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Abstract

Cynodon transvaalensis Burtt-Davy is frequently used to cross with C. dactylon Pers.
in the creation of F; hybrid cultivars that are some of the most widely used in the
worldwide turf industry. However, molecular resource development in this species
is limited. Accordingly, the objectives of this study were to construct a high-density
genetic map, and to identify genomic regions associated with establishment rate. In
this study, we constructed the first high-density linkage map for African bermuda-
grass using a genotyping by sequencing approach based on 109 S; progenies. A total
of 1,246 single nucleotide polymorphisms and 32 simple sequence repeat markers
were integrated in the linkage map. The total length of nine linkage groups was 882.3
cM, with an average distance of 0.69 cM per interval. Four genomic regions were
identified to be associated with sod establishment rate. The results provide impor-
tant genetic resources towards understanding the genome as well as marker-assisted
selection for improving the establishment rate in bermudagrass breeding.

stature as compared with other species in Cynodon L.C. Rich.
(Harlan, de Wet, Huffine, & Deakin, 1970b). A small number

African bermudagrass (Cynodon transvaalensis Burtt-Davy)
is originated in southwestern Transvaal and the northern part
of the central Cape Province of South Africa (Harlan, de
Wet, & Rawal, 1970a). The species has distinct morpholog-
ical features, including unique yellowish-green color, slen-
der stolons, short internodes, fine-textured leaves, and small

Abbreviations: ER, establishment rate; GBS, genotyping-by-sequencing;
IM, interval mapping; LG, linkage group; LOD, logarithm of the odds;
MQM, multiple QTL model; NGS, next-generation sequencing; PCR,
polymerase chain reaction; PP, primer pair; QTL, quantitative trait loci;
SDAF, single-dose amplified fragment; SDRF, single-dose restriction
fragment; SNP, single nucleotide polymorphism; SSR, simple sequence
repeat

of African bermudagrass cultivars such as Florida and Uganda
were used on putting greens and tennis courts (Juska and
Hanson, 1964). The usage of African bermudagrass as turf-
grass is limited due to the high demand for water and fertil-
izers, reduced turf quality in summer, and purple color under
cool temperatures (Taliaferro, 1992). However, the primary
use of African bermudagrass is to serve as a parent to cross
with tetraploid or hexaploid common bermudagrass to cre-
ate interspecific F| hybrid cultivars (Burton, 1991; Taliaferro
et al.,, 2006). Numerous hybrid cultivars have been widely
used in the turf industry across the world since the 1960s.
African bermudagrass contributes genes for several impor-
tant traits related to turfgrass performance, including fine leaf
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blades, high sod density, tolerance to low mowing heights, and
cold hardiness (Harlan et al., 1970a).

The base chromosome number of Cynodon species is nine
(Forbes & Burton, 1963) and an estimated genome size of C.
transvaalensis (2n = 18) is ~540 Mbp in the haploid genome
(Taliaferro & Lamle, 1997). The species is a largely
self-incompatible, cross-pollinated taxon (Burton &
Hart, 1967; Richardson, Taliaferro, & Abring, 1978).
Kenworthy et al. (2006) estimated the broad-sense her-
itability of 21 African bermudagrasses traits related
to turf performance, inflorescence, and morphology
as having a range from 0.42 to 0.96, indicating cer-
tain traits can be improved through recurrent selec-
tion. Studies have been conducted to quantify African
bermudagrass genetic diversity with DNA markers (Wu,
Taliaferro, Bai, & Anderson, 2005; Zhang et al., 1999). How-
ever, African bermudagrass molecular resource development,
such as the construction of linkage maps, lags behind some
other turfgrass species, like zoysiagrass (Zoysia spp.) (Huang
et al., 2016; Wang et al., 2015) and St. Augustinegrass
[Stenotaphrum secundatum (Walt.) Kuntze] (Yu, Kimball,
& Milla-Lewis, 2018). Linkage maps are one of the most
important molecular tools in genetic and genomic research.
To date, three African bermudagrass genetic linkage maps
have been published based on one population (Bethel et al.,
2006; Harris-Shultz, Schwartz, Hanna, & Brady, 2010;
Khanal et al., 2017). The most recent map was composed
of 125 single-dose restriction fragments (SDRF) and simple
sequence repeat (SSR) markers (Khanal et al., 2017) and
no high-resolution linkage map is available for African
bermudagrass. Therefore, in order to advance the effi-
ciency for mapping and discovery of quantitative trait loci
(QTLs)/genes in African bermudagrass, a high-resolution
linkage map is required (Mammadov, Aggarwal, Buyyarapu,
& Kumpatla, 2012).

