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Abstract. Zizania latifolia Turcz., also known as Manchurian wild rice, is a member of the
tribe Oryzeae, and a major wild ecological and genetic resource. In this study, nuclear SSR
primers were developed in silico based on part of the existing genome sequences of Z.
latifolia. Five wild populations of the species from different regions across China were
selected to screen 64 developed primers. Results showed that 15 primer pairs were
polymorphic in at least one population. In addition, we identified a total of 84 alleles, with an
average of 5.6 alleles per locus. For the different populations, the level of observed and
expected heterozygosity ranged from 0.000 to 0.941 and 0.072 to 0.625, respectively.
Relatively high genetic differentiation between populations ( F; = 0.432) was found, as
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evidenced by low levels of gene flow (N, = 0.576) among populations. These newly
developed markers will facilitate further study of the level and pattern of genetic diversity, and
the development of germplasm resource conservation strategies for natural extant Z. /latifolia
populations. In the cross-species transferability test, eight and nine of the 15 loci were
successfully amplified in Oryza sativa L. and O. rufipogon Giriff., respectively.
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The aquatic/wetland wild rice genus Zizania
is a member of the tribe Oryzeae. Z latifolia
Turcz., also known as Manchurian wild rice, is a
perennial emergent aquatic plant growing along
the littoral zones of freshwater marshes and
streams'''. It shares the genus Zizania with Z.
aquatica L., Z palustris L., and Z texana
Hitchc.'® %) and possesses important ecological
functions. For example, it can help consolidate
dykes and purify wastewater due to its high clo-
nal reproduction and nutrient uptake capaci-
ties'* . It also serves as an important aquatic
crop for its seeds and young shoots, which is a
popular vegetable in China'® . Moreover, some
Z. latifolia traits are used for rice breeding due to
its close relationship with Oryza sativa L.!".

Wetland systems have become globally
threatened and degraded from climate change
and human activity, thus posing a risk to the ge-
netic variability of wild rice and its adaptive po-
tential. Wild populations of Z. latifolia in China are
distributed along a wide stretch of latitudinal
zones (21° — 50°N) that differ greatly in climate.
However, most previous genetic studies on wild
populations of Z. latifolia have been conducted
independently based on different markers and

]

samples from different areas'® % | resulting in

discordant findings on its genetic structure.
These complex results are not beneficial for the
future management and conservation of the plant.
Thus, further genetic investigations based on ex-
tensive sample collection and consistent molecu-
lar markers are needed to gain insight into the

genetic basis for the high degree of adaptability

in Z. latifolia. Such results will help identify poten-
tial new germplasm resources for the domestica-
tion of this aquatic crop.

Quan et al'"' developed 16 polymorphic
SSR markers for Z. latifolia using the fast isolation
by amplified fragment length polymorphism
(AFLP) of sequences containing repeats ( FIAS-
CO) method. However, only seven primers pro-
duced clear polymorphic bands when the primers
were tested on natural Z. latifolia populations,
which therefore necessitates the development of
more effective SSR markers for the species.
Here, 15 polymorphic marker primers were dis-
covered and characterized in silico based on the
Z. latifolia genome sequence''®’. Marker valida-
tion tests were conducted on five Z. latifolia popu-
lations spread across different latitudinal zones,
with transferability tests also performed on two
Oryza species: i.e., O. sativa L. and O. rufipogon

Griff.
1 Materials and Methods

1.1 SSR identification and primer design

The reference genome of Z. latifolia was re-
trieved from NCBI ( https: /Z/www. ncbi. nim. nih.
gov/) """ Microsatellite motifs were identified u-
sing SSRHunter software with search criteria of
more than five repeat units for di-, tri-, tetra-,

and penta-nucleotides' ™’

