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Abstract: African bermudagrass (Cynodon transvaalensis Burtt-Davy) is frequently used
to cross with common bermudagrass (C. dactylon Pers.) in the creation of F1 hybrid
cultivars that most widely used in the worldwide turf industry. The species has some
unique morphological, adaptive, and reproductive characteristics that contribute to
turfgrass quality improvement. However, molecular resources in this species are limited.
Winterkill is a major concern for turf-type bermudagrasses (C. dactylon and C. dactylon
x C. transvaalensis) when cultivated in the U.S. transition zone. Water scarcity is a
widespread issue in the turf industry. It would be valuable for new cultivars to combine
the two traits. Accordingly, the objectives of this study were to construct a high-density
genetic map; to quantify genetic variability and to identify quantitative trait loci (QTL)
associated with adaptive, morphological, and reproductive traits; to estimate reliability
for spring greenup and drought response in turf-type bermudagrass selections. A high-
density linkage map for African bermudagrass was constructed using a genotyping-by-
sequencing approach based on 109 S; progeny of the African bermudagrass genotype
‘OKC1163’. A total of 1,278 markers were integrated in the map with nine linkage
groups, spanning 882.3 cM. Establishment rate, winter survivability traits, drought
response, plant height, leaf blade width and length, stem internode diameter and length,
and inflorescence prolificacy in the S; population with the parent were evaluated in a
replicated field trial over three seasons (2018 to 2020) in Stillwater, OK. Thirty-six QTL
were identified to be associated with the respective traits. In another experiment, 77
selections and seven cultivars were evaluated for spring greenup and drought response at
Goodwell, OK. The reliability estimates for drought response ranged from low to
moderate (0.20 < i? < 0.63) and the estimates for spring greenup were low (0.08 < i? <
0.27), indicating that winter survivability and drought resistance may be evaluated in
separate trials. The research developed important genetic resources for understanding the
genetic structure of the traits and towards marker-assisted selection, and added useful
information to the knowledge pool for improving the important traits in breeding turf
bermudagrass cultivars.
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CHAPTER I

GENERAL INTRODUCTION

RESEARCH OUTLINE

African bermudagrass (Cynodon transvaalensis Burtt-Davy), named by its place
of origin, is indigenous to the southwestern Transvaal, Orange Free State and the
northern part of the central Cape Province of South Africa (Harlan et al., 1970a). Usually,
African bermudagrass can be found in wet areas such as river banks (Harlan et al.,
1970b). The cold hardiness of African bermudagrass allows it to adapt to much colder
regions beyond its natural distribution (Harlan et al., 1970a). It has been confirmed that
African bermudagrass can survive the climate of 39 °N latitude in the United States
(Taliaferro, 1992).

African bermudagrass has unique morphological features such as fine-textured,
erect leaves, and a yellowish-green color as distinguished from other bermudagrass
species (Harlan et al., 1970b). The stolons and stems are slender with shortened
internodes length (Kenworthy, 2006). When reproducing vegetatively, its rhizomatous
and stoloniferous growth habit allows African bermudagrass to form a dense sod. African
bermudagrass can also reproduce sexually through seed production. It has two to four
racemes per inflorescence with the spikelets loosely arranged (Harlan et al., 1970b). Each
African bermudagrass flower has one pistil and three anthers (Taliaferro, 2004). It is

1



highly self-incompatible. Therefore, different genotypes must be planted together in order
to set seed (Harlan et al., 1970b). African bermudagrass usually flowers during the spring
and in summer, seedheads start to hide inside the canopy. Seed shattering at maturity is
quite common for African bermudagrass (Taliaferro, 2004).

Together with eight bermudagrass species, African bermudagrass belongs to the
genus Cynodon, subtribe Eleusininae, tribe Cynodonteae, subfamily Chloridoideae, and
family Poaceae (Harlan et al., 1970a; Soreng et al., 2015). The base chromosome number
per genome of the Cynodon species is nine, with an estimated genome size of 540Mbp
per copy (Forbes and Burton, 1963; Harlan et al., 1970b; Taliaferro et al., 1997). African
bermudagrass is diploid with 18 chromosomes, and generally crosses readily with
tetraploid (2n=4x=36) C. dactylon var. dactylon, despite distinctive morphological
features between these two species. African bermudagrass can also cross with diploid C.
nlemfuensis var. nlemfuensis (de Wet and Harlan, 1970).

African bermudagrass can be used as a turfgrass. Cultivars such as ‘Florida’ and
‘Uganda’ have been used on sporting surfaces worldwide (Juska and Hanson, 1964;
Roux, 1969). However, its high water and nutrient demand, thatch buildup tendency, and
turfgrass quality decline in summer limits use as turf (Taliaferro, 1992). The primary use
of African bermudagrass is to serve as a parent crossing with C. dactylon var. dactylon to
produce interspecific hybrids, which combines the desirable turf characteristics of the two
species (Burton, 1991; Taliaferro, 1992, Taliaferro, 1995). Dr. Glenn Burton, University
of Georgia Coastal Plain Experiment Station, Tifton, Georgia, began breeding
bermudagrass for turf in 1946. He was the first to make crosses between C. dactylon var.

dactylon and C. transvaalensis and to evaluate the hybrids for improved turfgrass



characteristics. Besides the controlled crossing, interspecific hybrid bermudagrass
cultivar development also utilized naturally occurring crosses and natural or human-
induced mutations (Juska and Hanson, 1964; Burton, 1991).

Genotypic and environmental factors and their interactions influence phenotypic
expression. Understanding the genetic variance in phenotypic variation is useful for
making decisions in plant breeding in order to obtain predictable selection response
(Dudley and Moll, 1969). Heritability is the proportion of the progeny's observed
phenotypic variation due to genetic differences (Poehlman and Sleper, 1995). Broad-
sense heritability is the ratio of total genetic (additive, dominance, and epistatic) variance
to phenotypic variance (Dudley and Moll, 1969). Selecting for traits with high broad-
sense heritability will lead to faster process and more genetic gains in the offspring than
selecting for traits with low heritability (Browning et al., 1994).

Estimating genetic variance components requires the use of an appropriate mating
design (Kenworthy et al., 2006). A one-factor design is appropriate to determine the
existence of genetic variability and estimate the broad-sense heritability for a single
factor (trait). The random progeny of a single random-mating population is the key
assumption in one-factor design (Bernardo, 2002). If the progeny is developed through
some form of selection, the result is biased. However, breeders can still access the genetic
effects versus nongenetic effects in phenotypic expression. In this case, using reliability
can be considered the measurement of genetic versus nongenetic effects in a fixed
population (Bernardo, 2002).

The heritabilities of many traits have been estimated in C. dactylon var. dactylon

populations (Cluff and Baltensperger, 1991, Coffey and Baltensperger, 1989; Guo et al.,



2017; Wofford and Baltensperger, 1985). The heritability of traits for African
bermudagrass is more limited than in common bermudagrass. Only Kenworthy et al.
(2006) estimated the broad-sense heritability for performance traits (color, density turf
quality, spring greenup, fall dormancy), reproductive traits (raceme number, raceme
length, floret number, seed number, and percent seed set), and morphological traits (plant
height, stolon length, internode length, and leaf length) in African bermudagrass.
Kenworthy et al. (2006) reported the broad-sense heritability of African bermudagrass
traits ranged from 0.42 to 0.96, indicating through recurrent selection, certain traits can
be improved in the population.

Several studies have been conducted in African bermudagrass genetic diversity
with amplified fragment length polymorphism (AFLP) markers (Caetano-Anolles et al.,
1995; Wu et al., 2005; Zhang et al., 1999). However, African bermudagrass genetic
studies, such as the construction of genetic linkage maps, are still lacking. Genetic
linkage map is one of the most important tools in genetic and genome studies. As of the
writing of this paper, only one African bermudagrass genetic linkage map was available.
Bethel et al. (2006) constructed a framework linkage map of African bermudagrass using
an interspecific hybrid population between C. dactylon ‘T89’ x C. transvaalensis ‘T574’.
The construction of the genetic map used single-dose restriction fragments (SDRFs) with
approximately 62% estimated genome coverage of a total 973.4 cM with 77 markers
(Bethel et al., 2006). Harris-Shultz et al. (2010) added expressed sequence tag-derived
simple sequence repeat (EST-SSR) to the framework published by Bethel et al. (2006).
Harris-Shultz et al. (2010) reported 8 linkage groups (LGs) were identified on T574

African bermudagrass instead of the 18 LGs identified by Bethel et al. (2006). Khanal et



al. (2017) enriched SSR markers to the SDRF framework published by Bethel et al.
(2006) resulting in eleven LGs spanning 1184.7 ¢cM based on 52 SSR and 73 RFLP
markers. However, all current maps constructed with gel-based markers were in
relatively low density. Single nucleotide polymorphisms (SNPs) are common mutations
between related genomes and can be used as molecular markers to construct genetic
linkage maps (Mammadov et al., 2012). Next-generation sequencing (NGS) technologies
provide new tools for discovering SNPs markers in a fast and more affordable way for
both model and non-model species (Wang et al., 2015). Genotyping-by-sequencing
(GBS), a protocol under NGS, has been developed using appropriate methylation-
sensitive restriction enzymes to digest genome while avoiding the repetitive genome
regions to reduce the complexity of targeted genomes (Elshire et al., 2011). The GBS
approach has been applied in linkage map construction for many crop species such as
switchgrass (Panicum virgatum L.) (Fielder et al., 2015), zoysiagrass (Zoysia japonica
Steud.) (Holloway et al., 2018; Wang et al., 2015), St. Augustinegrass (Stenotaphrum
secundatum [Walt.] Kuntze) (Yu et al., 2018), and common bermudagrass (Fang et al.,
2020). However, a high-density linkage map is not available for African bermudagrass.
Linkage maps can be used for quantitative trait loci (QTL) mapping, which is an
important tool to identify the genomic regions responsible for phenotypic variation.
Using a high-density linkage map will increase the chance of having markers closely
linked to the genomic regions contributing to the traits of interest. QTL mapping can also
help the detection of inter and intra-locus interactions and genotype x environment
interactions (Paterson et al. 1988; Stuber et al. 1992). Compared to the major crops, the

QTL mapping in African bermudagrass is limited. Dunne et al. (2016) analyzed the QTL



for flowering and seedhead characteristics in African bermudagrass. Khanal et al. (2019)
reported the QTL for morphological traits such as leaf length, leaf width, plant height,
stolon internode length, and length of the longest stolon. Many morphological and
reproductive traits in African bermudagrass are complex quantitative traits and influenced
by environments. Different from using phenotypic recurrent selection, molecular markers
are not influenced by the environment. Therefore, using molecular markers to assist
selection will increase the selection reliability with fewer field evaluations.
Bermudagrass has good drought resistance, heat tolerance, and wear tolerance
compared to many other turfgrass species. However, its ability to survive freezing
temperatures limits adaptation in the northern portion of the United States transition zone
(Beard, 1973). When bermudagrass is grown into the transition zone, winter injury
periodically occurs resulting in substantial cost for re-establishment and loss of use for
extended periods. Efforts have been made to develop turf bermudagrass cultivars with
improved winter survivability. In the 1960s, J. R. Harlan and his colleagues collected
bermudagrass germplasm around the world to conduct biosystematics investigation and
some of the germplasms collection have been used in improving bermudagrass winter
survivability (Harlan and de Wet, 1969; Taliaferro et al., 2004b). ‘Patriot’ (2n=4x=36)
released by Oklahoma State University (OSU) in 2002 was an interspecific hybrid with
high turfgrass quality and improved winter survivability (Taliaferro, 2004b).
Subsequently, three additional interspecific F1 bermudagrass (2n=3x=27) cultivars
(Latitude 36®, Northbridge®, and Tahoma 31®) were released (Wu et al., 2013; Wu et al.,
2014; Wu et al., 2019). As urban and suburban areas expand, large areas of previously

non-irrigated lands are being converted to irrigated lawns and landscapes. The increasing



irrigation demand has exacerbated water scarcity issues, especially in summer. Turfgrass
consumers in the transition zone need new bermudagrass cultivars that combine high
visual quality, sufficient winter hardiness, and improved drought resistance. Although
bermudagrass is relatively drought resistant, studies have reported phenotypic variations
for drought resistance in bermudagrass (Chalmers et al., 2008; Steinke et al., 2011; Yu,
2017). However, most breeding programs do not focus on enhancing winter hardiness
and drought resistance together due to their climate limitations. The climate of Oklahoma
provides an ideal opportunity to screen warm-season turfgrasses for winter hardiness and

drought resistance simultaneously.
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CHAPTER II

GENETIC AND QTL MAPPING IN AFRICAN BERMUDAGRASS

ABSTRACT

Cynodon transvaalensis Burtt-Davy is frequently used to cross with C. dactylon
Pers. in the creation of F1 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 the establishment rate. In this study,
we constructed the first high-density linkage map for African bermudagrass using a
genotyping by sequencing approach based on 109 S; progeny. 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 important genetic resources towards
understanding the genome as well as marker-assisted selection for improving the

establishment rate in bermudagrass breeding.
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INTRODUCTION

African bermudagrass (Cynodon transvaalensis Burtt-Davy) originated in
southwestern Transvaal and the northern part of the central Cape Province of South
Africa (Harlan et al., 1970a). The species has distinct morphological features, including
unique yellowish-green color, slender stolons, short internodes, fine-textured leaves, and
small stature as compared with other species in Cynodon L.C. Rich. (Harlan et al.,
1970b). A small number 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 turfgrass is limited due to the high demand for water and
fertilizers, 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 create interspecific
F1 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 important traits related to turfgrass
performance, including fine leaf 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 and Burton,
1963) and an estimated genome size of C. transvaalensis (2n=18) is ~540 Mbp in the
haploid genome (Taliaferro and Lamle, 1997). The species is a largely self-incompatible,
cross-pollinated taxon (Burton and Hart, 1967; Richardson et al., 1978). Kenworthy et al.
(2006) estimated the broad-sense heritability of 21 African bermudagrasses traits related

to turf performance, inflorescence, and morphology as having a range from 0.42 to 0.96,

15



indicating certain traits can be improved through recurrent selection. Studies have been
conducted to quantify African bermudagrass genetic diversity with DNA markers (Wu et
al., 2005; Zhang et al., 1999). However, 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 et al., 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 et al., 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 efficiency for
mapping and discovery of quantitative trait loci (QTLs)/genes in African bermudagrass, a
high-resolution linkage map is required (Mammadov et al., 2012).

Single nucleotide polymorphisms (SNPs) are the most abundant DNA
polymorphisms that can be utilized as molecular markers to construct linkage maps
(Mammadov et al., 2012). Next-generation sequencing (NGS) technologies provide
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 targeted genomes

(Elshire et al., 2011). The GBS approach has been applied in SNP development and
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linkage map construction in many grass species used for turf, biomass, and forage, such
as switchgrass (Panicum virgatum L.) (Fielder et al., 2015), zoysiagrass (Holloway et al.,
2018), St. Augustinegrass (Yu et al., 2018), and Chinese silvergrass (Miscanthus sinensis
Andersson) (Dong et al., 2018; Liu et al., 2016). However, to date, no African
bermudagrass linkage map has been constructed with SNP markers.

As popular interspecific hybrid bermudagrass (C. dactylon 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 production. However, information on the genetic basis for controlling the
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 the

establishment rate.
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MATERIALS AND METHODS
Plant Materials

A mapping population was created by selfing a C. transvaalensis genotype
OKC1163 (NTEP, 2017). The parent plant was planted into a 25 x 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 1g of fresh leaf tissue from each of
the selected progeny plants in the greenhouse was collected and immediately placed in an
icebox and then stored in a -80 °C freezer. A tissue homogenizer (Geno/Grinder; SPEX
SamplePrep, Metuchen, NJ) was used to grind leaf samples for 90 seconds at 1,500 RPM.

DNA was extracted following a modified phenol-chloroform extraction method (Nalini et
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al., 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 uLtin 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, CTAAG8-2499/2500, CTAAG8-2501/2502,
CTAAG8-2503/2504, CTAAGB8-2505/2506, CTAAGS8-2507/2508, 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.
Experimental Design, Establishment, and Management in A Replicated Field Trial

The 109 first-generation selfed (S1) progeny and the parent were grown in 3.8 cm
diameter cone-taniers 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 transplanted 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 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 prevent weeds.
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Based on the results of a soil chemical analysis, 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 August 2017 to promote
growth. During the establishment 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
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.
Genotyping-by-sequencing

Leaf samples of the 109 S: progenies and their parent were submitted to the
University of Wisconsin-Madison Biotechnology 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 sample 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 modifications. Fifty pg of genomic
DNA was digested with restriction enzyme 5-bp cutter ApeKI (New England Biolabs,
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
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amenable for sequencing. The quality and quantity of the finished libraries were assessed
using the Agilent Bioanalyzer High Sensitivity Chip (Agilent Technologies, Inc., Santa
Clara, CA) and Qubit® dsDNA 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, USA). The whole population was sequenced in three lanes on an
[llumina HiSeq 2500 (Illumina, San Diego, CA, USA) 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
filtered 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 heterozygotes 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.
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 genotyped in this population based on Guo et al. (2017).

