 2, 3). Applications of this method include
demonstrating the population structure present, iden-
tifying genetically distinct populations, assigning
individuals to populations, and identifying migrant
or mixed populations and individuals (Pritchard et al.
2010). The peak K=2, indicating the formation of
two groups for the 18 populations of Eplingiella spp.,
was the largest, albeit with many migrant individuals,
demonstrating a high level of miscegenation among
them. This result was further confirmed by the STRU
CTURAMA analysis (Huelsenbeck et al. 2011),
strengthening the possibility of the best fit being for-
mation of two large genetic groups among the sam-
pled populations.

Despite the high level of miscegenation, popu-
lations of E. fruticosa (EF1850, EF1855, EF1864,
EF1888, EF1893, EF1921), E. cuniloides (EC1842,

DeltaK = mean (IL"(K)I) / sd(L(K))

S500F

400}

a1 K

300}

Delt.

200+
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Fig. 2 Estimated AK of the 18 natural populations of
Eplingiella Harley & J.F.B. Pastore during 2 runs of each K
value
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Fig. 3 Population structure inferred by the STRUCTURE soft-
ware based on ISSR data at K=2; K=6; K=8. Populations:
E. fruticosa (EF1850, EF1855, EF1864, EF1888, EF1893,
EF1921, EF1922, EF1932, EF1988, EF1989, EF2088,
EF2089, EF2091, EF2347); E. cuniloides (EC1851, EC1842,
EC1851, EC1856) and E. brightoniae (EB2326)

EC1851, EC1856) and E. brightoniae (EB2326)
have predominantly the same gene pool, therefore
being allocated in the same group (Fig. 3), even
though having a strong interspecific genetic mixture.
This mixture involved populations of E. fruticosa
(EF1850-EF1921), E. cuniloides (EC1842-EC1856)
and E. brightoniae (EB2326). Archibald et al. (2006a)
reported that it is possible for co-migrant bands to
represent different loci, which appear homologous
because they are approximately the same size, or loci
that are identical due to convergences. In addition,
allogamous species, with recent diversification, tend
to present greater allelic variation within populations,
enabling conserving much of the ancestral genetic
load (Maia 2010).

The E. fruticosa populations (EF1988, EF1989,
EF2088, EF2089, EF2091 and EF2347) predomi-
nantly shared the same gene pool, being gathered
in the opposite group (Fig. 3). On the other hand, in
populations EF1922 and EF1932, the gene pool was
shared between characteristics of the two groups
formed, making it impossible to analyze their rela-
tionship within each group individually. This was
because in this method the sampled individuals
are assigned (probabilistically) to populations, or
together to two or more populations if their genotypes
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indicate they are mixed (Pritchard et al. 2010). It is
also important to highlight that the studied species
have very similar morphological characteristics, and
also E. cuniloides and E. brightoniae present very
restricted occurrences and share these occurrences
with E. fruticosa. Based on this information, there
may be genetic exchanges between them at some
level. In addition, the pattern presented reveals plesio-
morphism of traits close to the three species.

The second peak (K=6) showed the possible
formation of six populations, although with strong
miscegenation (Fig. 3). The groups were arranged
as follows: first, individuals from populations of E.
fruticosa (EF1850, EF1855), E. cuniloides (EC1851
and EC1856), forming the group represented mostly
in red; then individuals of E. fruticosa (EF1864,
EF1888 and EF1893), represented in blue. In rela-
tion to the remaining populations (EF1921, EF1922,
EF1932 and EF1988), they formed the predominantly
cyan group, but with the first two showing a higher
level of genetic mixing. Populations of E. fruticosa
(EF1989, EF2089 and EF2091), with representation
in lilac; EF2088, EF2347 (E. fruticosa) and EB2326
(E. brightonia), represented in yellow, and the iso-
lated population EC1842 (E. cuniloides), in green.
In this situation, the strong mixture identified may be
related to the low intensity of the peak along with the
distribution in a larger number of groups, which may
have forced the grouping of weakly related individu-
als in the same population. However, there are cases
where the grouping is justified by the ease of bio-
logical explanation, at a certain level disregarding the
percentages of miscegenation.

Similar behavior was observed for the individuals
grouped in the third possibility, where the peak K=8
was also of low intensity and formed a greater num-
ber of groups. The individuals sampled were assigned
to eight populations, also with a strong genetic mix,
grouping individuals from population EF1850 (E.
fruticosa), and EC1851 (E. cuniloides), marked with
predominant blue color; EF1855 (E. fruticosa) and
EC1856 (E. cuniloides), in purple; EF1864 isolated
in cyan; EF1888, EF1893 and EF1921(E. fruticosa)
in orange; and EF1922, EF1932, EF1988 and EF1989
(E. fruticosa) predominantly in yellow.