. This initial screening
yielded a total of 232 microsatellite-containing
fragments, which were used to design primers
based on Primer Premier 5.0 software. Primers
flanking the sequences of each unique SSR were

designed based on an optimum length of 20 bp,
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optimum temperature of 50°C — 60°C, and pro-
duct size range from 100 - 300 bp. Following
highly stringent filtering for dimers, hairpins, and
false priming, 64 primer pairs were obtained. The
primers were further tested on the Z. latifolia ge-
nome in silico using FastPCR software''. The
number of mismatches allowed in the 3’ end of
the template was set to one nucleotide, whereas
the length range of the PCR product was set to
50 — 350 bp. All primers produced at least one
amplicon. Amplification efficiency and polymor-
phism of the developed microsatellites were as-
sessed using 89 accessions from five natural
populations of Z. latifolia. Cross-transferability
tests were performed on 20 accessions, 10 sam-
ples each for O. sativa and O. rufipogon ( Table
1).
1.2 SSR validation and cross-transferability test
Total DNA was extracted from 0.3 g of young
leaves following a modified CTAB protocol ™.
Primers were screened using five individuals from
each population of Z. latifolia. The PCR ampilifica-
tions were performed in a final volume of 20 uL
containing 2 uL of template genomic DNA, 2 uL
of Taqg buffer, 1.6 uL of Mg®", 0.4 uL of dNTPs,
2 uL of each forward and reverse primer, 0.2 uL
of 5 U Tag polymerase, and 9.8 uL of ddH,O.
The amplification procedure was performed as
described by Quan et al.'""'. The PCR products
were separated in 6% denaturing PAGE gel and
visualized through silver staining. A 25 bp ladder
(Promega, Madison, WI, USA) was used to

identify alleles.
1.3 Data analysis

Fifteen primer pairs were selected based on
their high polymorphism and clear banding pat-
terns (Table 2). Using BLASTn, the microsatel-
lite-containing fragments were aligned against the
SSR markers developed by Quan et al.'". No
similarity was identified, thus indicating the novel-
ty of the 15 microsatellites. Genetic diversity was
estimated by the total number of alleles (A), ob-
served allele number (N, ), effective number of
alleles ( N, ), observed heterozygosity ( H,),
and expected heterozygosity ( H,) using GenA-
IEx 6.501'"®'. Using the same software, deviation
from the Hardy-Weinberg equilibrium was also
calculated.

To investigate the efficiency of the markers in
the estimation of population differentiation, fixa-
tion index ( Fg;) values with 1000 permutations
were calculated in FSTAT''. Based on the F;
values, the average level of gene flow (N, ) was
estimated using the formula: [N, = (1 = F5) /
4F¢ ]. The genetic relationships among popula-
tions were assessed by the neighbor-joining
method in MEGA 7.0.26'"® using the genetic dis-
tances calculated in GenAlEx.

2 Resulis

A total of 84 alleles from the 15 polymorphic
primers were identified, ranging from two to 14,
with an average of 5.6 alleles per locus. Ob-
served and expected heterozygosity ranged from

Table 1 Geographical information for samples used in this study
Species Population No. Locality Geographic location Voucher no.
LQQ 15 Heihe, Heilongjiang 49°54'20.00"N, 127°29'38.20"E HIB-ZIf-005
JH 15 Liuhe, Liaoning 42°23'15.50"N, 125°46'04.90"E HIB-ZIf-008
Zizania latifolia Turcz. DP 20 Dongping, Shandong 35°58'50.05"N, 116°15'28.05"E HIB-ZIf-014
SJ 21 Shengjin, Anhui 30°24'07.50"N, 117°02'51.50"E HIB-ZIf-022
wC 18 Wuchuan, Guangdong 21°20'58.90"N, 110°38'10.00"E HIB-ZIt-027
Oryza sativa L. 0os 10 Wuhan, Hubei 30°34'55.13"N, 114°16'05.04"E HIB-Osv-001
Oryza rufipogon Giriff. OR 10 Wuhan, Hubei 30°34'55.13"N, 114°16'05.04"E HIB-Orf-001
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Table 2 Characteristics of 15 polymorphic loci

