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Abstract

Background The genus Ternstroemia is associated with the vulnerable tropical montane cloud forest in Mexico and with
other relevant vegetation types worldwide. It contains threatened and pharmacologically important species and has taxonomic
issues regarding its species limits. This study describes 38 microsatellite markers generated using a genomic-based approach.
Methods and results We tested 23 of these markers in a natural population of Ternstroemia lineata. These markers are highly
polymorphic (all loci polymorphic with 3—14 alleles per locus and expected heterozygosity between 0.202 and 0.908), most
of them (19 out of 23) are in Hardy-Weinberg Equilibrium and free of null alleles (18 out of 23). Also we found no evidence
of linkage among them. Finally, we tested the transferability to six other American species of Ternstroemia, two other Pen-
taphylacaceae species, and four species from different families within the order Ericales.

Conclusions These molecular resources are promising tools to investigate genetic diversity loss and as barcodes for eth-
nopharmacological applications and species delimitation in the family Pentaphylacaceae and some Ericales, among other

applications.
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Introduction

The genus Ternstroemia Mutis ex L.f. contains between
110 and 160 species mainly distributed across the tropical
and subtropical regions worldwide [1, 2]. In Mexico, some
Ternstroemia species are considered either diagnostic or
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associated with tropical montane cloud forests (TMCF) [3],
while other species across the world are widespread in both
tropical and temperate forests. According to climate-change
scenarios, the TMCF will face severe threats regarding phys-
iological adaptation and survival [4]. Among the species of
Ternstroemia, some taxa such as T. dentisepala B.M. Bar-
thol. and T huasteca B.M. Barthol. are considered a priority
for conservation since they are endemic and geographically
rare [5]. Ternstroemia huasteca is considered “vulnerable”
in the [IUCN Red List [6]. Moreover, Mexican species such
as T. chalichophila, T. dentisepala, and T. impressa belong
to the Ternstroemia lineata species complex, a taxonomic
group with unresolved relationships, putatively obscured by
ongoing interspecific processes [7].

In Mexico, most genetic diversity research on forest
species has been focused on timber species, such as the
Pinaceae and the genus Quercus. In contrast, the knowl-
edge of genetic patterns in other tree species is relatively
scarce [8]. Nevertheless, some studies on Mexican TMCF
species such as Abies [9], Chiranthodendron [10], Liquid-
ambar [11], and Podocarpus [12] have identified historical

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-023-08258-y&domain=pdf
http://orcid.org/0000-0001-7291-0917
http://orcid.org/0000-0001-8469-6567
http://orcid.org/0000-0002-9938-4686
http://orcid.org/0000-0003-0075-5609
http://orcid.org/0000-0002-0367-1964
http://orcid.org/0000-0002-7243-9018

3548

Molecular Biology Reports (2023) 50:3547-3555

gene drift and populational isolation during the Pleistocene
interglacial periods [13].

The biogeographic history of Ternstroemia remains
poorly known because there are no comprehensible expla-
nations of its amphipacific distribution. However, efforts like
the study of Rose et al. [14] included few Pentaphylacaceae
species. Moreover, there are no populational studies of any
species of the genus nor specific genetic markers, while
during recent years, new species are increasingly being
described, frequently endemic and/or threatened [15-18].
In Mexico, several species of Ternstroemia are considered
an ethnopharmacological resource, named as “té de tila”.
The dry fruits are used to treat anxiety and insomnia; also,
they are known for their analgesic, anti-inflammatory, and
anticonvulsant properties [19]. Although, most of the effects
result from the neurotoxicity induced by terpenoids and may
be considered a health risk [20]. This issue is a health con-
cern because infusions are sold as mixtures with other spe-
cies (by local sellers and street markets) or in sachets (finely
ground in supermarkets).

Currently, there are no published assessments about
the impact of the exploitation of Ternstroemia fruits on its
genetic diversity and demography. However, similar sys-
tems (trees under some exploitation) such as Aquilaria [21],
Cedrus [22], and Dipterocarpus [23] have been genetically
evaluated using microsatellites or simple sequence repeats
(SSRs). This technique offers advantages such as codomi-
nance, high polymorphism, individual resolution, technical
simplicity, and the ease of applying it to degraded DNA,
such as herbarium vouchers [24].