Single nucleotide polymorphisms (SNPs) are the most
abundant DNA polymorphisms that can be utilized as molec-
ular markers to construct linkage maps (Mammadov et al.,
2012). Next-generation sequencing (NGS) technologies pro-
vide efficient methods for discovering SNP markers in a fast
and affordable way for both model and non-model species
(Wang et al., 2015). Genotyping-by-sequencing (GBS), an
approach based on NGS, has been developed to generate a
large volume of SNPs using appropriate methylation-sensitive
restriction enzymes to digest genomic DNA, while avoiding
repetitive genomic regions to reduce the complexity of tar-
geted genomes (Elshire et al., 2011). The GBS approach has
been applied in SNP development and linkage map construc-
tion in many grass species used for turf, biomass, and for-
age, such as switchgrass (Panicum virgatum L.) (Fiedler et al.,
2015), zoysiagrass (Holloway et al., 2018), St. Augustinegrass
(Yu et al., 2018), and Chinese silvergrass (Miscanthus sinen-
sis Andersson) (Dong et al., 2018; Liu et al., 2016). However,

Core ideas

* Developed the first African bermudagrass high-
density linkage map.

* Identified four genomic regions associated with
turf establishment rate in the species.

to date, no African bermudagrass linkage map has been con-
structed with SNP markers.

As popular interspecific hybrid bermudagrass (C. dacty-
lon x C. transvaalensis) cultivars such as Tifway, Latitude
36, Northbridge, Tahoma 31 and TifTuf are sterile, they can
only be vegetatively propagated (Schwartz et al., 2018; Wu
et al., 2013; Wu et al., 2014; Wu et al., 2019). Therefore,
a fast establishment rate is critical to sod and sprig produc-
tion. However, information on the genetic basis for controlling
establishment rate is not available. Accordingly, the objectives
of this study were to construct a high-density genetic linkage
map, and to identify QTLs associated with establishment rate.

2 | MATERIALS AND METHODS

2.1 | Plant materials

A mapping population was created by selfing a C.
transvaalensis genotype OKC1163 (NTEP, 2017). The
parent plant was planted into a 25 cm by 50 cm tray with
greenhouse soil (Berger BM2, Berger, QC, Canada) in a
greenhouse on Agronomy Farm, Oklahoma State University
(OSU) in the spring of 2014. The temperature regime was
maximum 35/21 °C (day/night). Sixteen hours of photoperiod
to meet the minimal 25 mol m™2 d~! daily light integral.
The plant was placed on a bench that was relatively isolated
from other bermudagrass plants, allowing it to produce selfed
seed. Mature inflorescences were hand collected from the
parent plant in June 2014 and stored after drying at ambient
temperature for two weeks. Germination of 600 seeds was
carried out in the greenhouse and seedlings were transplanted
into 3.8 cm diameter cone-tainers in March 2017. Initial
visual screening to exclude presumed interspecific crossed
progeny was conducted two months after germination based
on typical C. transvaalensis morphological characteristics
(i.e., fine leaf blades, yellowish-green color, and short
internodes). One-hundred twenty-four plants were selected
from more than 300 putative selfed progeny.

Accurate selfed progeny identification was performed
using SSR markers to remove unintended crossed progeny.
Approximately 1 g of fresh leaf tissue from each of the
selected progeny plants in the greenhouse was collected and
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immediately placed in an icebox and then stored in a —80 °C
freezer. A tissue homogenizer (Geno/Grinder; SPEX Sam-
plePrep, Metuchen, NJ) was used to grind leaf samples for 90
seconds at 1,500 RPM. DNA was extracted following a mod-
ified phenol-chloroform extraction method (Nalini, Jawali, &
Bhagwat, 2004). A NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA) was used to
quantify DNA concentration and each DNA sample was then
diluted to 10 ng pl~!' in preparation for polymerase chain
reaction (PCR). Eleven C. transvaalensis SSR primer pairs
(PPs) (CTGA7-1983/1984, CTGA7-1987/1988, CTGA7-

1993/1994, CTGA7-1995/1996, CTAAGS-2499/2500,
CTAAGS-2501/2502, CTAAGS8-2503/2504, CTAAGS-
2505/2506, CTAAGS-2507/2508, CTAAT1-2509/2510,

CTAAT1-2513/2514) developed by Tan et al. (2012) were
employed to genotype the progeny. The PCR and gel
electrophoresis were conducted following the procedures
described by Fang et al. (2015). Progeny with different bands
from the parent were identified as cross-pollinated, which
were excluded from the study. In total, 109 self-pollinated
progenies were retained for the following experiments.

