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ABSTRACT: Simple sequence repeat (SSR) markers were developed from expressed sequence tags (ESTs) for Mazus miquelii
(Mazaceae), one of the most widespread species of the genus found in mainland China to Japan and North America, with the goal
of elucidating the hidden genetic diversity and pollination ecology of the species. Of the initial 48 EST-SSR markers designed based
on transcriptome data, 36 loci were successfully amplified, 16 of which were polymorphic. Polymorphisms for these markers were
tested on 72 individuals from three populations in Japan. Two to eleven alleles per locus were detected, and the levels of observed
and expected heterozygosity ranged from 0.181 to 0.708 and 0.154 to 0.715, respectively. Most loci were amplified successfully in
five related Japanese and Taiwanese species. These markers will empower ecological and evolutionary studies in the creeping mazus

and facilitate the disentanglement of phylogenetic relationships with related species.
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INTRODUCTION

Genus Mazus Loureiro (Mazaceae) is consisted of
annual or perennial herbs with distribution from Asia to
Oceania and comprises approximately 30 species mainly
from mainland China (Hong ef al., 1998). Mazus species
are small herbs characterized by a bilabiate corolla with
a bilobed stigma. The behavior of a sensitive bilobed
stigma has attracted the attention of many botanists and
ecologists for nearly a century (e.g., Newcombe, 1924;
Kimata, 1978; Jin et al., 2015). Recent ecological studies
suggest that stigma closure and re-opening in Mazus is
an evolutionary mechanism to enhance outcrossing via
pollinator selection (Jin et al., 2015, 2017). However, the
levels of selfing and/or outcrossing are still unknown in
natural fields due to lack of high-resolution molecular
markers for the plant group. As the stigma behavior may
can control gene flow within and among populations,
genetic insights can improve our understanding of how
the unique pollination strategy has evolved and is being
maintained in nature.

Simple sequence repeats (SSRs), also known as
microsatellites, are useful molecular markers with many
applications in plant genetic studies owing to their
abundance, high level of polymorphisms, and ease of
scoring (Bouck and Vision, 2007). Compared to
genomic SSRs, expressed sequence tag (EST)-SSR
markers show lower polymorphism, but are less
susceptible to null alleles and better conserved across

related species (Gupta et al., 2003; Bouck and Vision,
2007; Ellis and Burke, 2007). Therefore, we considered
that novel EST-SSR markers in Mazus species would
provide powerful molecular tools for the plant group.

Here, we developed EST-SSR markers for the well-
studied diploid perennial herb Mazus miquelii Makino,
one of the most widespread species in the genus found
from mainland China to Japan and in North America as
an introduced species. Additionally, we evaluated the
transferability of these markers in five related Japanese
and Taiwanese species.

MATERIALS AND METHODS

Total RNA was extracted from fresh leaf samples of
M. miquelii (Table 1) using the Agilent Plant RNA
Isolation Mini Kit (Agilent Technologies, Santa Clara,
California, USA). The cDNA library was constructed
and sequenced on an Illumina HiSeq 2000 sequencing
system (Illumina, San Diego, California, USA;
performed by BGI, Shenzhen, China) with 100 bp
paired-end reads. Raw reads were quality trimmed using
Trimmomatic 0.38 (Bolger et al., 2014). The clean reads
were deposited in the DNA Data Bank of Japan (DDBJ;
BioProject PRIDB9031), and assembled into 77,354
contigs using Trinity v2.8.4 (Haas et al., 2013).
Microsatellites were detected using the Krait v0.10.2 (Du
et al, 2018). To identity ideal microsatellites, the
minimum repeat number was defined as 12 for mono-, 7
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Table 1. Source localities of Mazus species used in this study.
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Species Population Collection locality Geographic coordinates N
Mazus miquelii Makino™ Cultivated  Kyoto University, Kyoto City, Kyoto Pref., Japan 35°01'N, 135°45'E 1
M. miqueliit A Kamiukena-gun, Ehime Pref., Japan 33°31'N, 132°57'E 24
M. miqueliit B Kato City, Hyogo Pref., Japan 34°54'N, 135°00'E 24
M. miqueliit C Matsumoto City, Nagano Pref., Japan 36°10'N, 137°50'E 24
M. pumilus (Burn.f.) Steenis$ — Kato City, Hyogo Pref., Japan 35°01'N, 135°45'E 2
M. goodenifolius (Hornem.) Pennells — Amami Islands, Kagoshima Pref., Japan 2
M. quadriprotuberans N. Yonezawa$ Cultivated  Kyoto Botanical Gardens, Kyoto City, Kyoto Pref., Japan 35"02 N, 135°45'E 2
M. alpinus Masamune$ — Taipingshan, Yilan, Taiwan — 2
M. fauriei Bonati$ — Pingxi, New Taipei, Taiwan — 2