Considering the pharmacological importance and ubiq-
uity of Ternstroemia within the Mexican TMCEF, it is urgent

Fig.1 Location of the Tern-
stroemia lineata population
sampled for microsatellite
evaluation. Each pink dot repre-
sents individual coordinates
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to develop specific genetic markers for the genus. There-
fore, this manuscript describes the development of a set of
38 nuclear microsatellites. Specifically, we seek to test its
utility in (1) estimating genetic diversity in Ternstroemia
lineata, and (2) its transferability to six other key species of
Ternstroemia and other Ericales.

Materials and methods
Tissue collection and DNA isolation

We collected single, young leaves in silica gel from 20 indi-
viduals of Ternstroemia lineata from a mixed temperate for-
est in southern Morelia (Central-Western Mexico), between
the localities of San Miguel del Monte and Ichaqueo. The
individuals were georeferenced and sampled at least 250 m
apart (Fig. 1). Leaves from species other than T. lineata
were either opportunistically collected and dried in silica
gel or retrieved from herbarium vouchers (such as Freziera
sp. and the South American T. asymmetrica and T. subser-
rata). These two South American species may give insights
about the markers’ transferability success in non-Mexican
species. The Ericales sample included some representative
families across the order: Ebenaceae (Diospyros xolocotzii),
Foquieriaceae (Foquieria splendens), Primulaceae (Rapanea
sp.), and Symplocaceae (Symplocos citrea); this selection is
intended to provide a rough estimation of cross-amplifica-
tion success across the order Ericales. We grounded the leaf
tissue of all the studied species in individual 2 mL micro-
tubes in a Retsch Mill (MM400). DNA was isolated using
the CTAB protocol [25].
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Table 1 The 38 candidate loci and the selected 23 (in boldtype) for populational evaluation

Locus Forward primer (5'-3") Reverse primer (5'-3') Allelic range or Motif Genbank accession
expected size