Cluster analysis based on neighbor joining meth-
ods classified the 18 populations into two main clades
(Fig. 4) with good support (100%), which were analo-
gous to the ones identified by STRUCTURE. Clade

I consisted of five (27.8%) populations (EF1850,
EF1855, EC1842, EC1851 and EC1856) belonging
to two different species (E. fruticosa and E. cuni-
loides). Therefore, it is a mixed formation, and most
of the populations (80%) allocated in this clade had
the same geographic origin (Morro do Chapéu, BA).
Within this clade, subgroups were formed, composed
by EF1850 and EC1851 populations, which despite
belonging to different species, apparently retain a
very close genetic composition, so there is probably
still a genetic exchange between them (both are from
Morro do Chapéu). This can change the configura-
tion of the species. Similar behavior was observed
for the subgroup formed by the populations EC1842,
EC1856 and EF1855. The data presented here sug-
gest the occurrence of gene flow.

The isolation of the EB2326 population (100%)
in clade II can be explained by the fact it belongs to
the species E. brightoniae Harley, which is endemic
and restricted to the rocky fields of Serra do Curral
Frio, straddling the border between the municipalities
of Umburanas and Sento Sé (Harley 2014). In clade
II, the subgroup formed by EF1864 (from Jambeiro,
Bahia), EF1888 (from Sao Cristdvao. Sergipe) and
EF1893 (from Japaratuba, Sergipe) may be related
to the places of origin, because despite the distance
between these populations (Table 1), the edaphocli-
matic characteristics of the three places are similar
(data not shown). In addition, the inclusion of pop-
ulations EF1864 and EF1888 in this clade may be
related to the resilience factor, since they coexist in
locations that are frequently subject to burning. In the
subgroups formed by EF1921; EF1932 and EF1922,
EF1989, the relationship between populations also
tended to converge due to environmental pressures,
since these were collected in places with similar soil
and climate characteristics, with sandy-stony soil,
full sunlight, and good water supply throughout the
year (800 to 1300 mm). Finally, the last subgroup
analyzed, with the populations EF1988, EF2088,
EF2089, EF2091 and EF2347, converged due to the
environmental characteristic of being collected in
transitional sites (ecotones) between the Caatinga and
Atlantic Forest biomes, with predominance of the
second biome.

In general, the stratification of populations and
subpopulations of the three species of Eplingiella
spp. studied reinforce the idea of a common ances-
tor, of recent diversification in a short evolutionary
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Fig. 4 Neighbor-joining
dendrogram based on Nei’s
genetic distance matrix

for the 18 populations of

Eplingiella Harley & J.F.B. =)
Pastore. Populations: E. %g
Sfruticosa (EF1850, EF1855, %
EF1864, EF1888, EF1893, %
EF1921, EF1922, EF1932, “, 9
EF1988, EF1989, EF2088, s, “0, %
EF2089, EF2091, EF2347); Gy,

E. cuniloides (EC1851, o, N
EC1842, EC1851, EC1856) Y,

and E. brightoniae
(EB2326)

interval. In addition to the moderate genetic variabil-
ity present, these species are possibly still in the pro-
cess of genetic differentiation.

The results of the principal component analysis
(PCA) generated by using genetic distance-based
analysis were very consistent with the result obtained
by NJ clustering, where first two principal coordinates
explained only 21.06% of the total variation (Fig. 5),
demonstrating the intermixed but integrated genetic
relationship of the populations studied. In this case,
it was not possible to observe, through the scatter plot
(Fig. 5), the separation of populations into groups.
The pattern demonstrated in this analysis suggests the
putative existence of three species corresponding to a
single group (one species), which is widely diverse.

Genetic variation based on molecular markers is
an effective and functional method used in breed-
ing programs (Zigene et al. 2020). It is interesting to
note that the number of polymorphic bands identified
(131 bands) in our study was sufficient to delimit the
genetic structure of the groups formed. Furthermore,
the recent diversification of this group may explain
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Fig. 5 Principal component analysis of the genetic distance
matrix of 265 individuals from 18 populations of Eplingiella
Harley & J.F.B. Pastore, based on 131 ISSR loci. Populations:
E. fruticosa (EF1850, EF1855, EF1864, EF1888, EF1893,
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EF2089, EF2091, EF2347); E. cuniloides (EC1851, EC1842,
EC1851, EC1856) and E. brightoniae (EB2326)
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factor related to the recent radiation of taxa can gener-
ate a series of problems in defining the genetic struc-
ture of populations, a situation commonly reported in
studies of native and endemic species of recent taxo-
nomic evolution (Archibald et al. 2006a; 2006b).

Conclusions

The use of ISSR-like dominant markers proved to be
an efficient method to identify the variability exist-
ing between natural populations of Eplingiella spp. It
was possible to identify important traits of the genetic
relationship between the populations studied, to sup-
port measures for the conservation and rational use of
these genetic resources. Populations EB2326, EF1888
and EF1893 displayed the greatest diversity, indicat-
ing that protective measures and greater collection
efforts can be directed to areas of their natural occur-
rence in order to safeguard the highest percentage of
the species’ gene pool. Furthermore, it was possible
to question the population structure of the three spe-
cies of the genus, and also their small genetic differ-
ences, supporting the hypothesis of recent diversifica-
tion and persistent genetic link between them.
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