Locus accevsvs(iaosn no. Primfé’s fg’jence Rri?):ft raArlwlglee (Sti)zpe ) A Fo Fe Fa N
VAR ASSH01048101.1 ::: ??ggfgg(éﬁgg%ﬂ%(erAACTACTA (TA)11 200-308 89 13 0.941 0.625* 0.250 0.751
ZL3 ASSH01048101.1 ::: EE%?EGGCSTGGCJQ%TCTWC (TA)11 170-248 89 11 0.111 0.464* 0.450 0.305
ZL4 ASSH01048101.1 ::: ?Tcggfgégﬁgg(éﬂ%iTAACTACTA (TA)11 188-240 89 12 0.180 0.465* 0.471 0.281
ZL5  ASSH01048101.1 :’: ?Egggggg;ﬁACAAT (TA)11  184-256 89 14 0.146 0.461* 0.467 0.286
Zl9  ASSH01048102.1 :’: ??&%%iﬁggiégf&% (AT)8  246-258 89 5 0.059 0.236* 0.483 0.268
ZL10  ASSH01048102.1 :’: gﬁgg%i%ﬁ;%%ﬁi@: A (AT)8  130-146 89 6 0.057 0.269* 0.591 0.173
ZL31  ASSH01000014.1 :’: %ié%iﬂgﬁgg?gﬁg%&c (CT)5  238-256 89 4 0.260 0.263* 0.094 2.397
ZL32  ASSH01020883.1 :’: 1;(;3 Ci?élgg?_?gﬁ%%i%f (CT)5  262-282 89 4 0216 0219 0.098 2.302
736  ASSH01026238.1 :’: g?;i%fg JE:ZSS/STT GAS CAA(jA (AT)5  194-204 89 2 0.093 0072 0.724 0.095
ZL42  ASSH01000025.1 :’: ?ﬁ;gﬁ%giﬁ%zggﬁé? (AT)5  334-342 89 3 0.000 0.198* 0.315 0.543
7143 ASSH01000025.1 ;:: %i?éﬁg?gggg: ;ﬁggﬁ? (AT)5 334-362 89 2 0.000 0.133* 0.406 0.365
ZL55 ASSH01000043.1 ;:: ggg:gégi?gggg:;ge (TC)5 158-164 89 2 0.253 0.168 0.532 0.220
7156 ASSH01000043.1 ;:: igggggﬁggg:; g;;TGTAGA (TC)5 162-168 89 2 0.253 0.168 0.532 0.220
ZL57 ASSH01000043.1 E:: ig;ggfggfgggigge (TC)5 170-176 89 2 0.253 0.168 0.532 0.220
7158 ASSH01000043.1 E:: %TA%TQ/SCES GAC?AG%TAE(CBEAA(Z(AEZG (TC)5 174-180 89 2 0.253 0.168 0.532 0.220

Notes: A, Number of alleles; H,, Expected heterozygosity; H,, Observed heterozygosity; N, Number of individuals genotyped;
Fgr, Fixation index; N, , Gene flow. * , Significant deviation from Hardy-Weinberg equilibrium (P < 0.05). Same below.

0.000 to 0.941 and 0.072 to 0.625, respectively.
Significant deviation from the Hardy-Weinberg
equilibrium was observed in nine loci (P < 0.001)

Table 3 Summary measures of genetic diversity for
each population of Zizania latifolia

(Table 2). At the population level, the number of

alleles ranged from 1.4 to 3.4 (mean = 2.133)

and the observed and expected heterozygosity
ranged from 0.074 to 0.382 (mean = 0.205) and
0.139 10 0.354 (mean = 0.272), respectively (Ta-
ble 3). In cross-genus transferability tests, eight

Population N N, N, H, H,
LQQ 15.000  1.800 1.435 0.293  0.264
JH 15.000 2.133 1.651 0.382 0.305
DP 20.000 1.933 1.627 0.130 0.297
SJ 21.000  3.400 1.915 0.146  0.354
WC 18.000 1.400 1.296 0.074 0.139
Mean 17.800 2.133 1.585 0.205 0.272

and nine loci were successfully amplified in O. sa-

fiva and O. rufipogon, respectively (Table 4).