Segregation classes, hh, hk, kk were used for scoring gels (Guo et al., 2017). Briefly, for
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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 ‘-’.
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 singularity errors in QTL analysis (Dong et al.,
2015). Therefore, 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. According 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 linkage analysis as it was expected
that selfing-depression would be common in the selfed population. Van Ooijen (2006a)
recommended 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, markers from different linkage
groups were grouped together. The regression mapping algorithm was employed with
default settings except for using Kosambi as the mapping function to correct the linkage

distance (Wang et al., 2015). Due to JoinMap regression algorithm not being able to
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handle a large number of markers in a single group, marker order was initially
determined based on the maximum likelihood algorithm with default settings. According
to the result, redundant markers located at the same positions were manually removed.
Subsequently, the regression algorithm was used to reestimate intermarker spacing.
Another dataset excluding segregation distorted markers (chi-squared test, P < 0.05) was
utilized to construct the linkage map with the same settings. Comparisons between the
two linkage maps were drawn with MapChart (Voorrips, 2002).
Phenotypic Evaluation of Establishment Rate and QTL Analysis

The first set of visual establishment ratings on percent green cover (Coverl) was
collected on 21 August 2017. A 0.9 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 October 2017 with a digital camera (Canon Powershot G1X,
Canon U.S.A,, Inc., Melville, NY) mounted on a custom-built lightbox having four
compact fluorescent light bulbs as light sources (Richardson et al., 2001). Images were
analyzed by Turf Analyzer (Karcher et al., 2017). After C. transvaalensis plants went
dormant, the third set of visual percent green cover ratings was collected on 10
November 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 conduct 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
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by a permutation test of 1,000 iterations at a 95% confidence level. The interval mapping
(IM) method with a regression algorithm was initially selected to detect QTL. Settings for
calculation 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 iterations; ‘1.0¢™®’ functional tolerance value; ‘P = 0.02’ for automatic
cofactor selection. Then the QTLs found in IM were further analyzed using multiple QTL
model (MQM). Markers 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).
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 linkage groups between C.

transvaalensis and C. dactylon were drawn using MapChart (Voorrips, 2002).
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RESULTS

Genotyping by Sequencing and SNP Calling

With the 109 progeny 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.
SSR Marker Testing

Two hundred and fifty-four C. dactylon SSR PPs were screened on the parent and
three progenies with two replications. 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 (5°-
CACGACGTTGTAAAACGACTTGATGCACTTCCAACCAGT-3") and CDCA2-178
(5’-CGCACAGATTTGCTGATTCT-3’) amplified each of two alleles at two loci.
Totally 37 SSR markers were used for linkage map construction.
Linkage Mapping

Among the 2,063 SNP and SSR markers, 1,985 (96.2%) were mapped into 9 LGs,
while the remaining 78 isolated markers were not able to group into any LG. Since no

reference genome was available for C. transvaalensis, the designation of 1-9 LGs was
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based on the grouping numbers of JoinMap. After removing redundant markers located at
the same positions in each LG calculated by maximum likelihood algorithm, 1,278
markers (1,246 SNP and 32 SSR) (Supplementary file 1) were analyzed again with the
regression mapping algorithm. A summary of the LGs is given in Table 1, and
graphically displayed in Fig. 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
markers 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 density 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 LGs1, 3,4,5,6,7,8,and 9were 9,7, 3, 2,3, 1, 2, and 5, respectively. Two
loci amplified by PP CDCAZ2-177/178 were mapped, one on LG3 and another on LG5.
One gap > 15 cM was found on LG8.

Segregation distortion (P < 0.05) was observed on 569 of 1,278 (44.5%) mapped
loci. Segregation distortion loci were found in all nine LGs. The percentage of
segregation distortion 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 (Fig. 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 < 0.05). The distorted SSR loci were mapped on LGs 1, 4, 6, 7,

and 9.
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To investigate how distortion segregation markers affected grouping, loci orders,
and map length, a second linkage map was constructed without segregation distortion
markers (Fig. 1). In the above mapping analysis, all markers on LG7 were distorted in
segregation. Therefore, eight LGs were created with a LOD value of eight. The number
of markers in each undistorted LG 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 (Fig. 1). The total
length of the undistorted linkage map was 499.77 cM, with an average distance of 0.71
cM per marker interval (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 LGsl1a-9a.

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 Table S1). The means and
associated standard deviations for Coverl, Cover2, and Cover3 in the progeny population
were 18.14 + 11.93. 44.77 + 32.74, and 58.15 * 27.06, respectively (Supplementary 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 evaluation dates.

The LOD threshold calculated for detecting ER QTL was four in the QTL
analysis. Four QTLs for ER, designated QCTER1-4, were identified in the progeny

population. They were located on LGs1, 3, and 6, which explained 8.9 to 32.7% of the
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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 (Fig. 2). Other three QTLsS 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.
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 connected to one C. dactylon LG, and each of C.
transvaalensis 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 Fig. S1 to S8).
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DISCUSSION

Selfed Mapping Population

Although Cynodon spp. can be easily propagated vegetatively 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;
population 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
constructed. Several other studies used S1 populations to construct genetic linkage maps
for outcrossing species such as C. dactylon (Guo et al., 2017), sugarcane (Saccharum
spp.) (Andru et al., 2011), and switchgrass (Dong et al., 2015; Liu et al., 2012).
Population size is an important factor in linkage map construction, which affects the
linkage map accuracy. C. 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 linkage analysis provided a
higher level of accuracy in calculating the recombination frequency.
Linkage Map

Using the GBS approach, 109 selfed progeny and the parent OKC1163 were

sequenced, and more than 94,000 SNP markers were generated. Eventually, 1,246 SNP
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and 32 SSR markers were used to construct 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 restriction 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 et al. (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, producing 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. transvaalensis
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
homologous 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) (Fig. S1-S8). Khanal et al. (2017) also
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reported that most C. transvaalensis LGs corresponded to two C. dactylon LGs and some
C. transvaalensis LGs corresponded to either one or three C. dactylon LGs. C. dactylon
was considered an allopolyploid tetraploid species (Guo et al., 2015; Gong et al., 2013;
Fang et al., 2020). More research is needed to definitively characterize the genomic
relationship between the two closely related species. Once the whole genome sequence is
available in one or both species, it is feasible to fully establish the relationship.
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
spurious linkages (Cloutier et al., 1997). In this self-pollinated C. transvaalensis
population, 44.5% of mapped markers were segregation distorted. The segregation
distortion 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 distorted markers were clustered at one half of LGs. But

the distorted markers in LGs5 and 9 were scattered at both ends. All the markers in LG7
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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.
Fielder 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 populations, 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 neighboring markers (Fig.
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. However,
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 still recommended
to keep distorted markers in linkage analysis 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 incompatibility genes (Lefebvre et al., 1995). Therefore, having
the knowledge of distorted loci are important in conventional breeding since distorted
loci are important factors in sexual reproduction (i.e., seed set) (Shinozuka et al., 2010).

QTLs of Establishment Rate in C. transvaalensis
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This was the first QTL study of the 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. Totally, four QTLs were identified in this study. The
QTL on LG3, QCTERZ2, with peak LOD value near TP64377/TP12397 were detected
consistently across all three datasets. The consistency of QTLs at the same location in a
LG is a good indication of the reliability of the results. One QTL, QCTER1 with peak
LOD value at 60.22 cM on LG1 was only detected in Coverl, another QTL, QCTERS3 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 differences in growth and development stages,
unrepeatable QTLs were likely the result of the gene by environment interaction, which
may be affected by environmental conditions (i.e., soil type, water, light, and
temperature) (Johnson et al., 2012). Guo et al. (2017) identified five QTLs associated
with C. dactylon ER. They reported one QTL on C. dactylon LG18 to be reliable. In this
study, we identified QCTER4 in C. transvaalensis LG6, orthologous to C. dactylon
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 detection resolution and the QTLs
were mapped to smaller regions compared to the QTL mapping by Guo et al. (2017).
Markers 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
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that are specific for those respective QTLs. Those markers will be useful in marker-

assisted selection for developing fast ER bermudagrass hybrid cultivars.

34



REFERENCES

Andru, S., Y.B. Pan, S. Thongthawee, D.M. Burner, and C.A. Kimbeng. 2011. Genetic
analysis of the sugarcane (Saccharum spp.) cultivar "LCP 85-384’. I. Linkage
mapping using AFLP, SSR, and TRAP markers. Theor. Appl. Genet. 123:77-93.

Bethel, C.M., E.B. Sciara, J.C. Estill, J.E. Bowers, W.W. Hanna, and A.H. Paterson.
2006. A framework linkage map of bermudagrass (Cynodon dactylon x
transvaalensis) based on single-dose restriction fragments. Theor. Appl. Genet.
112:727-737.

Burton, G.W. 1991. A history of turf research at Tifton. U.S. Golf Association Green
Section Record 29:12-14.

Burton, G.W., and R.H. Hart. 1967. Use of self-incompatibility to produce commercial
seed-propagated F1 bermudagrass hybrids. Crop Sci.7:524-527.

Cloutier, S., M. Cappadocia, and B.S. Landry. 1997. Analysis of RFLP mapping
inaccuracy in Brassica napus L. Theor. Appl. Genet. 95:83-91.

Dong, H., S, Thames, L. Liu, M.W. Smith, L. Yan, and Y.Q. Wu. 2015. QTL mapping
for reproductive maturity in lowland switchgrass populations. BioEnergy Res.
8:1925-1937.

Dong, H., S. Liu, L.V. Clark, S, Sharma, J.M. Gifford, J.A. Juvik, et al. 2018. Genetic
mapping of biomass yield in three interconnected Miscanthus populations. GCB

Bioenergy 10:165-185.

35



Doyle, J.J. 1987. A rapid DNA isolation procedure for small quantities of fresh leaf
tissue. Phytochem. Bull. 19:11-15.

Elshire, R.J., J.C. Glaubitz, Q. Sun, J.A. Poland, K. Kawamoto, E.S. Buckler, et al. 2011.
A robust, simple genotyping-by-sequencing (GBS) approach for high diversity
species. PloS One 6:219379.

Fang, T., Y.Q. Wu, S. Makaju, T. Tribble, D.L. Martin, and J.Q. Moss. 2015.
Identification of turf bermudagrasses on the Oklahoma State University baseball
field and three experimental clones as revealed with simple sequence repeat
markers. HortTechnol. 25:714-724.

Fang, T., H. Dong, S. Yu, J.Q. Moss, C.H. Fontanier, D.L. Martin, J. Fu, and Y.Q. Wu.
2020. Sequence-based genetic mapping of Cynodon dactylon Pers. reveals new
insights into genome evolution in Poaceae. Commun. Biol. doi:10.1038/s42003-
020-1086-y

Fiedler, J.D., C. Lanzatella, M. Okada, J. Jenkins, J. Schmutz, and C.M. Tobias. 2015.
High-density single nucleotide polymorphism linkage maps of lowland
switchgrass using genotyping-by-sequencing. Plant Genome
doi:10.3835/plantgenome2014.10.0065

Forbes, 1., and G.W. Burton. 1963. Chromosome numbers and meiosis in some Cynodon
species and hybrids. Crop Sci. 3:75-79.

Gong, Z., C. Xue, M. Zhang, and M. Wang. 2013. Distribution of rDNA loci and genome

differentiation in tetraploid Cynodon. India J. Genet. Plant Breed. 73:459-461.

36



Guo, Y., Y.Q. Wu, J.A. Anderson, J.Q. Moss, and L. Zhu. 2015. Disomic inheritance and
segregation distortion of SSR markers in two populations of Cynodon dactylon
(L.) Pers. var. dactylon. PLoS One 10:e0136332.

Guo, Y., Y.Q. Wu, J.A. Anderson, J.Q. Moss, L. Zhu, and J. Fu. 2017. SSR marker
development, linkage mapping, and QTL analysis for establishment rate in
common bermudagrass. Plant Genome doi:10.3835/plantgenome2016.07.0074

Harlan, J.R., J.M.J. de Wet, and K.M. Rawal. 1970a. Geographic distribution of the
species of Cynodon L.C. Rich (Gramineae). East Afr. Agric. Fores. J. 36:220—
226.

Harlan, J.R., J.M.J. de Wet, W.W. Huffine, and J.R. Deakin. 1970b. A guide to the
species of Cynodon (Gramineae). Bull. Okla. Agric. Exp. Stn. B-673:37-37.

Harris-Shultz, K.R., B.M. Schwartz, W.W. Hanna, and J.A. Brady. 2010. Development,
linkage mapping, and use of microsatellites in bermudagrass. J. Amer. Soc. Hort.
Sci. 135:511-520.

Holloway, H.M.P., X. Yu, J.C. Dunne, B.M. Schwartz, A.J. Patton, C. Arellano, et al.
2018. A SNP-based high-density linkage map of zoysiagrass (Zoysia japonica
Steud.) and its use for the identification of QTL associated with winter hardiness.
Mol. Breed. 38:10-24.

Huang, X., F. Wang, R. Singh, J.A. Reinert, M.C. Engelke, A.D. Genovesi, et al. 2016.
Construction of high-resolution genetic maps of Zoysia matrella (L.) Merrill and
applications to comparative genomic analysis and QTL mapping of resistance to

fall armyworm. BMC Genomics 17:562-578.

37


https://doi.org/10.3389/fpls.2014.00484
https://doi.org/10.3389/fpls.2014.00484

Juska, F.V., and A.A. Hanson. 1964. Evaluation of bermudagrass varieties for general
purpose turf. USDA-ARS, Agric. Handbook No. 270.

Johnson, E.B., J.E. Haggard, and D.A. St. Clair. 2012. Fractionation, stability, and
isolate-specificity of QTL for resistance to Phytophthora infestans in cultivated
tomato (Solanum lycopersicum). G3: Genes, Genomes, Genet. 2:1145-11509.

Karcher, D.E., C.J. Purcell, M.D. Richardson, L.C. Purcell, and W.H. Kenneth. 2017.
New Java program to rapidly quantify several turfgrass parameters from digital
images. CSSA Oral presentation. Retrieved from
https://scisoc.confex.com/crops/2017am/webprogram/Paper109313.html

Kenworthy, K.E., C.M. Taliaferro, B.F. Carver, D.L. Martin, J.A. Anderson, and G.E.
Bell. 2006. Genetic variation in Cynodon transvaalensis Burtt-Davy. Crop Sci.
46:2376-2381.

Khanal, S., C. Kim, S.A. Auckland, L.K. Rainville, J. Adhikari, B.M. Schwartz, et al.
2017. SSR-enriched genetic linkage maps of bermudagrass (Cynodon dactylon x
transvaalensis), and their comparison with allied plant genomes. Theor. Appl.
Genet. 130:819-839.

Kneebone, W.R. 1967. Breeding seeded bermudagrass; unique Arizona research problem.
Prog. Agric. Ariz. 19:4-5.

Lefebvre, V., A. Palloix, C. Caranta, and E. Pochard. 1995. Construction of an
intraspecific integrated linkage map of pepper using molecular markers and

doubled-haploid progenies. Genome 38:112-121.

38



Liu, L., Y.Q. Wu, Y. Wang, and T Samuels. 2012. A high-density simple sequence
repeat-based genetic linkage map of switchgrass. G3: Genes, Genomes, Genet.
2:357-370.

Liu, S., L.V. Clark, K. Swaminathan, J.M. Gifford, J.A. Juvik, and E.J. Sacks. 2016.
High-density genetic map of Miscanthus sinensis reveals inheritance of zebra
stripe. GCB Bioenergy 8:616—630.

Mammadov, J., R. Aggarwal, R. Buyyarapu, and S. Kumpatla. 2012. SNP markers and
their impact on plant breeding. Int. J. Plant Genomics doi:10.1155/2012/728398

Nalini, E., N. Jawali, and S. Bhagwat. 2004. A simple method for isolation of DNA from
plants suitable for long term storage and DNA marker analysis. BARC Newsl.
249:208-214.

National Turfgrass Evaluation Program (NTEP). 2017. Final Report NTEP No. 18-14.
2013 National Bermudagrass Test. Retrieved from
http://www.ntep.org/reports/bg13/bgl3 18-14f/bgl3_18-14f.htm

Richardson, M.D., D.E. Karcher, and L.C. Purcell. 2001. Quantifying turfgrass cover
using digital image analysis. Crop Sci. 41:1884-1881.

Richardson, W.L., C.M. Taliaferro, and R.M. Abring. 1978. Fertility of eight
bermudagrass clones and open-pollinated progeny from them. Crop Sci. 18:332—
334.

Schwartz, B.M., W.W. Hanna, L.L. Baxter, P.L. Raymer, P.C. Waltz, A.R. Kowalewski,
etal. 2018. ‘DT-1’, a drought-tolerant triploid turf bermudagrass. HortScience

53:1711-1714.

39



Shinozuka, H., N.O.I. Cogan, K.F. Smith, G.C. Spangenberg, and J.W. Forster. 2010.
Fine-scale comparative genetic and physical mapping supports map-based cloning
strategies for the self-incompatibility loci of perennial ryegrass (Lolium perenne
L.). Plant Mol. Biol. 72:343-355.