2.2 | Experimental design, establishment,
and management in a replicated field trial

The 109 first-generation selfed (S;) progenies and the par-
ent were grown in 3.8 cm diameter cone-tainers with daily
irrigation and bi-weekly fertilization with 12-4-8 (N-P-K)
(Miracle Gro Lawn Products Inc., Marysville, OH) in the
greenhouse since March 2017. To collect phenotypic data for
turf establishment rate, greenhouse grown plants were trans-
planted to a nursery on the OSU agronomy farm (36°12’ N
lat.; 97°08” W long.), Stillwater, OK on 20 June 2017. The
experiment was arranged as a randomized complete block
design with three replications. Plot size was 0.9 m by 0.9 m
with 0.3 m wide alleys between neighboring plots. Each plot
was established with one plant in the center. The soil type
was a Kirkland silt loam (fine, mixed, superactive, thermic
Udertic Paleustoll). Ronstar 2G herbicide (oxidiazon; Bayer
Environmental Science, Montvale, NJ) was applied at 2.2 kg
ha~! of active ingredient one day after transplanting to pre-
vent weeds. Based on the results of a soil chemical analy-
sis, 289 kg ha~! of 17-17-17 (N-P-K) (Chouteau Lime Co.,
Pryor, OK) was applied pre-plant and another 107 kg ha~!
of 46-0-0 (N-P-K) (Chouteau Lime Co., Pryor, OK) was
applied on 10 Aug. 2017 to promote growth. During the estab-
lishment phase, Permit (halosulfuron-methyl; Gowan, Yuma,
AZ) was spot sprayed to control yellow nutsedge (Cyperus
esculentus L.) and Scimitar (lambda-cyhalothrin; Syngenta,
Greensboro, NC) to control fall armyworm [Spodoptera
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frugiperda (J.E. Smith)]. Alleys were sprayed with a 2%
solution (v/v) of Roundup (glyphosate; Monsanto, St. Louis,
MO) and 0.25% nonionic surfactant to prevent contamination
of adjacent plots. Irrigation was applied to prevent drought
stress as predicted by weather data from a nearby weather
station (Oklahoma Mesonet, http://www.mesonet.org/index.
php/agriculture/monitor). Hand weeding was implemented as
needed.

2.3 | Genotyping-by-sequencing

Leaf samples of the 109 S; progenies and their parent were
submitted to the University of Wisconsin-Madison Biotech-
nology Center for sequencing. DNA was extracted from the
leaves of each plant using a standard CTAB protocol (Doyle,
1987). Each of the 109 progeny DNA samples was replicated
twice and the parent sample was replicated 35 times in 48-
plex reaction libraries. Libraries were prepared following the
protocol described by Elshire et al. (2011) with minor mod-
ifications. Fifty micrograms of genomic DNA was digested
with restriction enzyme 5-bp cutter ApeKI (New England Bio-
labs, Ipswich, MA). Then the digested DNA was ligated with
barcode adapters (Elshire et al., 2011) amenable to Illumina
sequencing with T4 ligase (New England Biolabs, Ipswich,
MA). Adapter-ligated samples were pooled and amplified to
provide library quantities amenable for sequencing. The qual-
ity and quantity of the finished libraries were assessed using
the Agilent Bioanalyzer High Sensitivity Chip (Agilent Tech-
nologies, Inc., Santa Clara, CA) and Qubit dsSDNA HS Assay
Kit (Life Technologies, Grand Island, NY), respectively. A
cluster was generated using HiSeq SR Cluster Kit v3 cBot
kits (Illumina, San Diego, CA). The whole population was
sequenced in three lanes on an Illumina HiSeq 2500 (Illumina,
San Diego, CA) with 100 bp single-end reads. SNP discovery
was conducted using the UNEAK pipeline in TASSEL V4.3.5
with following settings: ¢ = 5, e = 0.03, mnMAF = 0.05,
mxMAF = 0.5, mnC = 0.1, mxC = 1. Raw SNPs were fil-
tered to improve quality with the following steps: 1. SNPs
with missing data were removed; 2. all redundant SNPs were
removed; and 3. SNPs were removed if the parent showed ‘hh’
or ‘kk’ genotypes. For diploid species, a minimal sequencing
depth of 6x is needed to ensure 98% accuracy of calling het-
erozygotes by assuming a binomial distribution at two alleles
per locus. The remaining SNPs were filtered again to improve
the confidence of correct calling with the following steps: 1.
SNPs were removed if more than 10% of individual genotypes
had less than 6x total reading depth; 2. the genotypes with the
reading depth of only 1x and 2x were converted into missing
data; and 3. SNPs with more than 5% of missing data were
removed.


http://www.mesonet.org/index.php/agriculture/monitor
http://www.mesonet.org/index.php/agriculture/monitor

4of 11 The Plant Genome =

YU ET AL.

2.4 | SSR markers and gel scoring

To investigate the relevance of genetic maps between C.
dactylon and C. transvaalensis, SSR markers that were
mapped in a C. dactylon genetic map (Guo et al., 2017)
were genotyped in the C. transvaalensis S, population. Two
hundred and fifty-four C. dactylon SSR PPs were geno-
typed in this population based on Guo et al. (2017). Seg-
regation classes, hh, hk, kk were used for scoring gels
(Guo et al., 2017). Briefly, for a heterozygous locus of the
parent with two alleles, h and k, when only an upper band
appeared in a progeny sample, it was scored as homozygous
‘hh’; when only one lower band was present, it was scored as
homozygous ‘kk’; when two bands were present, the genotype
was scored as heterozygous ‘hk; and the missing genotype (no
band showing up) was scored as ‘-’.