N, number of individuals sampled. "Samples used for cDNA library construction. fSamples used for initial PCR amplification trials and
detailed evaluation for polymorphisms. $Samples used for transferability test.

for di-, 5 for tri-, and 4 for tetra-, penta-, hexa-nucleotide
SSRs. A total of 1,597 markers were designed with Primer3
(Untergasser et al., 2012) implemented within Krait, of
which 48 pairs were selected as candidate microsatellite
markers for M. miquelii based on repeat number and
product size. For all primer pairs, one of four different M 13
universal sequences (5-CACGACGTTGTAAAACGAC-
3, 5-TGTGGAATTGTGAGCGG-3', 5'-CTATAGGG
CACGCGTGGT-3', or 5-CGGAGAGCCGAGAGGTG-
3") and a pigtail sequence (5'-GTTTCTT-3") were added to
the 5" end of each forward primer and the 3’ end of each
reverse primer, respectively.

A total of 72 individuals of M. miquelii representing
three populations (24 individuals per population) were
used to evaluate the polymorphisms of the candidate
microsatellite loci, and two individuals each of M.
pumilus, M. goodenifolius, M. quadriprotuberans, M.
alpinus and M. fauriei were used to test their
transferability (Table 1). Genomic DNA was extracted
from silica gel-dried leaf material using the
cetyltrimethylammonium bromide method (Doyle and
Doyele, 1987). PCR amplifications were conducted in 5-
pL reactions containing approximately 0.5 ng DNA, 2.5
pL 2% Multiplex PCR Master Mix (QIAGEN, Hilden,
Germany), 0.01 pM forward primer, 0.2 uM reverse
primer, and 0.1 uM fluorescence-labeled M13 primer.
The PCR thermal profile was set as follows: an initial
denaturation at 95°C for 5 min; followed by 35 cycles of
95°C for 30 s, 60°C for 3 min, and 68°C for 1 min; and
then a final extension at 68°C for 20 min. PCR products
were loaded onto an ABI 3130 autosequencer (Applied
Biosystems, Carlsbad, California, USA) using the
GeneScan 600 LIZ Size Standard (Applied Biosystems),
POP7 polymer (Applied Biosystems), and a 36-cm
capillary array. Fragment size was determined with
GeneMapper software (Applied Biosystems). For each
polymorphic locus, the number of alleles (4), number of
effective alleles (4g), observed heterozygosity (Ho),
expected heterozygosity (He) and inbreeding coefficient
(F1s) were calculated using GenoDive (Meirmans and
van Tienderen, 2004). The absence of linkage
disequilibrium (LD) and deviation from Hardy-
Weinberg equilibrium (HWE) were assessed in
GENEPOP v4.2 (Raymond and Rousset, 1995) using the
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Markov chain method with default settings. Results were
adjusted for multiple comparisons using sequential
Bonferroni  correction. The software MICRO-
CHECKER v2.20 (van Oosterhout et al., 2004) was used
to detect the null alleles, stuttering, and allelic dropout.