TIi008 CAGGGTCAAGTTCCGTTT TTGTTTCCATCTCCCAGGAC 221-227 AG 0P292249
GT

TIi010 TACAAGGTGGGAAGACCA TTCATGGTAACCCTTCCAGC 111 AG 0P292250
GG

TI1i013 ACCAATCAATCCAAATCC CTCCAAACGCAAATCCACTT 107 AG OP292251
CA

Tli024 GCAGACCTCGACAACAAT CGCTACTCTGGTCTCCTTGG 107 AG 0P292252
GA

TI1i053 CACTTAAACGCAGGCATG GTGGATGGAAAGCGAAGTGT 93 AG 0P292253
AA

TIi057 ACGTACATGAAATCTGGC TGGCACATTACCCATCTTGA 87-95 AG OP292254
CcC

TIi070 GTCTTCACCTCACCTGCA  GAAATAGGCCATGAAAGCGA 106-122 AG 0OP292255
CA

TIi072 AGATTGGGTCAATGGTGC ATAATTGCGTTGTCGGCTTC 99-119 AG 0OP292256
AT

TIi085 CCTCCCTGTTTCTAGGGT  TCGAAACAGCCCAAGTAGGT 81-99 AG OP292257
CcC

Tli086 GCTGAGAAGAAATGGCCT TTAAATGCAACGAATGCAGG 140-166 AG 0OP292258
TG

TIi088 TATGACCATGCTCCACTC  GCACAAGGGACACAGAAACA 131-169 AG 0OP292259
CA

T1i091 TACTGTGCATGTGCCATT  GTGAGGAGGGAGAGGGTTTC 147 AG 0OP292260
GA

TIi093 TATGAAGGTCCCACCAGA  GGTTGATCATTCAGGATGGG 92-126 AG 0P292261
CcC

T1i096 GTGGAGTTGAATGGGTCG CCGATTCTTTGCTCTTCACC 89-111 AG 0OP292262
TT

TIi106 CACAGACCTCCACAGCCA  ATCACCATGCCACATCTTCA 100-126 AG 0P292263
TA

TIi107 TGGTGATGCTACAGACAG ATGATAGCCAATCCCACTCG 177-187 AG 0P292264
GG

Tlil14 AGGAGGGCCATTTCTTCA  CCTTCCTCTTTCTCCACCCT 115 AG OP292265
GT

Tli118 ACTTCATGCTTTGAGCAG  ACAGGGAAAGAGCAAGGACA 105-123 AG 0OP292266
CA

TIi119 CAAACTCCGATCCACAAA CGGAGATTTCCGACTGAGAG 100 AG 0P292267
cc

Tli123 CTCCCATTTCCATGCACT AACAATGTCTCGGCCATCAT 95-109 AG 0OP292268
TT

TI1i130 TCAAACTGCACAGCCATG AGTGATCATTGTCACCGCAA 116 AG 0OP292269
TT

Tli149 TCCGCTGAGGTAGGTGAG GGATCATCAAGGTGCCAATC 184-206 AG 0OP292270
AT

Tlil61 TCAGCGGCACGTACATTA  TTCATGACTTTCCGATGCAA 103 AC 0OP292271
TC

Tli162 ATGATGAGGATACGCTTG  CATAGCTAGGTTTCGGTGGG 134-146 AG 0P292272
CcC

Tli173 AACTCGTGCTCCCACTTC  TCTGCCTTGTTCTGGAGGAT 192 AG 0OP292273
AC

Tli174 TAAGTGGGTTGGCCACAA GTACAGTGGGAGGCCTCTTG 118 AG OP292274
AT

Tlil75 GGATCTCCTTCATCGCTG  AACTCAACCAAACCCACCAC 99-147 AT 0P292275
TC
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Table 1 (Continued)

Locus Forward primer (5'-3") Reverse primer (5'-3') Allelic range or Motif Genbank accession
expected size

TIi181 ACAGGCACCACACTTGTG CCAACTTTCGACATCAAGCA 99 AG OP292276
AC

TI1i182 TACTGAATTGGTGCTCGG TGGGCTCCTCCTGTAAAGTG 157-183 AG 0OP292277
TG

Tli186 GACCAACTCAGCCTAAGC GCTTCAATTTACGCCTTTGC 89-109 AG OP292278
CA

Tli187 GCAGTGCAAAGAGCTGAC TGACAAATCCACCCAAACAA 86-102 AG OP292279
AA

Tli196 AACGACTTCTCAACCAAC GAGTGACAGCCAAGCGAAAT 76-106 AG 0P292280
CG

T1i197 AATGGGTTCTTCACGCTT AAGGAAAGGATATGGCCACC 131 AG OP292281
GT

Tli198 AACCTTCCAATTCAACTG  AGAAACATGAAATCCGCCAA 141-195 AC 0P292282
CG

TI1i200 CTCCTTCATTCCCAGTGG  TGATCCCAACCAGAACAACA 85-96 AG 0P292283
TC

Tl1i205 GGGCCAGTGCATTAAATG CTTGGTGTGCCTGTGTTTGT 110 AG 0P292284
AT

Tli206 GAAGCTTTCCAGCCTTCT TCTTCGGTCGACCAGTTACC 63-89 AG 0OP292285
CcC

Tl1i208 AGGAAAGGGTCATTTCAG CCTTATTGCAAATGTGCGTG 96 AG 0OP292286
GC

Microsatellite search using high throughput
sequencing

In order to find the repetitive regions, we outsourced All-
Genetics & Biology SL (La Coruiia, Spain). One individ-
ual was randomly chosen as the source sample and used
to construct the genomic DNA library. The library was
prepared using the Nextera XT DNA enrichment kit (Illu-
mina) with the microsatellite motifs: AC, AG, AT, ACG,
and ATCT and following the manufacturer’s instructions.
The library was then sequenced in the Illumina MiSeq
platform (PE300), producing 9,921,869 paired-end reads.
The quality of the raw sequencing data was checked using
FastQC [26]. Finally, reads were processed in Geneious
10.2.3 and using in-house developed scripts. Primer design
was implemented in Primer3 [27, 28] in Geneious 10.2.3
(Biomatters, LTD).