2.5 | Linkage analysis

Linkage analysis was carried out using JoinMap 5.0 (Van
Ooijen, 2006a). In JoinMap, it was reported that cross-
pollination (CP) was not appropriate for the selfed population,
and the markers segregate types < hkxhk > in coupling {00}
and repulsion {11} phases in both parents would cause sin-
gularity errors in QTL analysis (Dong et al., 2015). There-
fore, population type F, was used. The genotypes (hh, hk,
kk) were converted to (a, h, b) based on the coupling (00) or
repulsion (11) phase that was calculated by JoinMap. Accord-
ing to Dong et al. (2015), for (00) phase markers, hh > a,
hk > h, kk > b; and for (11) phase markers, hh > b, hk > h,
kk > a. Markers segregation ratios were calculated using Chi-
square analysis to test the goodness of fit to the expected 1:2:1
ratio. The distorted segregation markers were kept for link-
age analysis as it was expected that selfing-depression would
be common in the selfed population. Van Ooijen (2006a) rec-
ommended using a starting logarithm of odds (LOD) value
of 10 for a stringent test. Then we gradually decreased LOD
value to regroup markers. A minimum LOD value of eight
was selected because of using a smaller LOD value, mark-
ers from different linkage groups were grouped together. The
regression mapping algorithm was employed with default set-
tings except for using Kosambi as the mapping function to
correct the linkage distance (Wang et al., 2015). Due to Join-
Map regression algorithm not being able to handle a large
number of markers in a single group, marker ordering was
initially determined based on the maximum likelihood algo-
rithm with default settings. According to the result, redun-
dant markers located at the same positions were manually
removed. Subsequently, the regression algorithm was used to
re-estimate intermarker spacing. Another dataset excluding
segregation distorted markers (chi-squared test, P < .05) was

utilized to construct the linkage map with the same settings.
Comparisons between the two linkage maps were drawn with
MapChart (Voorrips, 2002).

2.6 | Phenotypic evaluation of establishment
rate and QTL analysis

The first set of visual establishment ratings on percent green
cover (Coverl) was collected on 21 Aug. 2017. A 0.9 m by
0.9 m frame was used to mark the plot size to assist the percent
green cover assessment. To obtain objective data, an image
was taken in each plot (Cover2) on 10 Oct. 2017 with a digi-
tal camera (Canon Powershot G1X, Canon Inc., Melville, NY)
mounted on a custom-built lightbox having four compact flu-
orescent light bulbs as light sources (Richardson, Karcher,
& Purcell, 2001). Images were analyzed by Turf Analyzer
(Karcher, Purcell, Richardson, Purcell, & Kenneth, 2017).
After C. transvaalensis plants went dormant, the third set of
visual percent green cover ratings was collected on 10 Novem-
ber 2017 (Cover3) to quantify the first growing season total
growth. All the percent green cover data were analyzed by
SAS 9.4 (SAS Institute Inc., Cary, NC). A General Linear
Models Procedure (PROC GLM) with split plot in time where
genotype as main plot and date as subplot was utilized to con-
duct the analysis of variance (ANOVA) test.

Mean percent green cover data for each genotype (N = 3)
were analyzed by date for QTL mapping with MapQTL 6.0
(Van Ooijen, 2006b). LOD threshold was calculated by a per-
mutation test of 1,000 iterations at a 95% confidence level.
The interval mapping (IM) method with a regression algo-
rithm was initially selected to detect QTL. Settings for calcu-
lation options were “yes” for QTL analysis; fit dominance for
F2 (IM); “1” for mapping step size; “5” for maximum number
of neighboring markers; “200” for maximum number of iter-
ations; “1.0e%” for functional tolerance value; “P = .02” for
automatic cofactor selection. Then the QTLs found in IM were
further analyzed using multiple QTL model (MQM). Mark-
ers close to the peak LOD values in each LG were selected as
cofactors in MQM analysis. The MQM approach was repeated
until the selected cofactors consistently had the highest LOD
values in each LG. A QTL graph was drawn using MapChart
(Voorrips, 2002).

2.7 | Linkage map comparison

The African bermudagrass linkage map based on OKC1163
was compared with the common bermudagrass linkage map
reported by Guo et al. (2017). The C. dactylon SSR markers
mapped on the C. transvaalensis linkages were used to reveal
the relationship between the maps of the two species. Related



YU ET AL.