Taliaferro, C.M. 1992. Out of Africa—A new look at “African” bermudagrass. U.S. Golf
Association Green Section Record 30:10-12.

Taliaferro, C.M., and J.T. Lamle. 1997. Use of flow cytometry to estimate ploidy level in
Cynodon species. Int. Turfgrass Soc. Res. J. 8:385-392.

Taliaferro, C.M., D.L. Martin, J.A. Anderson, and M.P. Anderson. 2006. Patriot turf
bermudagrass. USPP 16,801. U.S. Patent and Trademark Office.

Tan, C., Y.Q. Wu, C.M. Taliaferro, M.P. Anderson, C. Tauer, and T. Samuels. 2012.
Development of simple sequence repeat markers for bermudagrass from its
expressed sequence tag sequences and preexisting sorghum SSR markers. Mol.
Breed. 29:23-30.

Van Ooijen, J.W. 2006a. JoinMap 5: Software for the calculation of genetic linkage maps
in experimental populations. Kyazma B.V., Wageningen, the Netherlands.

Van Ooijen, J.W. 2006b. MapQTL 6: Software for the mapping of quantitative trait loci
in experimental populations of diploid species. Kyazma B.V., Wageningen, the
Netherlands.

Voorrips, R.E. 2002. MapChart: Software for the graphical presentation of linkage maps

and QTLs. J. Hered. 93:77-78.

40



Wang, F., R. Singh, A.D. Genovesi, C. Wai, X. Huang, A. Chandra, et al. 2015.
Sequence-tagged high-density genetic maps of Zoysia japonica provide insights
into genome evolution in Chloridoideae. Plant J. 82:744-757.

Wu, Y.Q., C.M. Taliaferro, G. Bai, and M.P. Anderson. 2005. Genetic diversity of
Cynodon transvaalensis Burtt-Davy and its relatedness to hexaploid C. dactylon
(L.) Pers. as indicated by AFLP markers. Crop Sci. 45:848-853.

Wu, Y.Q., D.L. Martin, C.M. Taliaferro, J.A. Anderson, and J.Q. Moss. 2013.
Northbridge turf bermudagrass. USPP 24,116. U.S. Patent and Trademark Office.

Wu, Y.Q., D.L. Martin, C.M. Taliaferro, J.A. Anderson, and J.Q. Moss. 2014. Latitude
36 turf bermudagrass. USPP 24,271. U.S. Patent and Trademark Office.

Wu, Y.Q., D.L. Martin, J.Q. Moss, N.R. Walker, and C.H. Fontanier. 2019.
Bermudagrass plant named 'OKC 1131'. USPP 2019/0364715 P1. U.S. Patent and
Trademark Office.

Yu, X., J.A. Kimball, and S.R. Milla-Lewis. 2018. High density genetic maps of St.
Augustinegrass and applications to comparative genomic analysis and QTL
mapping for turf quality traits. BMC Plant Biol. 18:346-357.

Zhang, L., P. Ozias-Akins, G. Kochert, S. Kresovich, R. Dean, and W.W. Hanna. 1999.
Differentiation of bermudagrass (Cynodon spp.) genotypes by AFLP analyses.

Theor. Appl. Genet. 98:895-902.

41



LG1 LGla LG2 LG2a LG3 LG3a LG4 LG4a LG5 LGSa LG6 LG6a LG7 LG8 LG8a LG9 LG9

D

I\

7

i

N\

T T D

T T LI D

QT R

TR

il

(NI

75

CITT TR TIITICTHCIIITD

I
&
IO AT NN 0RO T

OR[N AR 0T W DR L0

|
8
1

a = INNINEISINEIAE RN N D

Fig. 1. Two Cynodon transvaalensis linkage maps, one (LG1-9) constructed with both
undistorted and distorted markers and another (LGal-9) only with undistorted loci (with
suffix ‘a’ after each LG). Black lines between two LGs connect shared markers on the
two maps showing how distorted loci affected the loci order. Length scale in cM on the
left sides.
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Fig. 2. A major quantitative trait locus, QCTER2 associated with African bermudagrass
establishment rate identified at three different time points located at the region on linkage
group 3, where genetic distances in centiMorgan (cM) are given on the lower side of the
map while SNP marker designations are shown on the upper side of the map bar. The
horizontal line with a LOD value of 4.0 indicates the 95% significant threshold for QTL
detection.
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Fig. S2 African bermudagrass LG3 corresponding to common bermudagrass LGs15, 16, and 17 (Guo et al. 2017).
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Fig. S3 African bermudagrass LG4 corresponding to common bermudagrass LGs2 and 6
(Guo et al. 2017).
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Fig. S4 African bermudagrass LG5 corresponding to common bermudagrass LG17 (Guo
et al. 2017).
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Fig. S5 African bermudagrass LG6 corresponding to common bermudagrass LG18 (Guo
et al. 2017).
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Fig. S6 African bermudagrass LG7 corresponding to common bermudagrass LG14 (Guo
et al. 2017).

49



A12359 LG5 OKC1163 LG8

0.0 —— CDCAB-549/550

D

246 ~] |- CDGA4-1331/1332
26.1 -] |~ CDGA3-1195/1196

39.7 CDCAB-583/584
447 CDCA1-59/60

CDGA4-1331/1332
<

57.3~] |- CDCA8-773/774 CDATG1-1905/1906

59.0 ——— CDCA1-21/22

65.2 ——+— CDCA2-213/214
70.2 ——— CDATG1-1905/1906
71.6 -] [>~ CDGA4-1103/1104

80.1 ——— CDGA3-1189/1190

Fig. S7 African bermudagrass LG8 corresponding to common bermudagrass LG5 (Guo
etal. 2017).
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Fig. S8 African bermudagrass LG9 corresponding to common bermudagrass LGs3, 4,
and 6 (Guo et al. 2017).
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Table 1. 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 Total  cM/ Gap Total Total  cM/ Gap
LG loci length  Marker (>15 LG _ Length Marker (>15
(cM) interval cM) loci (M) interval €M)
LG1 230 11957 0.52 0 LGla 131 60.60 0.46 0
LG2 98  89.27 091 0 LG2a 53 53.70 1.01 0
LG3 267 121.24 0.45 0 LG3a 256 73.18 0.29 0
LG4 157 100.33 0.64 0 LG4a 77 57.47 0.75 0
LGS 77 9443 1.23 0 LG5a 68 84.60 1.24 0
LG6 188 96.88 0.52 0 LG6a 12 15.04 125 0
LG7 130 4791 0.37 0
LG8 70 14360 2.05 1 LG8a 55 100.97 1.84 0
LG9 61 69.11 1.13 0 LG9 56 5421 0.97 0
Total 1278 882.28 1 Total 708 499.77 0
Average 142 98.03 0.69 0.11 Average 88.5 62.47 0.71 0
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Table 2. Quantitative trait loci identified using interval mapping for establishment rate in a self-pollinated population from
Cynodon transvaalensis OKC1163.

Position of Phenotypic
Dataset LG QTL LOD peak | op peak Locus variance Additive Dominance
(cM) explained
Coverl LG1 QCTER1 551 60.22 TP101403 12.10% -12.38 13.61
LG3 QCTER2 7.88 103.26 TP12397 17.80% -3.62 5.98
Cover2 LG3 QCTER2 8.33 103.07 TP64377 26.60% -14.09 17.04
Cover3 LG1 QCTERS 6.37 37.48 TP81783 13.40% 12.31 -0.84
LG3 QCTER2 12.23 103.07 TP64377 32.70% -13.84 18.40
LG6 QCTER4 4.39 36.84 TP70570 8.90% 24.07 28.53

LG, linkage group; QTL, quantitative trait loci; LOD, logarithm of the odds.
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Table 3. Means and standard deviations of three percent green cover data collections in
an Sz population of two SNP markers that are closely linked to a major QTL, QCTER2.

Marker Genotype  Coverl% Cover2% Cover3%
Mean + SD

TP64377 A (Kk) 9.94 + 5.38b" 21.24 +16.97b  35.22 +18.83b
H (hk) 20.16 + 6.89a 52.75+20.60a  65.77 +16.33a
B (hh) 19.25 + 9.46a 48.29 £ 25.34a  59.76 + 22.08a

TP12397 A (hh) 9.94 £5.38b 21.24 £16.97b  35.22 + 18.83b
H (hk) 20.46 £ 7.23a 53.32+21.75a  66.04 +17.43a
B (kk) 20.32+10.88a 50.19+25.40a 61.90 +22.02a

YSame letter within a column in each marker is not significant at P < .05.
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Table S1. Analysis of variance for the effects of entry, date, block and their interaction, on establishment rate during the

growing season of 2017.

Source df SS MS F

Entry 108 325871 3017 27.76%**2
Block 2 16553 8276 76.14%**
Entry*Block 216 165222 765 7.04%**
Date 2 267691 133845 1231 %**
Entry*Date 216 59620 276 2.54%%*
Date*Block*Entry 432 45760 109

Total 980

axx* significant at P < 0.1%.
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CHAPTER IlI

GENETIC VARIABILITY AND QTL MAPPING OF WINTER SURVIVABILITY

AND DROUGHT RESPONSE IN AFRICAN BERMUDAGRASS

ABSTRACT

African bermudagrass (Cynodon transvaalensis Burtt-Davy) has been extensively
used to cross with common bermudagrass (C. dactylon Pers. var. dactylon) in the creation
of F1 hybrid cultivars that are widely used in the worldwide turf industry. Turf
bermudagrass is susceptible to winterkill when grown in the transition zone and water
scarcity in urban areas is an increasing concern of broad societal significance.
Improvement in the winter hardiness and drought resistance of bermudagrass will benefit
the turfgrass industry. However, little information on molecular basis for winter
survivability and drought resistance is available in African bermudagrass. Accordingly,
the objectives of this study were to quantify genetic variability and to identify
quantitative trait loci (QTL) associated with winter survivability traits and drought
response. A total of 109 first-generation self-pollinated (S1) progeny of C. transvaalensis
‘OKC1163’ were evaluated in a field trial with three replications in a randomized
complete block design for three seasons. Significant genetic variance existed for all traits,
and the broad-sense heritability estimates ranged from 0.36 to 0.81. Seven QTLS

identified for winter survivability and two for drought response, and five of them were
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recurrent QTL in mapping the phenotypic data on to a preexisting dense linkage map.
Co-localizations were found between winter survivability and drought response QTL,
which explained the significant correlation between the two traits. The results provide
important genetic resources towards understanding the genetic basis associated with
winter survivability and drought resistance as well as marker-assisted selection for turf

bermudagrass improvement.
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INTRODUCTION

African bermudagrass (Cynodon transvaalensis Burtt-Davy) is a diploid (2n = 2x
= 18) species with origins in the southwestern Transvaal and the northern part of the
central Cape Province of South Africa (Harlan et al. 1970a; Harlan et al. 1970b). The
species has unique morphological characteristics such as fine leaf texture and high sod
density. It can adapt to much colder climates beyond its natural distribution due to its
cold hardiness (Harlan et al. 1970a). African bermudagrasses have been crossed with
common bermudagrasses (C. dactylon Pers. var. dactylon) to produce fine-textured, high
quality, interspecific F1 hybrid cultivars, such as ‘Tifgreen’ and ‘Tifway’ (Taliaferro,
1992). Interspecific hybrid bermudagrasses (C. dactylon x C. transvaalensis) have been
widely used on sports fields, golf courses and home lawns in the southern and transition
zone of the United States. Therefore, African bermudagrass is essential to the turfgrass
industry (Burton 1991; Taliaferro et al. 2006).

When grown in the northern areas of the transition zone, bermudagrass can be
vulnerable to winterkill (Taliaferro et al. 2004). Breeding efforts are needed to develop
turf bermudagrass cultivars with improved freeze tolerance (Anderson and Taliaferro
2002). Freezing tolerance can be defined as the ability of nodes within rhizomes and
stolons of bermudagrass to survive low winter temperatures and resume normal growth in
the spring (Levitt, 1980). A series of physiological changes occurs at 8/2 °C (day/night),
including shifts in protein synthesis, osmotic protectants, and fatty acid saturation
(Fontanier et al. 2020; Munshaw et al. 2006; Zhang et al. 2006) that can gradually
increase the plant hardiness under freezing temperatures (Levitt 1980). Field winter

survivability evaluation has been widely used in identifying superior freeze tolerant

58



genotypes in bermudagrass (Stefaniak et al. 2009; Wu and Anderson 2011). Due to the
highly negative correlation between winterkill and earliness of spring regrowth (Wu et al.
2007), early spring greenup has been used as a proxy for selecting winter hardiness.
Substantial efforts have been devoted to understanding bermudagrass spring greenup
(Dunne et al. 2019; Guo et al. 2017; Kenworthy et al. 2006; Stefaniak et al. 2009; Wu et
al. 2007). Previous studies showed that the heritability of African bermudagrass spring
greenup were high (Kenworthy et al. 2006), indicating genetic factors play a major role in
African bermudagrass winter survivability. However, the genetic mechanisms in
association with African bermudagrass winter survivability are elusive.

Another important challenge for the turfgrass industry is the limited water
resource for irrigation due to the large areas of previously non-irrigated lands are being
converted to irrigated lawns along with urbanization. Using drought resistant turfgrass
species and cultivars has been identified as a key management strategy to address this
concern (Carrow 1995; Marcum et al. 1995). Therefore, developing bermudagrass
cultivars with improved drought resistance could have broad impacts on reducing
municipal water consumption. To identify superior drought resistant genotypes, turfgrass
breeders often evaluate turf canopy responses under diminishing soil moisture using
visual and sensor-based measurements. Substantial variations have been reported in
bermudagrass canopy drought response (Richardson et al. 2010; Steinke et al. 2011; Yu
2017). However, the genetic mechanisms associated with African bermudagrass canopy
response to drought stress are unknown.

Quantitative trait loci (QTL) identification has been used as a primary method to

identify genomic regions on a linkage map or chromosomes that are associated with trait
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phenotypes. Previous studies have shown that cold tolerance is a complex quantitative
trait and QTL associated with the trait have been identified in meadow fescue (Festuca
pratensis Huds.) (Alm et al. 2011), centipedegrass [Eremochloa ophiuroides (Munro)
Hack.] (Wang et al. 2014), St. Augustinegrass [Stenotaphrum secundatum (Walt.)
Kuntze] (Kimball et al. 2018), perennial ryegrass (Lolium perenne L.) (Paina et al. 2016),
and zoysiagrass (Zoysia japonica Steud.) (Holloway et al. 2018). Similarly, drought
resistance is also a quantitative trait and QTL of drought resistance have been detected in
St. Augustinegrass (Yu et al. 2019), meadow fescue (Alm et al. 2011), and creeping
bentgrass (Agrostis spp.) (Merewitz et al. 2012). So far, no QTL for winter survivability
and drought response has been reported in African bermudagrass. Recently, a high-
density African bermudagrass linkage map with 1,278 markers was reported (Yu et al.
2020). This map provides a solid foundation in mapping QTL for winter survivability and
drought response. Accordingly, the objectives in the present study were to quantify the
genetic variability and detect the genomic regions associated with winter survivability

and drought response in African bermudagrass.
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MATERIALS AND METHODS

Plant Materials and Field Experiment

A total of 109 first-generation self-pollinated progenies (S1) constituted the
mapping population as described by Yu et al. (2020). The parent ‘OKC1163” and its S:
progeny were transplanted to a field nursery on the Oklahoma State University
Agronomy Farm (36°12° N. lat.; -97°08” W. long.), Stillwater, OK on June 20, 2017. The
experimental design was a randomized complete block with three replications. The soil
type was Kirkland silt loam (fine, mixed, superactive, thermic Udertic Paleustoll). The
plot size was 0.9 x 0.9 m and alleys were 0.3 m wide between neighboring plots.