RESLUTS AND DISCUSSION

Of the 48 candidate primer pairs tested, 16 loci
displayed polymorphisms in Mazus miquelii (Table 2).
Meanwhile, 12 of the remaining 32 pairs failed to
amplify and 20 pairs showed monomorphic or unclear
peaks (e.g., split peaks or a triallelic pattern). In three
natural populations validated for polymorphism analyses,
population B showed clear polymorphisms across all 16
loci, whereas a few loci (mazl7431, maz19506 and/or
maz49947) were monomorphic in other populations
(Table 3). Overall, the newly developed EST-SSR loci
displayed relatively high levels of genetic diversity in M.
miquelii; the average values for A, Ag, Ho, He and Fis
were 6.6, 2.1, 0.458, 0.501, and 0.086, respectively
(Table 3). Although no paired loci consistently showed
LD in all populations, HWE tests showed that the three
populations significantly deviated from HWE at several
loci (Table 3). However, with the exception of one locus,
maz290, no loci deviated from Hardy-Weinberg
equilibrium across the three populations. Six loci
(mazl523, maz47656, mazl1580, maz49518, maz8188,
and maz290) exhibited evidence for the presence of null
alleles in at least one population; however, the results of
locus maz290 were consistent across all the populations
(Table 3). Although there was no evidence of allelic
dropout in any of the loci, scoring problems due to
stuttering were observed for maz290 locus. These results
suggest that deviation from HWE at maz290 locus was
most likely due to the presence of null alleles and/or
genotyping errors. The results of cross-amplifications in
five related species are shown in Table 4. Of the 16 EST-
SSR primer pairs tested, 14 successfully PCR amplified
in M. fauriei, and 13 in M. pumilus, M. goodenifolius and
M. alpinus. In M. quadriprotuberans, all 16 primer pairs
amplified successfully. Since the species delineation in
the genus has been ambiguous and controversial due to its
plastic morphological characteristics (Hong ez al., 1998;
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Table 2. Sixteen polymorphic EST-SSR markers developed for Mazus miquelii.
Locus Primer sequences (5'-3') Repe_at Allele size BLASTX top hilt description E-value GenBank
motif  range (bp) [species] accession no.
Maz F: CACGACGTTGTAAAACGACCAGCCTACACGCCACAAC putative O-acyltransferase
1523 R: GTTTCTTATGAGGCTGCGGAATCTAGG (AG)e 280-288 WSD1-like [Davidia involucratal 0 LC511753
Maz F: CTATAGGGCACGCGTGGTTGTGTGAATGCCTGCAACTG R )
19506 R: GTTTCTTACCACGCTCATCTCCTTACC (TC)  258-264 No significant hit - LesiTsa
Maz F: CTATAGGGCACGCGTGGTCGATGAACATGGACGAGCTTC hypothetical protein [Davidia
27867 R:GTTTCTTGTGGCCTGCTGATTGAATCC (ACC)s  425-440 involucrata) 0 LC511755
Maz F: CTATAGGGCACGCGTGGTGAGCAGATGTTGAGTGAGCG I .
28563 R: GTTTCTTTCTTCAAGTCTGCCTCTCCC (AC)  156-166 No significant it - Lesti7se
Maz F: TGTGGAATTGTGAGCGGTGTGAGAGATGCCGGAGATG hypothetical protein [Davidia
47565 R: GTTTCTTTCTGCTCTCTGACCAAGGAC (ACho  280-298 1 cratal 2.00E-48 LCS11757
: putative homeobox-leucine zipper
Maz F: CACGACGTTGTAAAACGACCGGATGGTGCCTTTCTTGTG ) h
49830 R: GTTTCTTTGTTCCTCTCTCCTTCCTTACC (TCz  178-210  protein MERISTEM L1-like 0 LCS11758
[Davidia involucrata]
Maz F: CGGAGAGCCGAGAGGTGCAATCCCAAGAAACCCACCG putative Caspase [Davidia
59432 R: GTTTCTTCGGCATTCACATACCAGCTG (AAG)s  338-368 involucrata) 0 LC511759
Maz F: TGTGGAATTGTGAGCGGTAACCCGTTTCCTGCCACAC polyU-specific endoribonuclease-
11580 R: GTTTCTTTTGGGATGTATGGCCGACAG (AG)n 162212 ¢ [Rhizophora mucronata) 5.008-07 LC511760