TABLE 1

The Plant Genome .0 S5of11

Linkage group (LG) assignment, loci numbers, LG length, marker interval, and the number of gaps in Cynodon transvaalensis

genetic maps constructed with all markers and with only undistorted markers based on a self-pollinated population of OKC1163

Linkage map with all markers

Linkage map with undistorted markers

Total Gap
Total length cM/Marker (>15
LG loci cM interval cM)
LGl 230 119.57 0.52 0
LG2 98 89.27 0.91 0
LG3 267 121.24 0.45 0
LG4 157 100.33 0.64 0
LG5 77 94.43 1.23 0
LG6 188 96.88 0.52 0
LG7 130 4791 0.37 0
LG8 70 143.60 2.05 1
LG9 61 69.11 1.13 0
Total 1278 882.28 1
Average 142 98.03 0.69 0.11

linkage groups between C. transvaalensis and C. dactylon
were drawn using MapChart (Voorrips, 2002).

3 | RESULTS
3.1 | Genotyping by sequencing and SNP
calling

With the 109 progenies and the parent sequenced, a total of
more than 712 million raw reads (71.2 Gbp) were obtained.
The number of reads of each selfed progeny ranged from 2.1
to 7.5 million with an average of 4.7 million. The parent was
sequenced 35 times, a greater depth than progeny to accurately
detect the segregation of SNPs. A total of 169 million raw
reads were generated from the parent and the number of reads
for each replicate of the parent ranged from 2.8 to 6.8 million
with an average of 4.8 million reads. After the SNP calling and
the sequenced reads were trimmed to 64 bp in length, 94,909
raw SNPs were obtained. After stringent filtering, 2,026 high-
quality SNP markers were utilized for the subsequent linkage
analysis.

3.2 | SSR marker testing

Two hundred and fifty-four C. dactylon SSR PPs were
screened on the parent and three progenies with two replica-
tions. One hundred and twenty-three PPs (50.4%) amplified
bands representing alleles, in which 36 (29.3%) PPs were
polymorphic. Those polymorphic PPs were genotyped
in the whole population. Primer pair CDCA2-177 (§'-
CACGACGTTGTAAAACGACTTGATGCACTTCCAACC

Total Gap

Total length cM/Marker (>15

LG loci cM interval cM)
LGla 131 60.60 0.46 0
LG2a 53 53.70 1.01 0
LG3a 256 73.18 0.29 0
LG4a 77 57.47 0.75 0
LG5a 68 84.60 1.24 0
LG6a 12 15.04 1.25 0
LG8a 55 100.97 1.84 0
LGY%a 56 54.21 0.97 0
Total 708 499.77 0
Average 88.5 62.47 0.71 0

AGT-3’) and CDCA2-178 (5'-CGCACAGATTTGCTGA
TTCT-3") amplified each of two alleles at two loci. Totally
37 SSR markers were used for linkage map construction.

3.3 | Linkage mapping
Among the 2,063 SNP and SSR markers, 1,985 (96.2%) were
mapped into 9 LGs while the remaining 78 isolated mark-
ers were not able to group into any LG. Since no reference
genome was available for C. transvaalensis, the designation
of 1-9 LGs was based on the grouping numbers of JoinMap.
After removing redundant markers located at the same posi-
tions in each LG calculated by maximum likelihood algo-
rithm, 1,278 markers (1,246 SNP and 32 SSR) (Supplemen-
tary File 1) were analyzed again with the regression mapping
algorithm. A summary of the LGs is given in Table 1, and
graphically displayed in Figure 1. Nine LGs were generated
with a total length of 882.28 cM with an average distance of
0.69 cM between neighboring markers. The number of mark-
ers in each LG ranged from 61 (LG9) to 267 (LG3) with an
average of 142. The length of each LG ranged from 47.91
(LG7) to 143.60 cM (LG8). LG8 had the lowest marker den-
sity at a spacing of 2.05 cM per interval while LG7 had the
highest marker density at 0.37 cM per interval. Thirty-two of
37 (86.5%) SSR markers were mapped into eight LGs and no
SSR marker was mapped into LG2 (Table 2). The number of
SSR markers in LGsl1, 3,4,5,6,7, 8,and 9 were 9, 7, 3, 2, 3,
1, 2, and 5, respectively. Two loci amplified by PP CDCA2-
177/178 were mapped, one on LG3 and another on LGS5. One
gap >15 cM was found on LGS.