Validation and cross-amplification

First, we filtered the database to select only perfect and
uninterrupted motifs, and then we randomly selected 38
candidate primer pairs. These 38 loci contained only dinu-
cleotide repeats; by far, the most common (35 loci or 92.1%)
motif was (AG),,. Two markers, Tli161 and T1i198, presented
the motif (AC),. The motif (AT), was present only in the
locus Tli175. PCRs were performed using the Platinum
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Master Mix (Thermo-Fisher, USA) following the manu-
facturer’s instructions for reaction assembly and program.
The annealing temperature was 60 °C since all the prim-
ers were designed around this value. Once the 38 markers
were validated in the source 7. lineata subsp. lineata sample,
they were tested in six American Ternstroemia spp., Cley-
era Thunb., and Freziera Willd. (Pentaphylacaceae), and
other Ericales such as Diospyros L. (Ebenaceae), Fouquie-
ria Kunth. (Fouquieriaceae), Rapanea Aubl. (Primulaceae),
and Symplocos Jacq. (Symplocaceae). Out of the 38 can-
didate markers, we chose 23 “well-working” primer pairs
that showed consistent amplification in a 2% agarose gel
electrophoresis (high transferability and amplification suc-
cess across the genus Ternstroemia, few secondary bands
and/or bands consistent with the size obtained in the source
sample validation). Since the remaining 15 markers show
variable amplification success, we decided not to use them
in genotyping. However, we report the primer sequences and
the expected size. The 23 “well-working” markers subset
was fluorescently labeled in the 5’ endings using the Dye
Set 33 (Applied Biosystems, USA) and then used to evalu-
ate the parameters of the source sample population. Frag-
ment analysis was performed in Psomagen Inc. (Maryland,
USA), and genotyping was achieved using the Microsatellite
plugin (v. 1.4.7) of Geneious Prime 2022 (Dotmatics, NZ).
Allele scoring was performed manually using as guidelines
the supplementary material of Selkoe and Toonen [24].
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Table 3 Transferability across Pentaphylacaceae, including Ternstroemia spp

Locus T. asymmetrica T. chali- T. dentise-  T. huasteca
chophila pala

TIi008
T1i010
TI1i013
T1i024
T1i053
TIi057
TIi070
TIi072 ++
TIi085 +

TIi086
TIi088
TI1i091
TIi093
TIi096
Tli106
TIi107
Tli114
TIi118
TIi119
Tli123
Tli130
Tli149
Tli161
Tli162
TIli173
Tli174
TIi175
TIli181
TIi182
TIli186
TIi187
TIi196
TIi197
TIi198
TIi200
TI1i205
Tli206
TI1i208

+ +
?

+

+ o+ + +
+

+

+

+

+

+ +

+ o+ +

+

S+ 4+ o+ttt

+ + 4+ + + + ++++ o+
+ + 4+ + A+ A+

+
+

+ + 4+ + o+ o+

+

+

+

+ o+ + o+ o+ o+

R T T T i T S T S S e e R T T T T T T T T e e S
+ + 4+ + + + +

+

+

+

S+ o+ o+ o+ o+ o+

+ o+ + +
+ + + +

T. impressa T. subserrata Cleyera Freziera sp.
theaeoides

+ ++ + +
+ + + +
+ + + -
+ + + +
+ ++ + ?
+ + + +
+ + + +
+ ++ ? +
+ + ++ +
+ + + +
+ + + +
+ ++ ++ +
+ + + +
+ + + +
+ + ++ ?
+ + + +
+ + + +
+ + + +
+ + + -
+ + + +
+ ++ + +
+ ++ + +
+ + + +
+ ++ + +
+ + + ?
+ ++ + +
+ ? + +
+ + + +
+ ? + ++
+ + + +
+ + + +
+ + + +
+ + + +
+ + + +
+ + + +
+ + + +
+ + + +
+ + ++ +

(+)=positive amplification, (++)=several bands besides the expected one, (?)=unespecific amplification, (=) =no amplification. Loci in

boldtypes are those evaluated

Genetic parameters such as expected and observed heterozy-
gosity (He, Ho), allelic richness (Na), and deviation from
Hardy-Weinberg equilibrium were calculated in GenAlEx
6.503 [29]. PIC was calculated using PIC_CALC [30]. We
tested linkage disequilibrium among all the 23 chosen loci