Based on the results of soil analysis, 289 kg ha of 17-17-17 (N-P-K) (Chouteau
Lime Co., Pryor, OK) was applied as base fertilizer before transplanting. Ronstar 2G
herbicide (oxidiazon; Bayer Environmental Science, Montvale, NJ) was applied at 2.3 kg
ha! of active ingredient one day after transplanting to prevent weeds. Another 107 kg ha
of urea (46-0-0, N-P-K) (Chouteau Lime Co., Pryor, OK) was applied on August 10,
2017 to promote growth. In 2018, 107 kg ha* of urea (46-0-0, N-P-K) was applied in the
second week of May and another 107 kg ha® of urea (46-0-0, N-P-K) was applied in the
second week of August to promote growth. In 2019, based on the soil test, 289 kg ha* of
17-5-5 (N-P-K) (Chouteau Lime Co., Pryor, OK) was applied in the second week of May
and 107 kg ha® of urea (46-0-0, N-P-K) was applied in the second week of August. Plots
were mowed at 2.5 cm in late March in 2018, 2019, and 2020 to remove the dormant
canopy for spring regrowth. After most plots greened up, the trial was only mowed at 3.8
cm to achieve consistent growth in early May from 2018 to 2020. In the middle of

August in 2019, plots were mowed at 3.8 cm to remove the wilted canopy for recovering
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from drought stress. Permit (Halosulfuron-methylmethyl; Gowan Company, Yuma, AZ)
was spot sprayed to control yellow nutsedge (Cyperus esculentus L.) in 2017 and 2018.
Scimitar (Lambda-cyhalothrin; Syngenta, Greensboro, NC) was used to control fall
armyworm [Spodoptera frugiperda (J.E. Smith)] in 2017. Alleys were sprayed with 2%
Roundup (glyphosate; Monsanto, St. Louis, MO) and 0.25% nonionic surfactant to
prevent excessive stolon growth to avoid contamination. Based on the weather data from
the Oklahoma Mesonet, adequate irrigation was applied to prevent any drought stress in
2017 during the establishment phase, and no supplemental irrigation was applied from
2018 to 2020. Hand weeding was frequently implemented throughout the study.
Data Collection

Spring greenup (SG) data were collected in the spring from 2018 to 2020. One
image was taken per plot on March 26, April 3, and April 13 in 2018, April 17 and April
26 in 2019 and April 17 and April 28 in 2020 with a digital camera (Canon Powershot
G1X, Canon U.S.A,, Inc., Melville, NY) mounted on a custom-built lightbox with four
compact fluorescent light bulbs as light sources (Richardson et al. 2001). Images were
analyzed by Turf Analyzer 1.01 (Karcher et al. 2017) for percent green cover (SGPGC).
Visual SG ratings were taken on March 25, April 2, and April 12 in 2018, April 16, April
22, and April 29 in 2019, and April 7, April 13 and April 23 in 2020. The scale for spring
greenup was 1-9, where 1 represented no greenup and 9 represented completely greenup
(Morris and Shearman, 2000). Winterkill (WK) visual ratings were taken on May 10,
2018, May 17, 2019, and May 12, 2020 to estimate the percentage of ground coverage

killed by the winter low temperatures. Leaf firing (LF) visual ratings were taken on
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August 6, 2019 and August 26, 2020 on a 1-9 scale, where 1 represented completely
straw-colored leaves and 9 represented completely green leaves.
Statistical Analysis

All effects were considered as random effects because year and rating date within
the year were not chosen based on expected environmental conditions (Gordon et al.
1972), and the information on traits performance for this S1 population was unknown.
Analysis of variance (ANOVA) for SG, SGPGC, WK, and LF was conducted using SAS
9.4 (SAS Institute Inc., Cary, NC) MIXED Procedure (PROC MIXED) with repeated
measurements and variance components were estimated using TYPE3 method of
moments estimation (Chang et al., 2016). Pearson correlation coefficients were calculated
using the PROC CORR.

The broad-sense heritability (H) for WK and LF calculated using the following
formula: H= 06%/ (o6%+ oay?/Y+ 0e?/RY). The broad-sense heritability (H) for SG and
SGPGC calculated using the following formula: H= 6% (c6*+ oey?/Y+
ocr’/R+ocpy?/DY+oe2/RDY), where ac? represents the variance of genotype, ocy?
represents the variance of genotype by year interaction, ocr? represents the variance of
genotype by replication interaction, ocp? represents the variance of genotype by date,
oepy? represents the variance of genotype by date within the year interaction, o
represents the error variance, R represents the number of replication, Y represents the
number of year, and D represents the number of rating date (Hallauer 1970).

Linkage Map and QTL Analysis
The detailed information about sequencing and linkage analyses were reported by

Yu et al. (2020). QTL analysis was performed using MapQTL 6.0 (Van Ooijen 2006).
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The mean values of traits from each rating date were analyzed separately. The genome-
wide logarithm of the odds (LOD) threshold value was calculated by a 1,000 permutation
test and determined at a significant p-value of 0.05. The Interval mapping (IM) method
with default settings were initially selected to detect QTL. Then the QTL found in IM
were analyzed again using multiple QTL model (MQM). Markers close to the peak LOD
values in each linkage group (LG) were selected as cofactors in MQM analysis. The
MQM approach was repeated until the selected cofactors consistently have the highest
LOD values in each LG. Graphical representation of QTL was generated by using

MapChart 2.2 (Voorrips 2002).
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RESULTS

The means, ranges, distributions and other statistics for nine sets of SG, seven sets
of SGPGC, three sets of WK, and two sets of drought response trait, LF are given in
Table 1 and Fig. 1 to 4. Compared to the parent, the mean values of this S population
showed more winterkill, later spring greenup, and more leaf firing. Although not
statistical different, the genotype ‘104’ consistently showed less leaf firing compared to
OKC1163 in both years. Similarly, the genotypes ‘7°, ‘23°, and ‘89’ showed less
winterkill compared to OKC1163 in three years even they were not statistically different.

The ANOVA results of SG, SGPGC, WK, and LF are presented in Table 2.
Significant (P < 0.01) genotype effects were found for each of the four traits. The effects
of replication were significant (P < 0.05) for all the traits except for SGPGC. The effects
of genotype by replication interactions were highly significant (P < 0.0001) for all the
traits except LF. Year effects were not significant for SG and SGPGC but highly
significant (P < 0.0001) for WK and LF. Genotype by year interactions were significant
(P < 0.05) for all winter survivability and drought response traits. The genotype by date
within year interaction in SGPGC was highly significant while the SG genotype by date
within year was not significant.

The variance components estimate and broad-sense heritability for winter
survivability and drought response traits are given in Table 2. The variance for SG
genotype by date within the year was negative as estimated by TYPE3 method of
moments estimation. In this case, the variance component was considered zero since the
negative variance value was logically impossible. The largest variance component was

error variances for all the winter survivability related traits while the largest variance for
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drought response was genotype effect. The broad-sense heritability estimates for winter
survivability related traits ranged from 0.36 to 0.54 (Table 2). Digital image analysis had
a heritability estimate of 0.41, which was better than 0.36 of visual ratings, indicating the
technology improvement evaluation of this trait. The largest variance component was
genotype variance for LF, and the broad-sense heritability was high at 0.81.
Correlation Analysis

Due to the significant genotype by year interactions, data were analyzed by year.
Significant correlation coefficients among winter survivability traits are presented in
Table 3. Highly positive relationships (r > 0.75) were found between SG and SGPGC in
each year. A highly negative relationship was found for SG and WK in 2018 and 2020,
while relationships between SG and WK were only moderately negative in 2019. Leaf
firing was found to be significantly correlated with winter survivability in 2020.
However, in 2019, LF only correlated with SGPGC. Correlation coefficients between
phenotypes of the same traits were calculated between years (Table 4). All the traits had
significant correlations between years except for the SGPGC correlation between 2018
and 2020. The highest correlation between years was LF between 2019 and 2020 (0.7, P
< 0.0001).
QTL Analyses
Spring Greenup

In total, six QTL were identified in association with SG (Table 5, Fig. 5).
QCTSG1, between 25.55 to 36.84 cM on LG6, was consistently detected in each of the
three years. It explained 10.4 to 24.3% phenotypic variation of spring green up. QCTSG2,

detected in each of the three years, was located in the region from 77.50 to 81.99 cM on
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LG4 and explained 11 to 20.9% of phenotypic variation. QCTSG3 was detected in all the
visual ratings in 2019. This QTL was located at 82.5 cM on LG1, explaining 11.3 to
14.6% of phenotypic variation. QCTSG4 was only detected once in the visual ratings in
2019. This QTL was located at 70.93 cM on LG6 near marker TP102272, accounting for
10.2% of phenotypic variation. QCTSGS5, located on LG1, explained 20.3% phenotypic
variation, and was only detected in early visual rating in 2020. QCTSG6, between 105.24
and 105.78 cM on LG3, was only detected in 2020.

QCTSG1, QCTSG2, and QCTSG6 were identified to varying degrees for SGPGC.
QCTSG1 and QCTSG2 were detected every year and accounted for 10.4 to 17.3% to
phenotypic variation. QCTSG6 was only detected in 2020 and accounted for 16.1%
phenotypic variation. The SG and SGPGC means and associated standard deviations for
three respective genotypes of the two QCTSG1 and QCTSG2 linked markers are given in
Table 6. The homozygous genotype B of both QCTSG1 flanking markers and one of the
QCTSG2 flanking marker TP48420 consistently had later greenup than the genotypes A
and H in three years. The homozygous genotype A of another QCTSG2 flanking marker
TP4427 had earlier greenup than the genotypes B and H in three years (Table 6).
Winterkill

QCTWK1 was detected in all three years, located on LG6 between 34.27 to 36.84
cM, and accounted for 23.1 to 35.6% of phenotypic variation (Table 5, Fig. 5). QCTWK1
showed negatively dominant and additive intra-locus genetic effects in three years,
indicating heterozygous (H) and homozygous (A) genotypes of the resistance allele
reduced winterkill occurrence by 25.2-33.3% and 20.8-35.4%, respectively (Table 5).

The similar magnitude of effects between A and H suggested the full dominance between

67



the resistance allele and non-resistance allele. The WK means and associated standard
deviations for three respective genotypes of the two QCTWK1 linked markers are given
in Table 6. The homozygous genotypes B of both markers consistently had more
winterkill than the genotypes A and H in three years (Table 6).
Leaf Firing

Two QTL were identified for LF. Both QCTLF1 and QCTLF2 were detected in
2019 and 2020. QCTLF1 was located on LG3 between position 115.45 and 119.06 cM,
accounting for 20.2 and 32.5% phenotypic variation in 2019 and 2020, respectively
(Table 5, Fig. 5). QCTLF2 was located on LG8 at position 13.71 ¢cM in 2019 and 14.71
cM in 2020, accounting for 15.7 and 17.6% of phenotypic variation, respectively. The LF
means and associated standard deviations for three respective genotypes of the two
QCTLF1 linked markers are given in Table 6. The homozygous genotypes A of both
markers consistently have lower LF phenotype expression (i.e., drought susceptibility)

than the genotypes B and H in the two years (Table 6).
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DISCUSSION

Heritability estimates help plant breeders understand the portion of a phenotype
influenced by genetic factors as opposed to environmental factors and determine what
selection procedure should be implemented to make improvements (Bokmeyer et al.
2008). In this African bermudagrass Si population, the moderate SG heritability was due
to the large genotype by year and residual variance, suggesting both genetic and
environmental factors influence phenotypic expression. Bermudagrass winter
survivability is affected by cold acclimation (Fontanier et al. 2020), freeze tolerance
(Anderson et al. 1993; Anderson and Taliaferro 2002), and deacclimation (Chalmers and
Schmidt 1979). Therefore, frequent freeze events during cold acclimation and
deacclimation stages fluctuate winter survival year by year. In addition, tissue desiccation
caused by drought stress in summer and local dry spots have been found altered the
bermudagrass winter survivability (Deboer et al. 2017; Yu et al. 2020). This African
bermudagrass population was under drought stress in the summer of 2019. The drought
conditions likely caused injuries to plants in the population, which may have further
decreased the SG heritability estimates. Compared to SG, the heritability estimate of
SGPGC was slightly increased, which was consistent with the finding that using an
objective and quantitative method, instead of visual ratings, will improve the heritability
estimates due to the reduced error variance (Karcher and Richardson 2003; Kenworthy et
al. 2006). The moderate heritability estimate of WK was similar to what has been
reported in common bermudagrass by Wu et al. (2007). Winterkill can be used as a more

reliable indicator to evaluate winter survival performance of bermudagrass genotypes.
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Leaf firing is the most widely used indicator of drought response of turfgrasses
(Morris and Shearman 2000). The heritability of leaf firing was 0.81, indicating genetic
factors largely controlled the drought response in this African bermudagrass population.
A previous study showed that the heritability of drought response was low to moderate
based on a hybrid bermudagrass population (Yu et al. 2020). Stress-related traits are
susceptible to environmental conditions and the heritability estimation decreased under
stressed environments (Rose et al. 2007; Schwartz et al. 2009). In this study, the low
genotype by year variance suggested that the environmental conditions that caused
drought stress in both years were similar, which may have explained the high LF
heritability. Substantial winter survivability and drought response genetic variability in
this population are valuable in breeding interspecific cultivars by selecting superior plants
as parents in conventional breeding. The significant correlation between winter
survivability and drought response (Table 3) suggests that the possibility of improved turf
bermudagrass cultivars with combined winter survivability and drought response.

QTL analysis has been used to identify molecular markers linked to cold tolerance
related traits in warm-season turfgrasses such as zoysiagrass, St. Augustinegrass, and
centipedegrass, and markers closely linked to major QTL showed potential to be used in
marker-assisted selection for improving freeze tolerance (Holloway et al. 2018; Kimball
et al. 2018; Wang et al. 2014). However, molecular markers linked to winter survivability
in African bermudagrass remained unexplored due to the lack of high-density linkage
maps. Recently, a high-density linkage map having 1,278 SNP and SSR markers was
developed from the OKC1163 S; population providing a robust foundation for

association study for important agronomic traits in African bermudagrass. This is the first
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report of QTL identified for spring greenup, winterkill, and drought response in African
bermudagrass. A total of seven QTL associated with winter survivability traits were
identified and five of them were at least detected in two environments. Spring greenup
QTL QCTSG1 and QCTSG2 were identified in all the three years, suggesting these
genomic regions were consistently contributing to spring greenup in African
bermudagrass. The rest of SG QTL were only detected once in a single year, suggesting
these QTL were interacted with the specific environment in each year. On the contrary,
the only identified winterkill QTL, QCTWKZ1 was consistently detected from 2018 to
2020, indicating this is the reliable genomic region for African bermudagrass winter
survivability.

Greater values of LF indicate the turfgrass ability to prevent desiccation and
maintain photosynthesis that can be achieved by various mechanisms, including greater
water uptake, less evapotranspiration, and osmotic adjustments (Huang 2008). Drought
resistance is a complex quantitative trait in turfgrass species (Merewitz et al. 2012; Yu et
al. 2019). Yu et al. (2019) reported that 18 QTL were associated with LF in St.
Augustinegrass, and explained phenotypic variation between 5.1 to 20.4%. Similar
findings also reported by Merewitz et al. (2012), suggested that the different
environments such as the rate of dry down and microclimate conditions may affect
drought response. In the present study, two QTL were consistently detected for drought
response in 2019 and 2020. The repeated QTL are consistent with the high drought
response heritability, suggesting these are important genomic regions associated with
drought response. The major QTL QCTLF1 associated with resistance to drought stress

was located at the distal of LG3. African bermudagrass LG3 is largely syntenic to rice
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chromosome one (data not shown). Rice chromosome one carries QTL that are involved
in several traits like rooting depth, deep root weight, total root dry weight, and osmotic
adjustment (Kamoshita et al. 2008). To understand whether the function of QCTLF1 is
associated with drought avoid mechanisms such as rooting characteristics or drought
tolerant mechanisms such as osmotic adjustment, further studies are needed.

There were three genomic regions on LGs 3 and 6 in which QTL were identified for two
or more traits. One genomic region on LG6 around position 36 cM harbored QTL for
both SG and WK. The major drought response QTL QCTLF1 are co-located with spring
greenup QCTSGS, in a region of 10-14 ¢cM on LG3.