Segregation distortion (P < .05) was observed on 569 of
1,278 (44.5%) mapped loci. Segregation distortion loci were
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TABLE 2
transvaalensis OKC1163

Position of

LOD peak
Dataset LG QTL LOD peak cM
Coverl LGl OCTERI 5.51 60.22
LG3 OCTER2 7.88 103.26
Cover2 LG3 QCTER2 8.33 103.07
Cover3 LGl QOCTER3 6.37 37.48
LG3 QCTER2 12.23 103.07
LG6 QOCTER4 4.39 36.84

Note: LG, linkage group; QTL, quantitative trait loci; LOD, logarithm of the odds.

found in all nine LGs. The percentage of segregation distor-
tion loci in each LG ranged from 3.4% (LG3) to 100% (LG7).
The distorted loci were found unevenly distributed across LGs
except LG7. The majority of the distorted loci were clustered
together and formed segregation distortion regions at ends of
LGs (Figure 1). The distorted loci clustered in one end of LGs
1,4, and 6 spanning more than 60, 40, and 80 cM, respectively.
Among the 32 mapped SSR loci, seven (21.9%) were distorted
(P < .05). The distorted SSR loci were mapped on LGs 1, 4,
6,7,and 9.

Quantitative trait loci identified using interval mapping for establishment rate in a self-pollinated population from Cynodon

Phenotypic

variance

explained
Locus % Additive Dominance
TP101403 12.10 —12.38 13.61
TP12397 17.80 -3.62 5.98
TP64377 26.60 -14.09 17.04
TP81783 13.40 12.31 —0.84
TP64377 32.70 —13.84 18.40
TP70570 8.90 24.07 28.53

To investigate how distortion segregation markers affected
grouping, loci orders, and map length, a second linkage map
was constructed without segregation distortion markers (Fig-
ure 1). In the above mapping analysis, all markers on LG7
were distorted in segregation. Therefore, eight LGs were cre-
ated with a LOD value of eight. The number of markers
in each of undistorted LGs ranged from 12 (LG6a) to 256
(LG3a). Compared with each LG in the map that consisted
of distorted and undistorted loci, the removal of distorted loci
did not change the grouping of undistorted markers (Figure 1).
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The total length of the undistorted linkage map was 499.77
cM with an average distance of 0.71 cM per marker inter-
val (Table 1). This linkage map with undistorted markers was
43.4% shorter than the map that included both distorted and
undistorted loci. No gap larger than 15 ¢cM was observed on
the LGsla-9a.

3.4 | Establishment rate (ER) and QTL
analysis

Three sets of percent green cover data were taken to quantify
the establishment rate for each of the progeny and the parent.
The ANOVA results indicated a significant evaluation date
by genotype effect (Supplementary File 2 and Table S1). The
means and associated standard deviations for Coverl, Cover2,
and Cover3 in the progeny population were 18.14 + 11.93,
4477 + 32.74, and 58.15 + 27.06, respectively (Supplemen-
tary File 3). The results of the percent green cover of the parent
in Coverl, Cover2, and Cover3 were 22.67 + 13.65, 66.87 +
36.84, and 85.00 + 15.00, respectively. Genotype means were
highly and positively correlated (0.83 to 0.93) across evalua-
tion dates.

The LOD threshold calculated for detecting ER QTL
was four in the QTL analysis. Four QTLs for ER, desig-
nated QCTERI-4, were identified in the progeny popula-

tion. They were located on LGsl, 3, and 6, which explained
8.9 to 32.7% of the total phenotypic variation (Table 2).
Among these QTLs, QCTER2, with the peak LOD values at
positions 103.26 and 103.07 cM on LG3 was detected in all
three datasets, explaining 17.8-32.7% of the total phenotypic
variation (Figure 2). Other three QTLs were identified in only
one dataset each (Table 2). The major QTL, QCTER2 was
closely linked to SNP markers, TP64377/TP12397 on LG3.
The intra-locus effects of the QTLs linked markers are given
in Table 2. The means and associated standard deviations for
the percent green cover of the QTLs linked markers are given
in Table 3.

3.5 | Linkage map comparison

The incorporation of C. dactylon SSR markers in this C.
transvaalensis linkage map allowed for an investigation of
the genomic relationship between the two species. Among C.
transvaalensis LGs, except LG2, each had at least one SSR
marker. Each of C. transvaalensis LGs5, 6, 7, and 8 was con-
nected to one C. dactylon LG and each of C. transvaalen-
sis LGs 1 and 4 corresponded to two C. dactylon LGs. The
remaining two C. transvaalensis LGs (LGs3 and 9) were each
bridged to three C. dactylon LGs ((Supplementary File 2 and
Figures S1 to S8).
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TABLE 3 Means and standard deviations of three percent green cover data collections in an S, population of two SNP markers that are closely

linked to a major QTL, QCTER?2

Marker Genotype Coverl %

TP64377 A (Kk) 9.94 +5.38b "
H (hk) 20.16 + 6.89a
B (hh) 19.25 + 9.46a

TP12397 A (hh) 9.94 + 5.38b
H (hk) 20.46 +7.23a
B (kk) 20.32 + 10.88a

Cover2 %

21.24 +16.97b
52.75 + 20.60a
48.29 + 25.34a
21.24 +16.97b
5332 £21.75a
50.19 + 25.40a

Cover3 %

3522 + 18.83b
65.77 + 16.33a
59.76 +22.08a
35.22 + 18.83b
66.04 + 17.43a
61.90 +22.02a

*Values with a common letter within a column by marker are not significantly different at P < .05.