Maz F: CTATAGGGCACGCGTGGTAATCTCTTCCAGGCCTTCGG AG 187-189 hypothetical protein [Davidia 4.00E- LC511761
17431 R: GTTTCTTGCCATTGGTTGACTTGGTGG (AG)o - involucrata) 103
. putative riboflavin biosynthesis
Maz F: CGGAGAGCCGAGAGGTGGATTTGTCGGCTAACTCGGC ) g
23141 R GTTTCTTTCACAAACTGAATCGCATCCC (AACTT)s 285-320 protein PYRR, chloroplastic-like ~ 1.00E-32 LC511762
[Solanum chacoense]
. putative 1-deoxy-D-xylulose-5-
Maz F: CTATAGGGCACGCGTGGTGATCAAACTTTGTCACTCCTGC L.
49518 R: GTTTCTTCCGTGTTGATCCATGTCGTG (AG)  294-324 I.pnhv‘z)sl‘l‘j:f;;fy”‘hase 1 [Davidia 0 LCs11763
Maz F: TGTGGAATTGTGAGCGGACGACGCTCTCCTCCATTAC hypothetical protein [Davidia
49947 R: GTTTCTTTCATCTTCTCGAACCTGGCC (CCG)s  261-285 involucrata) 0 LC511764
putative ADP-ribosylation factor
Maz F: TGTGGAATTGTGAGCGGTGCCCATTCTGACATTCACG L .
8188 R GTTTCTTTTCCTTCGCCGTTACTAAGAC (AT)10  346-370 GTPase—actl\l/a'tln‘g protein 8.00E-92 LC511765
AGD11 [Davidia involucratal)
putative protein TIC 22-like,
Maz F: CGGAGAGCCGAGAGGTGTCCTCACACTCAGACTGCAG S
1458 R: GTTTCTTACCCTCCAAACCCACTTCTC (CCG)s 276-302 zzg)ggziset;c-hke [Solanum 4.00E-35 LC511766
Maz F: CGGAGAGCCGAGAGGTGGTCAATTCTGGCGGCCTTAC putative high mobility group B
27356 R: GTTTCTTCTTCTGCAAATTCCCTCCGC (CCC)s 321348 protein 14 [Davidia involucrata] 6.00E-46 LC511767
Maz F: TGTGGAATTGTGAGCGGCGATGGTGATGTGGGAAGTG A .
200 R: GTTTCTTAGACTCCACACAGCTAGCTC (AC)11  204-224 No significant hit - LC511752
Table 3. Characteristics of newly developed polymorphic EST-SSR markers in three Mazus miquelii populations.
Population A (n = 24) Population B (n = 24) Population C (n = 24) Total (n=72)
Locus A AE Ho HE F|s A AE Ho HE F|s A AE Ho HE F|S A AE Ho HE F|s
maz1523 2 1.9 0.667 0.493 -0.353 3 2.4 0.292 0.607 0.5197 2 1.90.208 0.495 0.579" 4 2.1 0.389 0.531 0.268
maz19506 3 1.8 0.333 0.470 0.291 3 1.40.333 0.296 -0.125 1 1.0 0.000 0.000 NA 4 1.3 0.222 0.255 0.130
maz27867 4 1.8 0.458 0.453 -0.012 4 1.6 0.417 0.388 -0.075 2 1.40.375 0.310 -0.211 5 1.6 0.417 0.383 -0.087
maz28563 4 2.3 0.708 0.565 -0.253 3 2.2 0.750 0.559 -0.342 2 1.20.208 0.190 -0.095 5 1.8 0.556 0.438 -0.268
maz47565 3 2.7 0.833 0.642 -0.298 6 2.9 0.667 0.674 0.011 2 2.00.083 0.520 0.840F 6 2.50.528 0.612 0.138
maz49830 3 2.2 0.542 0.551 0.016 5 3.50.917 0.722 -0.270" 3 2.9 0.667 0.669 0.004 8 2.7 0.708 0.647 -0.094
maz59432 4 3.1 0.875 0.687 -0.274 3 1.50.292 0.328 0.110 5 3.40.542 0.727 0.255" 6 2.3 0.569 0.581 0.019
maz11580 7 5.1 0.792 0.820 0.034 6 4.9 0.500 0.818 0.389" 4 2.0 0.458 0.507 0.096 11 3.3 0.583 0.715 0.184
maz17431 1 1.0 0.000 0.000 NA 2 1.80.708 0.462 -0.533 1 1.0 0.000 0.000 NA 2 1.2 0.236 0.154 -0.533
maz23141 4 2.9 0.542 0.670 0.192 8 7.00.917 0.874 -0.049" 2 1.7 0.542 0.400 -0.353 9 2.7 0.667 0.648 -0.028
maz49518 3 2.1 0.458 0.538 0.148 6 4.6 0.583 0.803 0.2747 2 1.8 0.333 0.457 0.270 7 2.4 0.458 0.599 0.235
maz49947 2 1.0 0.042 0.042 0.000 4 3.00.500 0.688 0.273 1 1.0 0.000 0.000 NA 4 1.3 0.181 0.243 0.257
maz8188 3 2.4 0.792 0.596 -0.328 6 3.4 0.542 0.724 0.252F 3 2.3 0.250 0.578 0.567"t 8 2.6 0.528 0.633 0.166
maz1458 3 1.50.375 0.317 -0.183 3 2.1 0.375 0.533 0.296 3 1.4 0.333 0.289 -0.154 6 1.6 0.361 0.380 0.049
maz27356 4 3.0 0.917 0.680 -0.348 7 4.50.875 0.791 -0.107° 2 1.1 0.125 0.120 -0.045 11 2.1 0.639 0.530 -0.205
maz290 4 2.4 0.292 0.600 0.514F 8 5.2 0.375 0.833 0.550" 3 2.2 0.208 0.574 0.637"" 10 2.8 0.292 0.669 0.564
Mean 3.4 2.3 0.575 0.537 -0.062 4.8 3.2 0.565 0.526 0.105 2.4 1.8 0.271 0.231 0.257 6.6 2.1 0.458 0.501 0.086