The co-localization between QCTSG1 and QCTWK1 on LG6 can explain the
significantly negative correlation between SG and WK in both common bermudagrass
(Wu et al. 2007) and African bermudagrass. The co-location between SG and WK QTL
has also been observed in St. Augustinegrass (Kimball et al. 2018). The co-location
between WK and SG QTL identified in our study reinforces that this is the true genic
region associated with winter survivability in African bermudagrass. Therefore, this
overlapped region on LG6 could be a promising candidate region for fine mapping and
used in the future to develop DNA markers in accelerating the process of breeding winter
hardy bermudagrass cultivars. Co-localized QTL can also be found between different
adaptive traits in African bermudagrass. Spring greenup QCTSG1 and winterkill
QCTWK1 were co-located with establishment rate (ER) QCTER3; another co-localized
QTL was found between QCTSG6 and QCTER2 (Yu et al. 2020). Holloway et al. (2018)
also reported the QTL co-location between spring greenup and establishment in

zoysiagrass. The overlapping between ER and SG QTL suggests these can be a
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pleiotropic effect QTL or several QTL tightly linked in this genomic region. Co-locating
with the major ER QTL, QCTSG6 was only detected in 2020, might suggest that the
spring greenup in 2020 was the combination of both spring greenup and reestablishment.
QCTSG6 was only detected in late spring data. It is possible that this QTL interacted with
specific environment that associated with rapid growth after initial spring greenup.
However, we cannot completely rule out the role that QCTSG6 played in African
bermudagrass winter survival. The primary drought response QTL QCTLF1 can also be
considered overlapped with QCTSG6 even the distances between these QTL are greater
than 10 cM because in initial QTL analyses using IM, the LOD values for both SG and
LF in this genomic region were greater than their LOD threshold values, and this may
explain the significant correlation was found between winter survivability and drought
response, especially in 2020.The co-location of low-temperature and drought tolerance
was found in meadow fescue (Alm et al. 2011) and soybean [Glycine max (L.) Merr.]
(Zhang et al. 2012). The transcriptional factors involved in stress responses, including
drought and cold responses, are well documented (Nakashima et al. 2014). But we cannot
conclude that transcriptional factors play major roles in drought and low-temperature
responses in African bermudagrass since QCTSG6 was only detected in 2020. On the
contrary, the connection between drought response and establishment rate was consistent.
The major LF and ER QTL overlapping suggest that the fast-growing genotypes will
have less drought response. Bermudagrass root length and mass affect drought response
by taking up more moisture from soil profile to avoid drought stress (Yurisic, 2016).
Therefore, it is possible that the below-ground growth and above-ground growth are

correlated and both are control by genes in this genomic region on LG3.
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Future Application for Turf Bermudagrass Improvement

Turf bermudagrass improvement relies on convention breeding. A large amount
of winter survivability and drought response genetic variability within this population
provides an opportunity to select elite genotypes as parents to create interspecific hybrids.
Phenotypic recurrent selection cannot be used in interspecific hybrid bermudagrass (2n =
3x = 37) due to their reproductive sterility. The QTL identified in this study shed light on
bermudagrass MAS. One major WK QTL, QCTWKZ1, has been identified in the current
study can be used to select for winter survivability. Using two QCTWK1 flanking
markers, TP70570 and TP16800, genotypes A and H show low winterkill compared to
genotype B. Similarly, using TP65354 and TP30607, two QCTIF1 flanking markers, can
help select genotypes with improved drought response. Genotypes B and H consistently
show high LF values (i.e., drought resistance) compared to genotype A. The SNP
markers close to the QTL should also provide a valuable tool for breeding resistant
parents for generating F1 interspecific hybrids in turf bermudagrass. However, breeders
cannot use SNP markers in MAS as no functional markers are available for these
important bermudagrass genes because the whole genome sequence of African
bermudagrass is not available. Kompetitive Allele Specific PCR (KASP) markers have
been developed and validated in wheat based on SNP markers (Fang et al. 2020; Rasheed
et al. 2016). Using the information of QTL associated SNP markers from this African
bermudagrass population, KASP markers can be converted and become breeder-friendly
markers in MAS for developing winter hardy and drought resistant bermudagrass hybrid

cultivars.
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CONCLUSION

Cold hardiness and drought resistance are two key traits in developing new turf
bermudagrass cultivars. In this study, significant phenotypic variances were observed and
the broad-sense heritabilities were estimated for winter survivability and drought
response based on the 109 S; progeny of OKC 1163 African bermudagrass. Seven
genomic regions associated with winter survivability and two genomic regions associated
with drought response were identified in this study. Four of these QTL were repeatedly
detected across environments to indicate their reliability and some genomic regions were
co-located with multiple traits. These stable QTL can be used in fine-mapping to identify
the genes associated with winter survivability and drought response. Also, the SNP
markers closely linked to the important QTL have potential in MAS to accelerate the

improvement of cold hardiness and drought resistance in bermudagrass breeding efforts.
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Table 1. Descriptive statistics of winter survivability (winterkill, spring greenup visual and digital measurements), drought
response (leaf firing) recorded in the OKC1163 S1 population over three years.

S1 population

frait Dataset Mean Max. Min. SD Skewness Kurtosis Parent mean
WK? 5/11/2018 11.6 100.0 0.0 20.3 3.3 10.6 4.3
5/15/2019 11.4 100.0 0.0 19.2 3.5 13.1 6.3
5/10/2020 16.6 95.0 1.0 17 2.5 7.0 4.3
SGP 3/25/2018 2.4 4.0 1.0 0.6 0.1 -0.3 3.0
4/2/2018 2.9 5.0 1.0 0.8 -0.5 1.0 3.7
4/12/2018 4.7 7.0 1.0 1.2 -1.2 2.0 5.7
4/16/2019 3.2 6.0 2.0 0.8 0.5 0.3 3.3
4/22/2019 3.9 7.0 2.0 1.1 0.4 -0.1 4.3
4/27/2019 5.1 8.0 2.0 1.3 -0.2 -0.5 6.0
4/7/2020 15 4.0 1.0 0.6 1.0 0.3 2.3
4/12/2020 2.3 5.0 1.0 0.8 0.8 0.7 3.7
4/23/2020 3.4 7.0 1.0 1.2 0.3 -0.4 5.0
SGPGC* 3/26/2018 8.7 31.0 0.0 4.8 1.0 2.1 11.4
4/3/2018 22.1 59.7 0.0 10.9 0.5 0.6 30.9
4/13/2018 375 77.9 0.0 14.4 -0.5 0.7 47.5
4/17/2019 12.9 37.0 0.5 7.1 0.6 0.1 16.3
4/26/2019 445 84.4 0.5 18.6 -0.2 -0.8 54.9
4/17/2020 9.3 39.6 0.0 6.2 1.4 2.9 16.7
4/28/2020 45.2 97.8 1.3 20.6 0.2 -0.4 66.9
LFd 8/6/2019 6.8 9.0 3.0 1.2 -1.1 1.3 7.7
8/26/2020 7.1 9.0 3.0 1.0 -1.0 1.5 8.0

SD, standard deviation.
AWK = winterkill was rated on a scale from 0-100% where 0 = no winterkill and 100% = completely winterkill.
SG = spring greenup was rated a scale from 1-9 where 1 = dormant turf and 9 = fully green turf.
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¢SGPGC = Spring greenup percent green cover measured by digital image analysis calculating the percent live cover on a scale from 0-
100% where 0 = no green cover and 100% = whole plot is green.
dLF = leaf firing was rated on a scale from 1-9 during drydown where 1 = all leaves fired and 9 = no leaf firing.
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Table 2. Analysis of variance and variance component estimates of winter survivability and drought response traits.

Source of SG? SGPGC WK LF

variation PsF Variance PsF Variance PoF Variance PaF Variance
component component component component

Replication 0.01488 0.1965 0.0065 0.04

Year 0.235 0.9496 <.0001 <.0001

Date(Year) <.0001 <.0001

Genotype 0.0022  0.07196 0.0013 13.5631 <.0001 68.9984 <.0001 0.5849

Genotype*Replication <.0001  0.168 <.0001 28.1187 <.0001 96.7327 0.1559 0.0399

Genotype*Year <.0001 0.1887 <.0001 19.2225 <.0001 28.3678 0.0277 0.0665

Genotype*Date(Year) 1 0 <.0001 15.7694

Residual 0.5334 102 149.24 0.5312

H 0.36 0.41 0.54 0.81

aFor trait acronyms, see Table 1.
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Table 3. Pearson correlation coefficients among the winter survivability and drought response traits within each of three years.

Year Trait? SG SGPGC WK
2018 SGPGC 0.86****
WK -0.81**** -0.67****
2019 SGPGC 0.83****
WK -0.35*** -0.55****
LF 0.11 0.25** -0.11
2020 SGPGC 0.75%***
WK -0.70**** -0.77%***
LF 0.32%** 0.45%*** -0.43****

Significant correlations are indicated by *P < 0.05; **P <0.01; ***P <0.001; ****P <(0.0001.
aFor trait acronyms, see Table 1.
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Table 4. Pearson correlation coefficients between phenotypic values of the same traits, spring greenup (SG), SG percent green
color (SGPGC), winterkill (WK), and leaf firing (LF) under drought stress in two or three years.

Trait? Season 2019 2020

SG 2018 0.21* 0.26**
2019 0.49****

SGPGC 2018 0.43**** 0.10
2019 0.46****

WK 2018 0.65**** 0.28**
2019 0.32%**

LF 2020 0.70****

Significant correlations are indicated by *P < 0.05; **P <0.01; ***P <0.001; ****P <(0.0001.
aFor trait acronyms, see Table 1.
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Table 5. QTL for spring greenup (SG), spring greenup percent green color (SGPGC), winterkill (WK), and leaf firing (LF) were detected in the S1 population of OKC1163
African bermudagrass.

Dataset? QTL LG LOD Peak® Locus PVE Dominate  Additive  LOD threshold®

SG 03/25/18 QCTSG1 6 451 36.05 TP79974 17.3% 0.67 0.57 4.0
QCTSG2 4 3.37 77.50 TP48420 11.0% 0.25 -0.11

SG 04/02/18 QCTSG1 6 412 36.84 TP70570 16.0% 0.81 0.78 4.8

SG 04/12/18 QCTSG1 6 6.58 36.84 TP70570 24.3% 1.63 1.62 55

SG 04/16/19 QCTSG3 1 3.75 82.50 TP97747 14.6% -0.30 -0.19 3.8
QCTSG4 6 3.02 70.93 TP102272 10.2% 0.36 -0.06

SG 04/22/19 QCTSG3 1 5.15 82.50 TP97747 13.8% -0.36 -0.26 4.0
QCTSG2 4 3.77 81.99 TP4427 9.8% 0.23 -0.36

SG 04/29/19 QCTSG2 4 5.56 81.99 TP4427 20.9% 0.42 -0.56 4.0
QCTSG3 1 3.55 82.50 TP97747 11.0% -0.39 -0.27

SG 04/07/20 QCTSG5 1 5.38 47.66 TP96326 20.3% -0.17 -0.29 4.1

SG 04/13/20 QCTSG1 6 6.03 29.27 TP100047 19.8% 0.55 0.13 4.1
QCTSG6 3 5.76 105.78 TP67884 18.8% 0.44 0.08

SG 04/23/20 QCTSG6 3 7.04 105.78 TP67884 22.9% 0.80 0.05 4.0
QCTSG1 6 5.42 29.27 TP100047 17.0% 0.87 0.40

SGPGC 03/26/18 QCTSG2 4 4.33 77.50 TP48420 16.7% 0.02 -0.02 45

SGPGC 04/03/18 QCTSG2 4 451 77.50 TP48420 17.3% 0.05 -0.04 4.1

SGPGC 04/13/18 QCTSG1 6 4.31 35.33 TP16030 16.6% 0.17 0.16 4.3

SGPGC 04/17/19 QCTSG2 4 4.33 81.99 TP4427 16.7% 0.02 -0.03 4.0

SGPGC 04/26/19 QCTSG2 4 4.97 81.99 TP4427 15.8% 0.04 -0.07 3.9
QCTSG1 6 4.00 35.76 TP21857 12.4% 0.19 0.15

SGPGC 04/17/20 QCTSG2 4 3.73 77.50 TP48420 12.1% -3.31 -0.22 4.1

SGPGC 04/28/20 QCTSG6 3 5.58 105.24 TP12632 16.1% 12.39 -1.62 4.0
QCTSG1 6 3.75 25.55 TP2736 10.4% 11.8 1.33

WK 05/11/18 QCTWK1 6 10.42 36.84 TP70570 35.6% -33.32 -35.43 8.1

WK 05/15/19 QCTWK1 6 5.87 36.05 TP79974 20.5% -25.16 -21.20 6.2

WK 05/10/20 QCTWK1 6 9.29 34.27 TP16800 30.3% -26.10 -20.82 5.3

LF 08/06/19 QCTLF1 3 11.41 119.06 TP65354 32.5% 0.31 -0.83 4.4
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QCTLF2 8 6.26 13.71 TP150473/TP110425 15.7% -0.44 -1.00
LF 08/26/20 QCTLF1 3 6.41 115.46 TP30607 20.2% 0.38 -0.49 4.2
QCTLF2 8 5.71 14.71 TP150473/TP110425 17.6% -0.26 -0.73

QTL, quantitative trait loci; LG, linkage group; LOD, logarithm of the odds; PVE, phenotypic variation explained.
aFor trait acronyms, see Table 1. PPeak is the QTL maximum LOD position on the linkage group.
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Table 6. Means and associated standard deviations of two SNP markers that closely linked to the major spring greenup (SG),

winterkill (WK), and leaf firing (LF) QTLs in the S1 population.

SG? SGPGC
QTL Marker  Genotype 2018 2019 2020 2018 2019 2020
Mean + SD Mean + SD
QCTSG1 TP16030 A (hh) 3.3x0.4 4.0+0.7 2.820.5 36.7£7.0 42.0£12.6 44.84£15.2
H (hk) 3.4+£0.5 4.2+0.7 2.5£0.5 38.3+10.7 45.7+13.1 46.4+13.6
B (kk) 1.4+£0.4 2.520.1 1.3+0.2 5.5+2.5 8.6£0.8 14.745.3
TP70570 A (hh) 3.3£0.4 4.0£0.7 2.3£0.5 39.3+7.2 41.7+11.4 44.8+15.2
H (hk) 3.4+0.6 4.2+0.7 2.5£0.5 37.4+11.4 455+13.3 46.1+13.8
B (kk) 1.0£0.0 2.3£0.0 1.1+£0.0 3.0+0.0 9.5+0.0 9.4+0.0
QCTSG2 TP48420 A (hh) 3.320.5 4.3£0.7 2.51£0.6 36.7+9.1 47.8+12.9 45.9+15.9
H (hk) 3.5x0.4 4.1+0.7 2.4+0.5 40.1£9.3 45.0£12.6 46.1+14.1
B (kk) 3.0£0.7 3.6x0.7 2.2+20.4 31.3£11.7 33.3£12.8 41.8+£14.2
TP4427 A (hh) 3.3£0.5 4.1+0.8 2.5+0.7 38.3£10.5 43.6£17.3 46.8£19.3
H (hk) 3.3x0.6 4.1+0.7 2.4+0.5 37.5£10.9 43.3£12.8 43.9£12.7
B (kk) 3.4+0.4 4.0£0.6 2.3£0.4 36.3+7.7 43.9+10.6 46.7+£12.5
WK
2018 2019 2020
Mean £ SD
QCTWK1 TP70570 A (hh) 9.248.8 11.6+13.4 17.2+12.8
H (hk) 11.4+14.4 10.0£11.6 14.949.5
B (kk) 86.7£0.0 35.0£0.0 65.0£0.0
TP16800 A (kk) 9.6£9.0 10.0#8.8 17.4+125
H (hk) 10.9+14.3 11.4+14.6 14.6%9.3
B (hh) 55.9+30.5 42.2+21.7 53.1+8.5
LF
2019 2020
Mean £ SD
QCTLF1 TP65354 A (kKk) 5.8+1.2 6.6£0.9
H (hk) 6.9+£0.8 7.2£0.8
B (hh) 7.520.5 7.4£0.5
TP30607 A (hh) 5.8+1.2 6.5£0.9
H (hk) 6.9+£0.9 7.2£0.7
B (kk) 7.4+0.5 7.4£0.5

QTL, gquantitative trait loci; SD standard deviation.

aFor trait acronyms, see Table 1. Due to the insignificant genotype by date within the year interaction, the SG genotype means for each
marker were averaged by year. The SGPGC means for each marker were calculated using the dataset from the last SGPGC measurements

in each year.
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CHAPTER IV

GENETIC VARIABILITY AND QTL MAPPING OF MORPHOLOGICAL AND
REPRODUCTIVE TRAITS IN AFRICAN BERMUDAGRASS

ABSTRACT

African bermudagrass (Cynodon transvaalensis Burtt-Davy) has naturally crossed
with and been artificially used to cross with common bermudagrass (C. dactylon Pers.
var. dactylon) in developing F1 hybrid turf cultivars. African bermudagrass has some
unique morphological characteristics that contribute to F1 hybrid cultivars quality
improvement. However, the molecular basis of its morphological variation is unknown.
Accordingly, the objectives of this study were to estimate the heritability and identify
quantitative trait loci (QTL) associated with morphological and reproductive traits. A
first-generation self-pollinated (S1) population of 109 individuals of OKC1163 African
bermudagrass was evaluated for plant height, leaf blade width and length, stem internode
diameter and length, and inflorescence prolificacy in a replicated field trial over three
seasons (2018-2020). The broad-sense heritability estimates ranged from 0.32 (plant
height) to 0.74 (inflorescence prolificacy). Twenty-five QTL were identified and nine of
them were recurrent QTL. QTL co-locations were found among morphological traits and
between morphological and reproductive traits, partially explained the significant

correlation. The findings provide critical genetic information and resources toward
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understanding the molecular genetic basis associated with the morphological and
reproductive traits and shed light towards marker-assisted selection for breeding new turf

bermudagrass cultivars.
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INTRODUCTION

Among the eight species of the genus Cynodon (L.) Rich., two that have
significant values for turf use are common bermudagrass (C. dactylon var. dactylon) and
African bermudagrass (C. transvaalensis)'2. African bermudagrass origins in the
southwestern Transvaal and the northern part of the central Cape Province of South
Africa4. African bermudagrass is important to the turfgrass industry because it can serve
as a parent to artificially cross with common bermudagrass to create interspecific F1
hybrid (C. dactylon x C. transvaalensis) cultivars®. African bermudagrass contributes
genes for aesthetic properties to hybrid cultivar’s morphological traits such as fine leaf
blades and high sod density®. Many interspecific hybrid bermudagrass cultivars have
excellent turfgrass quality and stress tolerance?. Long-term industry-standard ‘Tifway’
and most recently released Latitude 36®, NorthBridge®, TifTuf® and Tahoma 31® have
been commercially successfully used on golf courses, sports fields, home lawns, and
municipal parks>®'8°,