4 | DISCUSSION
4.1 | Selfed mapping population

Although Cynodon spp. can be easily propagated vegeta-
tively by rhizomes or stolons, most Cynodon spp. plants still
have the ability to sexually reproduce by seed (Richardson
et al., 1978). Kneebone (1967) reported a low percent seed
set produced by self-pollination with bagging, suggesting the
mode of sexual reproduction in the bermudagrass taxon is
through a high degree of cross-pollination with relatively
high self-incompatibility (Richardson et al., 1978). However,
C. transvaalensis genotype OKC1163 was able to produce
a large amount of selfed seed, from which an S; popula-
tion was developed for the linkage map construction in this
study. Since the male and female gametes were produced
on the same parent, only one genetic linkage map was con-
structed. Several other studies used S; populations to con-
struct genetic linkage maps for outcrossing species such as
C. dactylon (Guo et al., 2017), sugarcane (Saccharum spp.)
(Andru, Pan, Thongthawee, Burner, & Kimbeng, 2011), and
switchgrass (Dong et al., 2015; Liu, Wu, Wang, & Samuels,
2012). Population size is an important factor in linkage map
construction which affects the linkage map accuracy. Cyn-
odon transvaalensis linkage maps reported by Bethel et al.
(2006) and Harris-Shultz et al. (2010) included 113 and 118
gametes in linkage analysis. In this study, 218 gametes of 109
S, progeny were used to calculate genetic distances to form
the C. transvaalensis linkage map. More gametes in this link-
age analysis provided a higher level of accuracy in calculating
the recombination frequency.

4.2 | Linkage map

Using the GBS approach, 109 selfed progenies and the par-
ent OKC1163 were sequenced and more than 94,000 SNP
markers were generated. Eventually, 1,246 SNP and 32 SSR
markers were used in the construction of this map in C.

transvaalensis. To our knowledge, this map was the first high-
density genetic linkage map in the species. Bethel et al. (2006)
constructed a framework linkage map of C. transvaalensis
using an interspecific hybrid population between C. dactylon
T89 x C. transvaalensis T574 based on single-dose restric-
tion fragments (SDRFs). The T574 C. transvaalensis map
was constructed with 77 markers on 18 LGs with an average
marker spacing of 16.5 cM (Bethel et al., 2006). Harris-Shultz
et al. (2010) reported a T574 map based on 36 single-dose
amplified fragments (SDAFs) spanning 311.1 cM. Khanal
etal. (2017) enriched SSR markers to the SDRF framework of
Bethel et al. (2006), producing eleven LGs spanning 1,184.7
cM with 52 SSR and 73 SDRF markers. Compared to the
total markers used in the maps by Bethel et al. (2006), Harris-
Shultz et al. (2010) and Khanal et al. (2017), 1,278 markers,
more than 10 times of previously mapped, were included in
the OKC1163 map.

C. transvaalensis can easily cross with C. dactylon, pro-
ducing interspecific hybrids. To investigate the relationship
between C. transvaalensis and C. dactylon LGs, we tested 244
C. dactylon SSR PPs, in which 36 PPs were polymorphic and
one PP was multiallelic. The multiallelic PP CDCA2-177/178
mapped to LG3 and LG5 may indicate paralogous loci in C.
transvaalensis genome. None of the published C. transvaalen-
sis maps has reported primer pairs that were able to amplify
two loci. However, in tetraploid species, Guo et al. (2017)
reported four multiallelic PPs, which identified three homoel-
ogous LGs in C. dactylon.

Each C. transvaalensis LG corresponded to at least one C.
dactylon LG as compared to the linkage map by Guo et al.
(2017) (Supplementary Figures S1 to S8). Khanal et al. (2017)
also reported that most C. transvaalensis LGs corresponded
to two C. dactylon LGs and some C. transvaalensis LGs cor-
responded to either one or three C. dactylon LGs. Cynodon
dactylon was considered an allopolyploid tetraploid species
(Fang et al., 2020; Gong, Xue, Zhang, & Wang, 2013; Guo,
Wu, Anderson, Moss, & Zhu, 2015). More research is needed
to definitively characterize the genomic relationship between
the two closely related species. Once whole genome sequence
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is available in one or both species, it is feasible to fully estab-
lish the relationship.