Notes: N, Number of individual plants; N,, Observed alleles
number; N, , Effective allele number.
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Table 4 Transferability results for
15 Zizania latifolia SSR markers

Allele size (bp)

The genetic differentiation across all popula-
tions was high ( Fg; = 0.432) and gene flow was
low (N,= 0.576) (Table 2). Pairwise compari-

Locus
Oryza rufipogon Oryza sativa sons of F4; were significant for genetic differentia-
L - - tion between populations (P = 0.05). Levels of
s - - differentiation were moderate; Fg; = 0.094 to
L4 - - 0.591. The microsatellites were able to distinguish
Le h - genotypes from different locations, as evidenced
719 272 272 . o .
by the clustering of the 89 individuals into four
ZL10 104 104 . . S ,
groups using the neighbor-joining tree (Fig.1).
ZL31 - -
7132 102 102 3 Discussion
ZL36 204-296 N In this study, 15 polymorphic microsatellite
zL42 348 N markers were developed and evaluated to esti-
ZL43 350 354 _— Lo L
mate genetic diversity in Z. latifolia. A total of 84
ZL55 212 212-216 alleles were identified, ranging from two to 14,
256 300 298 with an average of 5.6 alleles per locus. The
2Ls7 - 244 observed and expected heterozygosity ranged
2158 200 200-204 from 0.000 to 0.941 (mean = 0.205) and
Note; “~”, no amplification. 0.072 10 0.625 (mean = 0.272), respectively.
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Fig. 1 Neighbor-joining tree based on 15 microsatellite markers for 89 samples of Zizania latifolia across China
(Samples are color coded based on collection location. Population names correspond with those in Table 3.)



110 W Bl 2 2F R

%538 %

These measures of genetic diversity were compa-
rable to previously developed markers; allele
range of two to 14, with an average of 5.6 alleles
per locus, and mean observed heterozygosity of
0.241""") However, the developed markers dif-
fered in the range of observed and expected het-
erozygosity, with existing markers ranging from
0.071 to 0.690 and 0.174 to 0.812, respective-
ly‘'""' The average expected heterozygosity of
the previous markers (0.483) was also higher
than for the newly developed markers. These dis-
similarities and the huge difference between H,
and H, for the existing markers compared to the
new SSRs could be attributed to differences in
the geographical range of genotyped individuals,
number of samples used, and method of marker
development.

The mean H, estimated using the 15 primers
showed that Z. /atifolia had relatively low genetic
diversity (0.272). Similar levels of genetic diver-
sity have been reported in natural populations
from northeast wetlands (H, = 0.328)"°) and lower-
middle Yangtze wetlands ( H, = 0.271)'®" using
SSR markers. Moreover, our results aligned to
the expected average genetic diversity for Poace-
ae at H,= 0.201 based on the family characteris-
tics inherent to gene flow'™'. Nine loci deviated
significantly from the Hardy-Weinberg equilibrium.
This could be attributed to the asexual reproduc-
tion in Z. latifolia, which is expected to yield he-
terozygote deficiency.

We also found a high level of genetic differ-
entiation among populations using the developed
markers ( Fg; = 0.432). Similar levels of genetic
divergence have been reported recently for Z. lat-
ifolia (i.e., Fg = 0.405"; Fg = 0.481%""). The
observed high genetic divergence could be at-
tributed to decreased gene flow between popula-
tions (N, = 0.576). According to Wright, N_ can
be interpreted as the effective number of mi-
grants exchanged between demes per genera-
tion'?"). Therefore, an N_ value > 1 suggests little

divergence, whereas low migration results in in-
creased divergence. Conventional fragmentation
of wetlands into islands within the expansive ter-
restrial habitat and induced fragmentation'®’ may
explain the low gene flow and hence high genetic
divergence.

The 16 previously reported markers were de-
veloped from cultivated Z. latifolia from a re-
search station in Wuhan, Hubei'". In our study,
we developed 15 markers from natural popula-
tions across five latitudinal zones in China. These
novel microsatellites will supplement the already
available markers for the species. This current to-
tal of 31 markers will enable research that re-
quires the higher statistical power provided by a
larger marker set.

In conclusion, the 15 polymorphic microsa-
tellite markers will be useful for examining the le-
vels and patterns of genetic diversity in extant na-
tural populations of Z. latifolia. The baseline gene-
tic information should be beneficial for collecting
and conserving economically important germ-
plasm resources. The transferability efficiency
within the tribe Oryzeae could also be useful for
further research on molecular breeding.
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