African bermudagrass is morphologically recognizable to be different from other
species in Cynodon. Its linear-lanceolate leaf blades are rarely wider than 2 mm, it often
has yellowish-green color with sparsely hairs. Stolons are fine, slender, with shortened
internodes®®. Flowering culms can be as high as 10 cm?*!. African bermudagrass
inflorescences are small, usually 2 to 4 cm long, with 2 to 4 (normally 2) racemes in a
whorl*. Flowering is prolific during the spring and fall with few seedheads occurring
during the summer months and seed shattering at maturity is common for African
bermudagrass?. Even de Wet and Harlan'® described that African bermudagrasses were

very uniform in appearance, but variation exists in morphological characteristics.
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Gerken'? evaluated African bermudagrass genotypes and found differences for shoot
density, color, and turf quality under putting green management. Kenworthy et al.*3
reported that the broad-sense heritability estimates of turfgrass performance,
morphological, and reproductive traits were moderate to high. They indicated African
bermudagrass population improvement is possible through recurrent selection except for
genetic color, raceme number, seed number, and percent seed set due to low additive
genetic variation®3,

Linkage maps are one of the most important tools in genetic and genome studies.
Bethel et al.* constructed a framework linkage map of African bermudagrass using an
interspecific hybrid population between C. dactylon ‘“T89” x C. transvaalensis ‘T574°.
The linkage map was constructed using 77 single-dose restriction fragments (SDRFs)
markers spanning 973.4 cM*4. Harris-Shultz et al.'® and Khanal et al.'® enriched this
African bermudagrass linkage map framework by adding expressed sequence tag-derived
simple sequence repeat (EST-SSR) and simple sequence repeat (SSR) markers,
respectively. Subsequently, Khanal et al.’ reported 11 quantitative trait loci (QTL) for
morphological traits such as leaf length, leaf width, plant height, stolon internode length,
and the longest stolon length in African bermudagrass. Using single nucleotide
polymorphisms (SNP) markers produced by next-generation sequencing technology,
recently, a high-density African bermudagrass linkage map was constructed with 1,278
markers with an average marker spacing of 0.69 cM*®. A higher resolution linkage map is
more favorable in mapping and discovering QTL. Accordingly, the objectives of this
study were to quantify the genetic variability and detect the genomic regions associated

with morphological traits and reproductive trait in African bermudagrass.
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RESULTS

The means, ranges, distributions, and descriptive statistics for IP, LBW, LBL,
SIL, SID, and PH are given in Table 1 and Fig. 1 to 6 by each dataset due to significant
genotype by year or genotype by date within the year interaction for most traits (Table 2).
Compared to the parent, this S1 population on average showed decreased plant size (i.e.
narrower leaf blade, shorter leaf blade, shorter internode, smaller internode size, and
shorter canopy height), indicating inbreeding depression. The progeny means of LBW,
SIL, and PH in 2019 were numerically higher than the mean values in 2018. The progeny
means of SIL in 2020 were numerically higher than the mean values in 2019. However,
the progeny means of SID in 2020 was numerically lower than the mean values in 2019.

The ANOVA results of all the traits studied are shown in Table 2. According to
the ANOVA results, significant (P < 0.05) genotype effects were found for all the traits,
suggesting segregation of genes underpinning the phenotypes, which were desirable for
QTL mapping. Highly significant (P < 0.0001) genotype effects were found for IP, LBW,
LBL, and SIL. The effects of replication were significant (P < 0.05) for all the traits
except for LBL and SID. The effects of genotype by replication interactions were
significant for all traits except for LBW and SID. Year effects were significant (P < 0.05)
for all traits that data were collected in multiple years except for SID. The genotype by
year interactions were significant for all traits except for LBW and SID.

The variance components estimate and broad-sense heritability for all studied
traits are presented in Table 2. The variances for the SID genotype by replication was
negative estimated by the TYPE 11l sum of squares. In this case, the variance for

genotype by replication was considered to be zero since the negative variance value was
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logically impossible. For the traits even with highly significant genotype effects, the
genetic variances were not the largest. The error variances were the largest component of
all the traits.

The broad-sense heritability estimates for all traits ranging from 0.32 to 0.74
(Table 2). Morphological trait LBW, LBL, and SIL had moderate to high broad-sense
heritability. The PH and SID had low to moderate broad-sense heritability. The high
broad-sense heritability for LBL (0.73) may inflate due to only one-year data was
collected. Reproductive trait IP had the highest broad-sense heritability (0.74) among all
the traits.
Correlation Analysis

Due to significant genotype by year interactions for most of the traits, data were
analyzed by year. Significant correlation coefficients between morphological and
reproductive traits are presented in Table 3. LBW was significantly positively correlated
with SIL in both 2018 and 2019. In 2019, significant correlations were found between all
the traits except between PH and IP and between PH and SID. In 2020, significant
correlation was found between IP and SID. Subsequently, correlations for each trait were
calculated between years (Table 4). Significant correlations were found for all the traits
among different years. The highest correlation was for IP between 2019 and 2020. Stem
internode diameter has the lowest significant correlation (0.26) compared to other
morphological traits. For the traits collected in three seasons, the correlations between the

first and the last season were lower than the correlation between neighbor seasons.
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QTL Analyses
Inflorescence Prolificacy

Four QTLs were identified on LGs 1 and 3, explaining 11.7 to 21.2% phenotypic
variation (Table 5, Fig 7 & 8). QCTIP1 on LG3 with peak LOD values located between
positions 100.83 to 113.96 cM, was consistently identified in all three seasons. The
percentage of phenotypic variation explained by QCTIP1 ranged between 14.2 to 21.2%,
showing negative additive effects (i.e., increasing IP). The IP means and associated
standard deviations for three respective genotypes of the two markers flanking QCTIP1
are given in Table 6. The homozygous genotypes A of both markers consistently
produced more seedhead while homozygous genotypes B produced less seedhead except
using marker TP16800 in 2019 (Table 6). QCTIP2, located on LG1 between 34.31 and
36.32 cM, was also identified in 2018 and 2019, explaining 11.7 to 14.7% phenotypic
variation. The intra-locus genetic effect of QCTIP2 was positive additive (i.e., reducing
IP) and negative dominance (increasing IP). QCTIP3 was detected on LG3 at 49.16 cM
in 2019 and 39.48 in 2020, explaining 13.8 and 11.7% phenotypic variation, respectively.
QCTIP4, on LG1 between 74.03 and 83.53 cM was identified in both 2019 and 2020.
Plant Height

Two QTL associated with PH were identified on LG6 (Table 5, Fig 7 & 8). In
2018, QCTPH1 was detected on 70.71 cM that resided in the 1.2 cM interval between
makers TP102272 and TP188709, and it explained 27.4% phenotypic variance. While in
2019, QCTPH1 was detected on marker TP74779 at position 76.08 cM, explaining 20.3%
phenotypic variation. QCTPH1 expressed negatively additive (decreasing plant height)

and partially positively dominant (increasing plant height) intra-locus genetic effects in
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both seasons. Another QTL, QCTPH2, was only identified in 2019. This QTL was
located at position 36.05 cM on LG6, explaining 10.0% phenotypic variation. Unlike
QCTPH1, QCTPH2 showed a positive additive intra-locus genetic effect.
Leaf Blade Width

Three QTL associated with LBW were identified (Table 5, Fig 7 & 8). In 2018,
the position of peak LOD of QCTLBW1 was located at 108.46 cM on LG3, resided in the
1.9 cM interval between TP62635 and TP83433, explaining 32.9% phenotypic variation.
In 2019, the peak LOD of QCTLBW?1 was located at 106.204 cM near marker TP53464,
accounting for 21.8% phenotypic variation. QCTLBW1 expressed negative additive
genetic effects in both seasons while its dominance was inconsistent in the two years.
QCTLBW2 on LG6 was detected in both years. In 2018, QCTLBW?2 was located at
36.049 cM near marker TP70570, explaining 16% phenotypic variation. In 2019,
QCTLBW?2 was on position 36.844 cM and accounted for 18% phenotypic variation.
QCTLBW3 was only detected in 2019. This QTL was detected on 79.16 cM on LG1,
explaining 10.7% phenotypic variation. While QCTLBW1 showed negative additive
effect, both QCTLBW2 and QCTLBWS3 showed positive additive effects. The LBW
means and associated standard deviations for three respective genotypes of the two
QCTLBW!1 linked markers are given in Table 6. The homozygous genotypes A of both
markers consistently had finer leaf texture than the genotypes B and H in both years
(Table 6).
Stem Internode Length

Seven QTL associated with SIL were identified based on data collected from

three seasons (Table 5, Fig 7 & 8). In 2018, QCTSIL1 and QCTSIL2 were identified,
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accounting for 12.2 and 9.7% of phenotypic variation, respectively. QCTSIL3, QCTSILA4,
and QCTIL5 were identified in 2019, explained 8 to 16.1% of phenotypic variation.
QCTSIL2, QCTSIL6, and QCTSIL7 were identified in 2020, accounted for 14.7 to 21.5%
of phenotypic variation. QCTSIL2 was the only repeated QTL associated with SIL and it
explained large phenotypic. Amongst the seven QTL, QCTSIL1, QCTSIL5, and QCTSIL6
showed positive additive effects and the rest of QTL showed negative additive effects.
QCTSIL2 showed a negative additive effect in 2018 but positive additive effect in 2020.
The SIL means and associated standard deviations for three respective genotypes of the
two QCTSIL2 linked markers are given in Table 6. The heterozygous genotypes H of
both markers consistently had shorter stem internode length than the respective genotypes
A and B in three years (Table 6).
Stem Internode Diameter

Four QTL associated with SID were identified in two seasons (Table 5, Fig 7 &
8). In 2019, QCTSID1 was detected on LG6 at 82.06 cM, explaining 10.5% phenotypic
variation. QCTSID2 was detected both in 2019 and 2020. In 2019, the peak location of
QCTSID2 was located at 103.26 cM on LG3, while in 2020, the location was 118.39 cM.
QCTSID2 explained 9.7 and 21.4% of phenotypic variation in 2019 and 2020,
respectively. QCTSID3 was identified in 2020 on LG1 with peak LOD at 44.55 cM,
explaining 10.7% phenotypic variation. QCTSID4, located on LG4 at 71.08 cM,
explaining 8.6% phenotypic variation. QCTSID4 was only detected in 2020. The SID
means and associated standard deviations for three respective genotypes of the two

QCTSID2 linked markers are given in Table 6. The homozygous genotypes A of both
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markers consistently had thinner stem internode than the respective genotypes B and H in
both years (Table 6).
Leaf Blade Length

Five QTL associated with LBL were identified (Table 5, Fig 7 & 8). QCTLBL1
and QCTLBL4 were located on LG6, explaining 8.0 to 13.1% phenotypic variation.
QCTLBL2 was located on LG5 at 79.41 cM, accounting for 10.4% phenotypic variation.
QCTLBL3 was identified on LG1 at 36.25 cM, explaining 8.3% phenotypic variation. On
LG3, QCTLBL5 was identified at position 61.82 cM, explaining 7.7% phenotypic

variation. All the QTL showed positive additive effects except for QCTLBL2.
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DISCUSSION

African bermudagrass is a native species to a small geographic region in South
Africa. The species has unique morphological characteristics, including fine leaf texture,
thin and short internodes, which are relevant to the development of modern turf
bermudagrass cultivars. In the past century, the species has been introduced to the USA
and used in the development of widely adopted interspecific hybrid turf bermudagrass
cultivars'®. When the genomes of African bermudagrass and common bermudagrass are
combined through hybridization some progeny exhibit desirable turf qualities,
encompassing fine leaf blades and high sod density. In the present study, we
combinatorially analyzed morphological traits and IP data collected across two to three
seasons and a pre-existing highly dense genetic map in a self-pollinated African
bermudagrass population?8. The major findings included the identification of 25 QTL in
the population and the colocalizations of multiple QTL, which partially validated the
correlations between these traits. Khanal et al.>’ reported 11 QTL for morphological traits
of an African bermudagrass genotype ‘T574” based on in an F1 population from
interspecific hybridization between common bermudagrass and African bermudagrass for
morphological traits. The morphological traits included plant height, internode length,
and leaf blade length and width. Unfortunately, due to no shared DNA markers between
the two genetic maps!”8, the QTLs identified in the two studies cannot be compared and
validated each other. Therefore, it is needed to develop a whole genome sequence for
African bermudagrass, which would serve as a platform for accurate molecular
investigations, such as a comparison between research findings by Khanal et al.}” and that

from this study.
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Heritability and Correlation Analyses

In this African bermudagrass S1 population, a wide range of broad-sense
heritability was found for morphological and reproductive traits. The broad-sense
heritability for morphological traits SIL and LBL was similar to the heritability estimates
reported by Kenworthy et al.3, suggesting that the SIL and LBL phenotypic expression
were mostly influenced by genetic factors even under different evaluation conditions.
However, the broad-sense heritability for PH in this study was much lower than what was
reported by Kenworthy et al.®® Turfgrasses plant height is a combination of both stem and
leaf extension and is affected by stem and leaf angle?. Although the trial was mowed
once after spring greenup to allow establishing a relatively uniform surface, it has been
observed that the canopy height was inconsistent within the plot. The plant height is more
vulnerable to environmental conditions compared to leaf and stem traits in the field*>2L,
The heritability estimate for this trait in this study was low, even five measurements were
averaged to minimize the error within each plot. The broad-sense heritability for SIL,
LBW, and LBL were lower than the values for common bermudagrass reported by
Wofford and Baltensperger?? but much greater than the heritability values of 0.03 for SIL
and 0.25 for LBW reported by Guo et al.®. Wu et al.?* reported that genetic effects
strongly influenced the SID in common bermudagrass. Genetic effects still control the
SID in African bermudagrass even our result for African bermudagrass SID heritability
was lower than common bermudagrass. The heritability of reproductive trait IP was
moderate to high (0.60), lower than the common bermudagrass IP heritability reported by
Guo et al.?® and Wu et al.?*. Inflorescence appearance in a high quality turf will decrease

the aesthetic value and consequently needs increased mowing management.
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Most of the correlations among the morphological traits were significant,
especially for leaf and stem traits. It is not surprising that a highly significant (P <
0.0001) correlation was between LBL and LBW, suggesting that longer leaf blades tend
to be wider. The significant (P < 0.05) correlation between LBL and LBW was also
found in common bermudagrass?*. The significant correlation between LBL and LBW
allows bermudagrass breeders to select high turfgrass quality (fine-texture) and less
mowing required (shorter leaf blade length) genotypes for residential and landscape uses.
The correlation between SIL and SID was less consistent compared to the correlation
between LBL and LBW. In 2019, low SIL and SID correlation was found, and in 2020,
the correlation became negative. Wu et al.?* reported the significant but low to moderate
correlation between SIL and SID in common bermudagrass. Similar to leaf traits,
bermudagrasses with longer stems usually have thicker stems. Bermudagrasses with
shorter SIL will produce more crowns per unit area, resulting in more growing points for
leaves?. Therefore, SIL could be a selection index for density. Stem internode length also
relates to mowing quality. Genotype with shorter stem internode length can withstand
lower mowing height to avoid scalping. Ultra-dwarf bermudagrass used on golf course
putting green have characteristically shorter stem internodes and leaf blades that can
withstand height of cut at 3 mm. The highly significant correlation between LBL and SIL
suggests that the genes that control leaf and stem size may tightly be linked or the same
genes affect different traits. Plant height was significant correlated with most
morphological traits but not SID in 2019. However, no correlation was found between

PH and morphological traits in 2018, suggesting plant aging might affect morphologic
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expression. Reproductive trait IP was significantly correlated with all the leaf and stem
traits.
QTL Analyses

Genetic maps are a useful tool in understanding genetic basis for and detecting
QTL associated with traits of interest, which is promising in improving selection
efficiency in plant breeding. QTL analysis has been widely used to identify molecular
markers linked to morphological and reproductive traits in crops26:27,28:29.30.31,32.33
However, the only genomic information associated with morphological traits of African
bermudagrass was reported by Khanal et al.}” Taking the advantage of next-generation
sequencing technology, a high-density African bermudagrass genetic map of 1,278
markers that cover all nine chromosomes has been recently reported8, providing a
powerful foundation for QTL analysis of traits of interest in African bermudagrass. As
the recent map was developed from an S; population, it is conducive for investigating
main allelic effects within a locus.

A total of 25 QTL associated with one reproductive and five morphological traits
were identified in this study. Consistency with the high (0.74) broad-sense heritability
found for IP, all of the four QTL associated with IP were recurrent QTL, suggesting these
QTL represent the true genomic regions that associated with IP. Using the markers
closely linked to the QTL associated with IP it is possible to select turf cultivars with
reduced IP, which will improve turf bermudagrass aesthetic quality.

Two QTL associated with PH were identified in this study. The major effect QTL
was recurrent over environments (i.e., year) even with a low to moderate heritability

estimate. Plant height of African bermudagrass is a quantitative trait'>'’. A large number
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of QTL associated with PH were identified in bermudagrass®’, rice?:*%, sorghum?, and
foxtail millet [Setaria italica (L.) P. Beauv.]%. Khanal et al.!” reported two QTL for
African bermudagrass PH, one on LG 7a-2/b-1 & 5a/b and another on LG 6a/b,
corresponding to African bermudagrass LGs 1 and 3 in the current study, respectively.
However, no QTL associated with PH was located on LGs 1 and 3 in the present study,
suggesting that PH segregation expression may be influenced by different loci in different
populations.