4.3 | Segregation distortion

Segregation distortion is a common phenomenon in cross-
pollinated species like C. dactylon (Guo et al., 2017; Khanal
et al., 2017), switchgrass (Fiedler et al., 2015; Liu et al.,
2012), and zoysiagrass (Huang et al., 2016; Wang et al.,
2015). Linkage maps constructed with segregation distorted
markers may lead to incorrect marker orders due to spuri-
ous linkages (Cloutier, Cappadocia, & Landry, 1997). In this
self-pollinated C. transvaalensis population, 44.5% mapped
markers were segregation distorted. The segregation distor-
tion rate in this population was slightly higher compared
to the segregation distortion rate of the self-pollinated C.
dactylon population reported by Guo et al. (2017). Khanal
et al. (2017) reported 12.1% of distorted loci in the C.
transvaalensis parental map that derived from a C. dactylon X
C. transvaalensis population. Our results are consistent with
the higher tendency for segregation distortion due to selfing
that theoretically generates homozygous loci of lethal alleles
in the self-pollinated population as compared with the cross-
pollinated population (Guo et al., 2017; Liu et al., 2012).

Most distorted markers were clustered near the central part
or ends of the LGs. In LGsl, 2 and 4 of this map, most dis-
torted markers were clustered at one half of LGs. But the dis-
torted markers in LGs5 and 9 were scattered at both ends. All
the markers in LG7 were distorted. Guo et al. (2017) also
reported that the markers in two C. dactylon LGs were all
distorted. We found that the total length of the linkage map
with distorted markers was over 90% longer than the map that
only included undistorted markers. Fiedler et al. (2015) and
Huang et al. (2016) reported 23% and around 10% increased
length when adding distorted markers into switchgrass and
zoysiagrass linkage maps based on cross-pollinated popula-
tions, respectively.

When comparing the shared markers and their orders
between the distorted- and undistorted-marker linkage maps,
we observed rearrangements on LGs1, 2, 3, 4, and 5. In LGs2
and 5, reversed marker orders were observed between neigh-
boring markers (Figure 1). LG1 experienced more extensive
marker rearrangements, some markers were relocated to a new
position a few markers away. On LGs3 and 4, marker orders
were inverted at one end of each. If distorted markers were
clustered on one or two ends of an LG, the marker orders
appeared not to be affected by adding distorted markers. How-
ever, if distorted markers were located in the middle of an LG,
marker orders were likely to be disrupted. This suggested that
segregation distortion markers affected the linkage analysis,
yet differently upon their locations in an LG. However, it is
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still recommended to keep distorted markers in linkage analy-
sis to better understand LGs (Van Ooijen, 2006a). Segregation
distortion marker clustering regions have not been analyzed in
the C. transvaalensis genome before. The clustering regions
of distorted markers usually contain lethal genes or incompat-
ibility genes (Lefebvre, Palloix, Caranta, & Pochard, 1995).
Therefore, having the knowledge of distorted loci are impor-
tant in conventional breeding since distorted loci are impor-
tant factors in sexual reproduction (i.e., seed set) (Shinozuka,
Cogan, Smith, Spangenberg, & Forster, 2010).

44 | QTLs of establishment rate in C.
transvaalensis

This was the first QTL study of establishment rate in C.
transvaalensis based on a high-density linkage map. The
results clearly showed that the C. transvaalensis ER was
controlled by multiple loci. In total, four QTLs were iden-
tified in this study. The QTL on LG3, QCTER2, with peak
LOD value near TP64377/TP12397 were detected consis-
tently across all three datasets. The consistency of QTLs at
the same location in a LG is a good indication of the reli-
ability of the results. One QTL, QCTERI with peak LOD
value at 60.22 cM on LGI was only detected in Coverl,
another QTL, QCTER3 at 37.48 cM on LG1 only detected
in Cover3, and the QTL, QCTER4 at 36.84 ¢cM on LG6 was
only detected in Cover3, suggest theses QTLs may play roles
in different growth and developmental stages. Besides differ-
ences in growth and development stages, unrepeatable QTLs
were likely the result of gene by environment interaction,
which may be affected by environmental conditions (i.e., soil
type, water, light, and temperature) (Johnson, Haggard, & St.
Clair, 2012). Guo et al. (2017) identified five QTLs asso-
ciated with C. dactylon ER. They reported one QTL on C.
dactylon LG18 to be reliable. In this study, we identified
QCTER4 in C. transvaalensis 1L.G6, orthologous to C. dacty-
lon LG18. In addition, the orthologous C. transvaalensis LG3
and C. dactylon LG16, both carried QTLs associated with
ER. The QTL analysis in this study was based on a high-
density genetic linkage map, which showed a greater detec-
tion resolution and the QTLs were mapped to smaller regions
compared to the QTL mapping by Guo et al. (2017). Mark-
ers closely linked to QTLs provide a valuable tool in marker-
assisted selection for ER. Once the whole genome sequence
of C. transvaalensis is available, the sequences of these tightly
linked SNP markers can anchor the physical locations of
QTLs on C. transvaalensis chromosomes and be converted to
breeder friendly PCR-based markers that are specific for those
respective QTLs. Those markers will be useful in marker-
assisted selection for developing fast ER bermudagrass hybrid
cultivars.
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