@ Springer

using the association index (7,;) of Agapow and Burt [31]
implemented in the R package poppr [32]. We checked the
presence of null alleles using the R package PopGenReport
[33]. Finally, we performed an interpolation of the individ-
ual heterozygosity using Empirical Bayesian kriging [34]
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Table 4 Transferability across some Ericales

Locus Diospyros Foquieria Rapanea sp. Sym-
xolocotzii splendens plocos
citrea

TIi008 - - - -
TIi010 - - - -
TIi013 - - ++ -
T1i024 - - - -
T1i053 + + + +
TIi057 - - - -
TIi070 - + ++ ++
TIi072 - - ++ N
TIi085 - - - -
Tli086 - - ++ -
TIi088 - - ++ ++
T1i091 - + ++ +
T1i093 + + - ++
Tli096 - - ++ +
Tli106 - - ++ +
Tli107 - - - -
Tlil14 - - ++ -
TIi118 - + ++ ++
TIi119 - - ++ +
Tli123 - - ++ ++
TIi130 - - ++ ++
Tli149 - - - -
Tlil61 - - ++ -
Tli162 + + + +
Tli173 - - - -
Tli174 - - ++ ++
Tlil75 - - ++ ++
Tli181 - - - -
Tli182 - - - -
Tli186 - - ++ ++
TIi187 - - ++ -
Tli196 - + + +
T1i197 - + ++ +
TIi198 - - ++ ++
T1i200 - - + +
T1i205 - - - -
Tli206 - - + +
T1i208 - - ++ -

(+)=positive amplification, (++)=several bands besides the
expected one, (?)=unespecific amplification, (-) =no amplification.
Loci in boldtypes are those evaluated

in ArcGIS 10.3 (ESRI, USA), to explore the marker set’s
potential in fine-scale genetic approaches. This approach
automatically calculated the semivariogram from 1000
simulations using a standard circular neighborhood search
(10-15 neighbors data points, radius =0.013).

101 7°40"W

101 7720"W 101 7’W

19 3520"N 19 35'40"N 19 36'N 19 36'20"N 19 36'40"N

19 35'N

Fig.2 Empirical Bayesian kriging of individual heterozygosity. Satel-
lite image from Google Satellite

Results and discussion

All the evaluated markers presented polymorphism. The
number of alleles (Na) ranged from 3 to 14 (mean="7.174).
The observed heterozygosity ranged from 0 to 0.889
(mean =0.539), and the expected heterozygosity (He) ranged
from 0.202 to 0.908 (mean=0.676). Polymorphism Infor-
mation Content ranged from 0.19 to 0.90 (mean =0.643),
with only four loci under PIC =0.5 (Table 2). We found
significant evidence of null alleles in five loci, whereas
four loci exhibited Hardy-Weinberg disequilibrium (at
P>0.05) (Table 2). The index of association (7;) was 0.0301
(P=0.618), indicating no evidence of linkage disequilibrium
among the markers. All amplicons, including the micros-
atellite regions, were deposited in NCBI Genbank (acces-
sions in Table 1). For the candidate loci, transferability is
relatively high among Ternstroemia spp. (81.6-100%) and
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the two Pentaphylacaceae (89.5%for Cleyera theaeoides
(Sw.) Choisy and 81.6%for Freziera sp.) (Table 3). Across
the Ericales, the amplification success (Table 4) was very
low in Diospyros xolocotzii Madrigal & Rzed. (7.9% to low
in Symplocos sp. (26.3%) but consistent with the expected
amplification success among families of the same order [35].
Since we selected the 23 evaluated markers for their consist-
ent amplification, the minimum amplification success of this
subset for Pentaphylacaceae was 91.3%. The interpolated
map of genetic diversity (measured as individual heterozy-
gosity) showed a clear declining trend from South-West
(Fig. 2). Therefore, these markers are a suitable set for fine-
scale population genetic research in this family. They can
also clarify the taxonomic limits among troublesome groups
such as the Ternstroemia lineata species complex (e.g., T.
chalicophila Loes., T. dentisepala, and T. impressa Lundell
tested in this study). In this species complex, efforts using
traditional phylogenetic markers have been insufficient. They
are also useful for assessing the genetic diversity in threat-
ened species, as is the case of T. huasteca.
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