Three QTL were identified for LBW, two of them were recurrent QTL identified
on LGs 3 and 6, explaining from 39.8 to 48.9% combined phenotypic variation. Another
QTL, QCTLBWS3 on LG1 was only detected in 2019. Khanal et al.!” identified three QTL
associated with LBW on two African bermudagrass LGs 3a/b and 7a-2/b-1 & 5a/b, which
correspond to African bermudagrass LGs 1 and 3 in the current study, respectively. The
consistent findings reinforced that African bermudagrass LGs 1 and 3 carried QTLs for
LBW. Leaf plays a significant role in photosynthesis and can be used to determine yield
potential®’. Mapping QTL associated with flag leaf width has been conducted in
rice332383% ‘and QTL have been found on all 12 rice chromosomes. The recurrent LBW
QTL found on African bermudagrass LGs 3 and 6 were primarily corresponded to rice
chromosomes 1 and 6, respectively, indicating the similarity in genetic basis regarding
LBW between rice and African bermudagrass.

Seven QTL were detected for SIL on LGs 1, 3, 4, 5, and 6. QCTIL2 was the only
recurrent QTL associated with SIL. Although six QTL were not consistently detected in
three seasons, the broad-sense heritability for SIL was moderate to high, suggesting the

recurrent QTL may be the major effect QTL. The remaining non-recurrent QTL

111



associated with SIL may have minor effects. The inconsistency QTL detection was likely
due to different environmental conditions in each year caused significant gene by
environment interaction*’. Khanal et al.!’ reported four QTL associated with African
bermudagrass stolon internode length on four LGs. Although stolons and stems are
different in morphology, the internode length QTL were found at the same corresponding
LGs in the current study except for LG5. However, we could not know whether these
QTL were located at the same genomic regions in each LG due to different maker
systems and population used to construct the genetic maps.

There were four QTL associated with SID identified in the current study. One of
the QTL, QCTID2 on LG3, was a recurrent QTL. Stem internode diameter is an
important agronomic trait correlated to lodging resistance contributing to high-
yield?®3133 Shehzad and Okuno?® found that the QTL associated with sorghum culm
diameter were located on chromosomes 1, 3, 4, and 5. Wang et al.>! discovered three
QTL associated with foxtail millet SID were identified on chromosome 2, 5, and 9. Zhu
et al.® reported three QTL associated with the first rice basal internode diameter on
chromosomes 1, 3, and 10.Based on our unpublished data, rice chromosome 1, sorghum
chromosome 4, and foxtail millet chromosome 5 all correspond to LG3 in this study. The
correspondences among grass species reinforce that QCTSID2 on LG3 is a true genomic
region for African bermudagrass SID.

QTL Co-Localization

There were five genomic regions on LGs 1, 3, 5, and 6 where QTLs were

identified for two or more traits. Two genomic regions on LG1, one around 35 cM,

harbored QCTIP2, QCTLBL3, and QCTSIL7. Another genomic region on LG1 around 80
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cM was co-located for QCTIP4, QCTSIL1, and QCTLBW3. On LG3, a region around 108
cM was identified to have QCTIP1, QCTLBW1, QCTSIL2, and QCTSID2. QCTSIL3 and
QCTLBL2 were co-located on LG5 at position 79.41 cM. Additionally, one genomic
region on LG6 around 36 cM was co-located for QCTLBW2, QCTSIL6, QCTLBL1, and
QCTPH2. Significant positive correlations and co-localized QTL between morphological
traits are common phenomena, especially between leaf and stem traits?®31%3, In the
current study, the QTL associated with leaf and stem traits were overlapped on multiple
African bermudagrass LGs. Khanal et al.!’ reported that QTL colocalization between
LBL and LBW was not observed in bermudagrass. We found that LBL and LBW was
highly significant correlated (P < 0.0001), and that one co-located QTL was observed.
This discrepancy may due to Khanal et al.}” measured the leaves from the first node was
immature since LBL phenotypic expression was more reliable on mature leaves?4,
Consistency with the findings that significant correlations were found between PH, LBW,
and LBL in 2019. A QTL co-location was found among PH, LBW, and LBL only in
2019, but not in 2018. The major recurrent PH QTL was not able to overlap with any
other morphological traits QTL detected in this study, suggesting African bermudagrass
PH was controlled by different loci. Several QTL co-locations were observed between
morphological traits and reproductive trait IP in the current study. It has been well
documented that the QTL co-location among yield, leaf, and stem related traits in
rice?63032 wheat?’, switchgrass?, and sorghum?®. Apparently, yield, leaf, and stem
related traits share pleiotropic or closely linked genetic determinants among different

species in the grass family.

113



Besides QTL co-locations observed between morphological and reproductive
traits, QTL co-locations have also been found between adaptive and morphological
traits'®4!, Establishment rate (ER) is an important adaptive trait that is not only related to
recovery from stress (i.e., traffic, diseases, drought, and cold) damages but also critical to
sod production since vegetatively-propagated turf-type bermudagrass can only be
vegetatively reproduced. Yu et al.*® reported four QTLs associated with ER, and three of
them were co-localized with either one or multiple LBW, LBL, SIL, SID, and even PH
QTL, suggesting the similar genetic control mechanisms. Winter survival QCTWK1 and
QCTLBW?2 were co-located on LG6 near 36 cM*®. The positive correlation between LBW
and winter survival has been reported in winter barley (Hordeum vulgare L.)*2. Wu et
al.?* found that both leaf length and width positively correlated with winter survival in
common bermudagrass. Consistent with the opinion given by Stefaniak et al.*,
bermudagrass cold tolerance improvement is difficult because it is not only a quantitative
trait but also negatively correlated with desirable trait such as fine leaf texture. It is well
accepted that cold acclimation improves freeze tolerance that partially contributes to the
winter hardiness in warm-season grasses***>44’ Transcriptomic analysis showed that
common bermudagrass cold tolerance genotypes selectively expressed low-temperature
sensing and signaling-related genes, functional proteins, and transcription factors when
subjected to low and freeze temperature stress*®. MicroRNA319 (miR319), a family of
endogenous small non-coding RNAs can regulate transcription factors, has been found
able to increase leaf blade width and enhance cold tolerance in rice***° and Arabidopsis®,
may explain the QTL co-location between winter survival and LBW QTL. Liu et al.>

reported the overexpression of miR319 promoted the leaf width that resulted in a
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significant increase in biomass yield in switchgrass. Consistent with the findings in the
current study that LBW is significantly correlated with PH. QTL co-location has been
observed among LBW, PH, and ER. Other than cold tolerance, biomass yield, miR319
was also found to suppress the flower development in Arabidopsis®3. This finding in
Arabidopsis similar to our result that African bermudagrasses with coarse leaf texture
usually have less inflorescences present, reinforced by the evidence that the QTL co-
location between IP and IBW. Zhou et al.> report that the transgenic creeping bentgrass
(Agrostis stolonifera L.) overexpression of a rice miR319 gene showed larger plant size
(i.e. larger leaves, longer stem, and more biomass) and improved drought tolerance. Field
observations support that African bermudagrass genotypes with coarse leaf texture
showed better drought response, which is reinforced by the evidence that LBW and leaf
firing QTL were colocalized on LG3°. Although the peak LOD position of QCTLBW1
and the primary leaf firing QTL QCTLF1 were more than 10 cM away using MQM
approach. They can consider overlapped because in the initial QTL analyses using IM,
the LOD values for both LBW and LF in this genomic region were greater than their
LOD threshold values.
Use of The Markers Linked to QTL in Selection

Current turf bermudagrass breeding programs use hybridization and selection in
the development of new cultivars improved in turfgrass quality and resistance to biotic
and abiotic stresses. This investigation identified and characterized significant QTLs for
morphological traits and IP that are related to turf performance. The molecular markers
closely linked to the QTL can be used in selection process of improving turfgrass quality

traits. As proposed by Wu et al. (2008), using two markers flanking a major QTL
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simultaneously will precisely assist the selection process. Once the whole genome
sequence of African bermudagrass is available, the markers TP62635 and TP16800 can
be converted to breeder friendly polymerase chain reaction (PCR) based markers to
screen the inheritance of morphological and reproductive characteristics in breeding

materials.
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CONCLUSION

African bermudagrass has played an essential role in the development of
interspecific F1 hybrid turf cultivars, especially in the improvement of morphological
traits that are directly related to the turfgrass quality. Using an S1 progeny population of
African bermudagrass in this study, we analyzed phenotypic and genotypic variation for
leaf blade length and width, stem internode length and width, and inflorescence
prolificacy. There were significant genetic components for the traits as indicated by their
heritability. Using a pre-existing high-density linkage map and the phenotypic data
collected in the population, QTL analysis identified twenty-five significant genomic
regions associated with the traits. Many QTL were colocalized on LGs 1, 3, and 6,
revealing the genetic mechanisms for the significant phenotypic correlations between
these traits characterized by other studies and this study. The stable QTL have potential
to be used in fine mapping to identify genes in the future. The markers flanking the QTL

can be used in the selection of high quality F1 hybrids towards new cultivars.
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MATERIALS AND METHODS

Plant Materials and Field Experiment

The detailed information for plant materials, experimental design, methods of
establishing were reported by Yu et al.!8, Briefly, 109 ‘OKC1163’ progenies were
transplanted to field plots on the Oklahoma State University Agronomy Research Station,
Stillwater, OK, in June 2017. The experimental design was a randomized complete block
with three replications. Plot size was 0.9 by 0.9 m separated by 0.3 m alleys between
plots. Field managements in 2017 were as reported by Yu et al.'®. In 2018, 107 kg ha* of
urea (46-0-0, N-P-K) (Chouteau Lime Co., Pryor, OK) was applied in the second week of
May. Another 107 kg ha* of urea (46-0-0, N-P-K) was applied in the second week of
August to promote growth. In 2019, based on the soil test, 289 kg ha* of 17-5-5 (N-P-K)
(Chouteau Lime Co., Pryor, OK) was applied in the second week of May and 107 kg ha™
of urea (46-0-0, N-P-K) was applied in the middle of August to promote the growth. Plots
were mowed at 2.5 cm in late March in 2018 and 2019 to remove the dormant canopy for
regrowth in spring. Then plots were sprayed with 2.24 kg a.i. ha™! glyphosate and 0.25%
(v/v) nonionic surfactant and a subsequent application of 2.3 kg ha™* a.i. oxadiazon
(Ronstar FLO, Bayer Environmental Science, Cary, NC) for pre-emergence control. After
most plots greenup, the trial was mowed again at 3.8 cm in the second week of May 2018
and the first week of May 2019 to achieve a relatively uniform growth for sample
collection. In the middle of August in 2019, plots were mowed at 3.8 cm to remove the
wilted canopy for recovering from drought stress. Alleys were sprayed with 2.24 kg a.i.
hat Glyphosate (Roundup, Monsanto, St. Louis, MO) and 0.25% (v/v) nonionic

surfactant to prevent excessive stolon growth to avoid contamination.
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Data Collection

Plant heights (PH) were measured in the first week of September 2018 and the
second week of August 2019. The heights from the ground to the top of the leaves at five
random spots in each plot were measured using a tape measure. In early July of 2018,
2019, and 2020, full-length stems were collected randomly from five different spots in
each plot and placed in a Ziploc bag. Bags were temporarily placed into a chest filled
with ice packs to keep samples fresh during collection and then stored in a freezer at
—20°C for subsequent measurements?*. Leaf blade width (LBW), leaf blade length
(LBL), stem internode length (SIL), and stem internode diameter (SID) were measured
on the defrosted samples with a digital caliper. Leaf blade width and length were
measured on the leaves originating from the third stem node. Internode length and
diameter were measured on the internode between the second and the third nodes. Due to
the leaf senescence, LBL data were not collected in 2018 and 2020. Leaf blade width was
measured on samples collected from 2018 and 2019. Inflorescence prolificacy (IP)
ratings were taken on May 10, 2018, May 29 and June 8, 2019, and June 4, 2020. A scale
of 1 to 9 was used, where 1 = most abundant seedheads while 9 = no seedheads®®.
Statistical Analysis

Analysis of variance (ANOVA) for PH, LBW, LBL, SIL, and SID were
conducted using SAS 9.4 (SAS Institute Inc., Cary, NC) MIXED Procedure (PROC
MIXED). Variance components were estimated using TYPE 111 method of moments
estimation®®. All sources of variation were considered as random effects because year and
rating date within the year were not chosen based on expected environmental conditions®’

and the information on traits performance for this S1 population was unknown. Pearson
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correlation coefficients for traits between years and within a year were calculated using
the PROC CORR.

The broad-sense heritability (H) for LBL was calculated using the following
formula: H= 0% (oc*+ oe?/R). The broad-sense heritability (H) for LBW, SIL, SID, and
PH were calculated using the following formula: H= 6% (o6°+ oev?/Y+ oe?/RY). The
broad-sense heritability (H) for IP was calculated using the following formula:
H=0c%/(cc*+06v*/Y+o6r?/R+06pv?/DY+0e?/RDY), where 662, 66v2, 66Rr%, 66DY?, and o>
represent the variance of genotype, the variance of genotype by year, the variance of
genotype by replication, the variance of genotype by date within the year, and the error
variance, respectively. R, Y, and D respectively represents the number of replications, the
number of years, and the number of rating dates®.

Linkage Map and QTL Analysis

The detailed information about population genotyping, linkage analysis and
linkage map construction were reported by Yu et al.*8. QTL analyses were performed
using MapQTL 6.0°. The mean values of traits from each rating date were analyzed
separately. The genome-wide LOD threshold was calculated by a 1,000 permutation test
and determined at a significant p-value of 0.05. The Interval mapping (IM) method was
initially selected to detect QTL with one ctM mapping step size. Markers with the peak
LOD values greater than the threshold LOD in each linkage group (LG) were selected as
cofactors. Then multiple QTL model (MQM) was used to detect QTL, as this approach
gives more analysis power®’. The MQM approach was reiterated until the selected
cofactors consistently have the highest LOD value. Graphics showing the positions of

QTL were generated by using MapChart 2.252,
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Fig. 1 Distribution of inflorescence prolificacy (IP) for the OKC1163 S: population
evaluated from 2018 to 2020. Solid triangles indicate OKC1163 means.
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Fig. 2 Distribution of plant height (PH, cm) for the OKC1163 S; population evaluated in
2018 and 2019. Solid triangles indicate OKC1163 means.
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Fig. 3 Distribution of leaf blade width (LBW, mm) for the OKC1163 S: population
evaluated in 2018 and 2019. Solid triangles indicate OKC1163 means.
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Fig. 5 Distribution of stem internode length (SIL, cm) for the OKC1163 S1 population
evaluated in 2019 and 2020. Solid triangles indicate OKC1163 means.
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evaluated in 2020. Solid triangle indicates OKC1163 mean.
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Fig. 7 The locations of QTL peaks for inflorescence prolificacy (IP), plant height (PH),
leaf blade width (LBW), stem internode length (SIL), stem internode diameter (SID), and
leaf blade length (LBL) on the right side of each of OKC1163 linkage groups (LG) 1, 3,
and 4.
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Fig. 8 The locations of QTL peaks for inflorescence prolificacy (IP), plant height (PH),
leaf blade width (LBW), stem internode length (SIL), stem internode diameter (SID), and
leaf blade length (LBL)on the right side of each of OKC1163 linkage groups (LG) 5 and
6.
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Table 1. Descriptive statistics of inflorescence prolificacy (IP), plant height (PH), leaf blade width (LBW), stem internode
length (SIL), stem internode diameter (SID), and leaf blade length (LBL) collected in the OKC1163 S; population.

S1 population

Trait Dataset ) ) Parent
Mean Max. Min. SD Skewness  Kurtosis
Ip? 51018 7.3 9.0 3.0 1.3 -0.8 0.8 6.0
52919 5.2 9.0 1.0 15 -0.2 0.1 4.3
60819 5.0 8.0 2.0 1.2 -0.3 -0.3 4.3
60420 5.7 9.0. 2.0 15 -0.3 -04 6.7
PH(cm)® 101518 125 19.6 3.3 25 0.1 05 155
72519  13.7 18.4 5.2 1.7 -0.6 2.4 14.3
LBW (mm)® 62018 1.4 1.8 1.0 0.1 0.0 0.5 1.4
62819 15 1.9 1.1 0.1 -0.1 04 1.6
SIL (mm)? 62918 15.1 35.4 6.2 4.1 0.7 1.6 17.5
62819 20.2 35.3 7.8 4.6 0.3 0.5 23.1
61220 245 37.0 12.1 4.6 -0.2 0.2 23.6
SID (mm)® 62819 0.6 0.9 0.4 0.1 0.1 -1.0 0.7
61220 0.5 0.6 0.4 0.0 0.1 0.2 0.5
LBL(mm)f 62819 50.1 70.3 23.4 1.7 -0.2 -0.1 53.2

SD standard deviation.

2P = inflorescence prolificacy was rated on a scale from 1-9 where 1 = most abundant seedhead and 9 = no seedhead.

YPH = plant height was measured from ground to the top of leaves from five random spots in each plot.

°LBW = leaf blade width was measured on the leaf on the third stem node from five random samples collected in each plot.

dSIL = stem internode length was measured between the second and the third nodes from five random samples collected in each plot.
¢SID = stem internode diameter was measured on the internode between the second and the third nodes from five random samples
collected in each plot.