A, number of alleles; Ag, number of effective alleles; Ho, observed heterozygosity; He, expected heterozygosity; Fis, inbreeding
coefficient; “significant deviation from Hardy-Weinberg equilibrium after Bonferroni correction (P < 0.05); Tsignificant possibility of the
presence of null alleles (95% confidence level).
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Table 4. Cross-amplification of 16 polymorphic EST-SSR markers
developed for Mazus miquelii in five other species of Mazus.

Locus M M. M. M. M.
Vi pumilus goodenifolius quadriprotuberans alpinus fauriei
1523 + + + + +
'1\/'985206 * * * * *
2/'7a8267 * * * * *
2/'8a5263 - * * * -
'A\,'\:?af>265 * - * - *
10830 * * * * *
gﬂgafsz * * * * *
'1\A1a5zso * * * * *
'1\/'734231 * * * * *
%331241 - * * * *
aom8  * * * * *
ld\,'\:ga91247 - * * * *
8 1a828 + + + + +
'1\A4a528 * - * - -
fl\:?aszse * * * - *
2 gaoz + — + + +

+, successful amplification in both two individuals;
—, unsuccessful amplification.

Hsieh, 2000; Deng et al., 2019), such a high transferability
indicates that these EST-SSR markers could be useful for
evaluating genetic variation and genetic relationship
within and among species.

In this study, we developed 16 novel polymorphic
EST-SSR markers for M. miquelii. These high-resolution
molecular markers revealed substantial genetic variation
harbored among M. miquelii populations in Japan, with
most loci transferrable to related taxa. To our knowledge,
the results presented herein represent the first analysis of
SSRs and EST-SSR markers in the genus Mazus. Thus,
these markers will empower future ecological and
evolutionary studies involving this taxon and provide
novel population genetic tools for other Mazus species.
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