\LBL = leaf blade length was measured on the leaf on the third stem node from five random samples collected in each plot.
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Table 2. Analysis of variance of inflorescence prolificacy (IP) collected in three years (2018, 2019, and 2020), plant height (PH), leaf blade width (LBW), stem internode

length (SIL), and stem internode diameter (SID) collected in two years (2018 and 2019), and leaf blade length (LBL) in 2019, in OKC1163 S1 population.

o |p? PH SIL SID LBW LBL

Source of variation P>F Variance Variance Variance Variance Variance Variance
component component component component component component

Replication <.0001 0.0004 0.0003 0.4753 <.0001 0.1559
Year 0.0364 <.0001 <.0001 0.1676 <.0001
Date(Year) 0.0626
Genotype <.0001 0.4757 0.0177 0.4989 <.0001 4.415 0.0361 0.0003 <.0001 0.0052 <.0001 27.9922
Genotype*Replication <.0001 0.1540 <.0001 0.9667 0.0221 1.059 0.7650 0.0000 0.2754 0.0004
Genotype*Year 0.0085 0.0100 0.0001 0.6691 <.0001 2.174 0.1232 0.0002 0.1905 0.0005
genotype*date(Year) 0.0096 0.1179
Residual 0.8897 2.4063 11.533 0.0029 0.0093 30.6670
H 0.74 0.32 0.65 0.34 0.73 0.73

aFor trait acronyms, see Table 1.
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Table 3. Within-year Pearson correlation coefficients among plant height (PH), leaf blade width (LBW), leaf blade length
(LBL), stem internode length (SIL), stem internode diameter (SID), and inflorescence prolificacy (IP) evaluated in the
OKC1163 S; population during three years.

Season  Trait PH LBW SIL IP SID
2018 LBW 0.09

SIL 0.17 0.48****

IP -0.15 0.15 -0.07
2019 LBW 0.27**

SIL 0.38*** 0.31**

IP 0.09 0.45%*** 0.32***

SID 0.01 0.49**** 0.23* 0.23*

LBL 0.30** 0.46**** 0.47%*** 0.21* 0.45%***
2020 IP -0.16

SID -0.12 0.26**

Significant correlations are indicated by *P < 0.05; **P <0.01; ***P <0.001; ****P <(0.0001.
aFor trait acronym, see Table 1.
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Table 4. Pearson correlation coefficients for plant height (PH), leaf blade width (LBW), stem internode length (SIL), stem
internode diameter (SID), and inflorescence prolificacy (IP) among seasons.

Trait Season 2019 2020

PH? 2018 0.36***

LBW 2018 0.59****

SIL 2018 0.56%*** 0.31***
2020 0.41****

IP 2018 0.43*** 0.28**
2020 0.73****

SID 2020 0.26**

Significant correlations are indicated by *P < 0.05; **P <0.01; ***P <0.001; ****P <(0.0001.
aFor trait acronyms, see Table 1.
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Table 5. QTL for inflorescence prolificacy (IP), plant height (PH), leaf blade width (LBW), stem internode length (SIL), stem internode diameter (SID), and leaf blade
length (LBL) identified in the African bermudagrass OKC1163 S: population.

Trait dataset QTL LG LOD Peak Locus PVE. Dominate  Additive  LOD threshold®

IP? 051018 QCTIP1 3 7.08 109.68  TP12115 21.2% -0.09 -0.65 4.0
QCTIP2 1 415 36.25 TP139825 11.7% -0.31 0.41

IP 052919 QCTIP1 3 7.12 11396  TP78072 21.0% 0.42 -0.80 4.0
QCTIP2 1 525 34.31 TP135570 14.7% -0.38 0.61

IP 060819 QCTIP1 3 5.65 100.84  TP69125 14.5% 0.24 -0.48 4.0
QCTIP3 3 542 49.16  TP39294 13.8% -0.12 0.49
QCTIP4 1 455 8353  TP87042 11.4% 0.12 0.43

IP 060420 QCTIP1 3 5.76 106.47  TP30507 14.2% 0.30 -0.65
QCTIP4 1 546 74.03  TP169380 13.4% -0.01 0.70
QCTIP3 3 486 39.48  TP10084 11.7% -0.06 0.60

PH 101518 QCTPH1 6 758 70.71  TP102272/TP188709 27.4% 0.50 -1.40 4.1

PH 072519 QCTPH1 6 537 76.08  TP74779 20.3% 0.64 -0.65 4.3
QCTPH2 6 3.17 36.05 TP79974 10.0% 1.36 1.44

LBW 062918 QCTLBW1 3 11.04 108.46  TP62635/TP83433 32.9% -0.07 -0.07 4.0
QCTLBW2 6 592 36.84  TP70570 16.0% 0.13 0.13

LBW 062819 QCTLBW1 3 8.28 106.20 TP53464 21.8% 0.06 -0.06 3.9
QCTLBW2 6 7.04 36.05 TP79974 18.0% 0.13 0.13
QCTLBW3 1 444  79.16 TP62461 10.7% 0.05 0.05

SIL 062918 QCTSIL1T 1 437 8203 TP71076 12.2% 2.27 0.11 3.9
QCTSIL2 3 3.53 107.46  TP62635 9.7% 2.00 -0.47

SIL 062919 QCTSIL3 5 7.38 79.41  TP58128 16.1% -1.34 -1.75 4.0
QCTSIL4 4 397 1342  TP26956 8.0% 1.81 -0.82
QCTSILS 4 396 66.21  TP74030 8.0% 1.38 0.97

SIL 061220 QCTSIL2 3 9.24 11055  TP39467 22.0% 2.70 1.33 4.0
QCTSIL6 6 752 36.79  TP79649 17.0% 5.82 5.33
QCTSIL7 3 6.67 29.83  TP66977 15.0% 1.72 -1.49

SID 062819 QCTSID1 6 3.00 8206  TP93538 11.0% 0.03 -0.01 4.0
QCTSID2 3 2.78 103.26  TP12397 10.0% 0.03 0.01

SID 061220 QCTSID2 3 6.99 118.39 TP9721 21.4% 0.01 -0.02 3.9
QCTSID3 1 3.74 4455 TP72679 10.7% -0.04 0.03
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QCTSID4 4 3.07 7108 TP78623 8.6% -0.01 0.01
LBL 062819 QCTLBL1 6 6.39 34.27 TP16800 13.1% 7.65 7.04
QCTLBL2 5 523 7941  TP58128 10.4% -3.12 -2.16
QCTLBL3 1 427 36.25  TP139825 8.3% 2.76 1.96
QCTLBL4 6 411 49.67  TP184049 8.0% 4.27 0.16
QCTLBLS 3 3.95 6182 TP69811 7.7% 0.72 2.63

QTL, quantitative trait loci; LG, linkage group; LOD, logarithm of the odds; PVE, phenotypic variance explained.
aFor trait acronyms, see Table 1.
bGenome-wide LOD threshold determined using 1000 permutations at P < 0.05.
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Table 6. Means and associated standard deviations of leaf blade width (LBW), stem internode length (SIL), stem internode diameter (SID), and inflorescence prolificacy

(IP) in an Sz population of two SNP markers that closely linked to major QTL of LBW, SIL, SID, and IP on LG3.

Marker LBW ? SID SIL IP
Genotype
2018 2019 2019 2020 2018 2019 2020 2018 2019 2020
TP62635 A 1.27+0.06  1.43+0.08 0.61+0.05 0.46x0.02 12.95+2.47 17.87+2.37 24.65+2.96 6.75+1.20 3.48+0.84 4.72+1.09
H 1.39+0.07 1.54+0.09 0.64+0.05 0.48+0.02 16.05+2.68 20.89+2.76 25.73+3.14 7.21+0.74 5.08+0.82 5.82+1.09
B 1.39+0.10  1.54+0.09 0.61+0.04 0.48+0.02 14.69+3.59 20.53+3.69 22.27+3.61 7.91+0.67 5.18+0.82 6.18+1.00
TP16800 A 1.26+0.05 1.46%0.11 0.60+0.04 0.47+0.02 13.1542.15 18.81+3.12 24.76+2.59 6.61+1.74 4.73+0.94 5.13+1.38
H 1.38+0.07 1.54+0.09 0.64+0.05 0.48+0.02 15.97+2.75 20.82+2.71 25.54+3.16 7.18+0.79 5.18+0.82 5.92+1.03
B 1.39+0.10 1.53+0.09 0.61+0.04 0.48+0.02 14.48+3.84 20.34+3.69 22.63+3.93 8.06+£0.47 5.02+0.87 5.99+1.09

aFor trait acronyms, see Table 1.
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CHAPTER V

SYNCHRONOUS ASSESSMENT OF GENETIC VARIABILITY FOR WINTER

SURVIVABILITY AND DROUGHT RESPONSE IN TURF-TYPE BERMUDAGRASS
ABSTRACT

Winterkill is a major concern for turf-type bermudagrasses (Cynodon dactylon and C.
dactylon x C. transvaalensis) when cultivated in the U.S. transition zone. Water scarcity
is a widespread issue facing most of the turf industry. So far, winter survivability and
drought resistance of turf-type bermudagrasses have not been evaluated concurrently
under field conditions, although it would be valuable for new cultivars to have both traits.
Therefore, the objectives of this study were to estimate reliability for spring greenup (as
an indicator of winter survivability) and drought response in turf-type bermudagrass.
Seventy-seven experimental genotypes and seven cultivars were planted in a randomized
complete block design with three replications in Goodwell, OK. The reliability estimates
for drought response ranged from low to moderate (0.20 < i? < 0.63). The estimates for
two spring greenup phenotypes were low (0.27 and 0.08), indicating poor reliability of
this response and that winter survivability and drought resistance may be evaluated in

separate trials.
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INTRODUCTION

Turf-type bermudagrass (Cynodon spp.) has a dense canopy, vigorous growth,
excellent drought resistance, and excellent tolerance to heat and wear stresses. These
desirable traits make turf-type bermudagrass the most widely used species on athletic
fields, golf courses, residential lawns, and recreation parks in the U.S. southern and
transition zones (Beard, 1973; Taliaferro et al., 2004a). When bermudagrass is grown in
the transition zone, particularly in the northern portion of the region, a high risk of
winterkill exists (Taliaferro et al, 2004a). Winterkill is characterized as the loss of a
turfgrass stand due to low temperature stress. Winterkill typically results in substantial
expense to a turf facility due to direct cost of re-establishing turf and loss of revenue for
an extended period. Efforts have been made to develop turf-type bermudagrass cultivars
with improved winter survivability. Since the 1960s, bermudagrass germplasm have been
collected from around the world to conduct biosystematics investigation and genetic
research at Oklahoma State University. Some of this collection has since been used in
improving bermudagrass winter survivability (Harlan and de Wet, 1969; Taliaferro et al.,
2004b). ‘Patriot’ (2n=4x=36) released by Oklahoma State University (OSU) in 2002 was
an interspecific hybrid with high turfgrass quality and improved winter survivability
(Taliaferro, 2004b). Subsequently, three additional interspecific F1 bermudagrass
(2n=3x=27) cultivars (Latitude 36®, Northbridge®, and Tahoma 31®) have been released
from the OSU bermudagrass breeding program (Wu et al., 2013a; Wu et al., 2014; Wu et
al., 2019).

As urban and suburban areas expand, large areas of previously non-irrigated lands

are being converted to irrigated lawns and landscapes. The increasing irrigation demand
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has exacerbated water scarcity issues, especially in summer. The use of drought resistant
turfgrass species and cultivars is a sound management strategy for water conservation
(Carrow, 1995; Marcum et al., 1995). Turfgrass consumers in the transition zone need
new turf-type bermudagrass cultivars that combine high visual quality, sufficient winter
hardiness, and improved drought resistance.

Controlled environment experiments have commonly been used to estimate the
lethal freezing temperature to reach 50% mortality (LTso) (Anderson et al., 1993, 2002,
2003) or the physiological response to low temperature stress (Fontanier et al., 2020;
Munshaw et al., 2006; Zhang et al., 2006) of selected turfgrasses. Field trials have also
been widely used to evaluate spring greenup rate (i.e. post winter dormancy regrowth in
spring) (NTEP, 2017; Wu and Anderson, 2011), which is negatively correlated with
winterkill and thus a good proxy for winter survivability (Wu et al., 2007). Prior reports
have shown substantial variation in spring greenup rate in common bermudagrass (Dunne
etal., 2019; Guo et al., 2017; Stefaniak et al., 2009; Wu et al., 2007; Wu et al., 2013b)
and African bermudagrass (Dunne et al., 2019; Kenworthy et al., 2006).

Drought resistance is a complex trait that involves the mechanisms of escape,
avoidance, and tolerance (Levitt, 1980). Considerable efforts have been devoted to
understanding how bermudagrasses use avoidance and tolerance mechanisms in response
to water deficit stress (Amgain et al., 2018; Du et al., 2012; Fuentealba et al., 2015; Hays
etal., 1991; Katuwal et al., 2020; Su et al., 2013; Yurisic, 2016). Chalmers et al. (2008)
reported ‘Premier’ had the lowest turfgrass quality and was most susceptible to leaf firing
injury among bermudagrasses at the end of a 60-day drought period under field

conditions in San Antonio, TX, while ‘TexTurf” bermudagrass had the best leaf firing
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ratings. Steinke et al. (2011) reported that ‘Celebration’” bermudagrass had the best
drought response and took more than 50 days to decrease to 50% green cover in a field
trial. Richardson et al. (2010) found that bermudagrasses took over 40 days without water
before losing significant live green cover. Yu (2017) found that bermudagrass cultivar
‘TifTuf” maintained 90% live green cover while ‘Tifway’ only had 34% left after 72 days
of acute drought stress.

Drought response and winter survivability have not been evaluated concurrently
in the same trial. Therefore, the objectives of this study were to evaluate winter
survivability and drought response in turf-type bermudagrass; and to estimate reliability

for the traits.
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MATERIALS AND METHODS

Plant Materials, Experimental Design and Field Management

Eighty-four bermudagrass genotypes, including 77 experimental genotypes and
seven cultivars (Table 1), were tested in a field trial. Plant materials were propagated
from sprigs into 2.5 cm diameter cone-tainers in a greenhouse for five weeks before
transplanting into a nursery located at OSU Panhandle Research and Extension Center in
Goodwell, OK (36°59° N, 101°60” W; 6b USDA plant cold hardiness zone) on June 28,
2017. The site has an average summer monthly rainfall of 55 mm and an average annual
low temperature of -7.2 °C. The experimental design was a randomized complete block
with three replications. The plot size was 1.8 m x 1.8 m with 0.9 m alleys between plots.
Four plugs were transplanted in each plot. Ronstar FLO (oxadiazon, Bayer
Environmental Science, Cary, NC) was applied at 2.3 kg ha* of active ingredient (a.i.)
one day after planting for pre-emergence weeds control. The soil type was a Richfield
clay loam with a pH of 8.2. Nitrogen was applied at 107 kg ha™* of 46-0-0 (N-P-K)
(Chouteau Lime Co., Pryor, OK) at planting and again on August 17, 2017. Alleys were
periodically sprayed with 2% glyphosate (Tenkoz, Inc. Alpharetta, GA) and 0.25% (v/v)
nonionic surfactant (Winfield Solutions, LLC. St. Paul, MN) to kill excessive growth that
might cause cross-contamination.

In early March of 2018 and 2019 (before spring greenup), plots were mowed at
2.5 cm to remove the dormant canopy. Plots were sprayed with 2% (v/v) glyphosate and
0.25% (v/v) nonionic surfactant and a subsequent application of 2.3 kg ha a.i. Ronstar
FLO for pre-emergence control. Fertilizer was applied as 107 kg ha™* of 46-0-0 (K-P-K)

in the first week of May and again in early July each year. The trial was mowed at 3.8 cm
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weekly with a rotary mower. BioAdvanced insect, disease, and mite control (Tau-
fluvanlinate and Tebuconazole, SBM Life Science Crop, Cary, NC) ready-to-use
pesticide was spot sprayed to control spider mites (Tetranychus urticae C. L. Koch) in a
few plots in each year.

Approximately 2.5 cm of irrigation was applied weekly using an overhead
irrigation system to prevent any drought stress during the establishment period. After
plots reached approximately 100% coverage, irrigation was withheld to initiate an
ambient drought period. The ambient drought period began for each year on July 17,
2018 and July 6, 2019, respectively. Mowing was discontinued when some genotypes
showed drought stress symptoms. The ambient drought period concluded on October 4,
2018 and October 3, 2019, respectively. After ambient drought was concluded, irrigation
was resumed for recovery until the first frost.

Data Collection
Spring Greenup

Spring greenup (SG) is a measure of the transition from winter dormancy to
active spring growth. The visual rating of SG was based on a 1 to 9 rating scale, with 1
being no green color and 9 being fully green in a plot. Spring greenup percent green
cover (SGPGC) was calculated from images were taken with a digital camera (Canon
Powershot G1X, Canon U.S.A,, Inc., Melville, NY) mounted on a custom-built lightbox
with battery-powered four compact fluorescent bulbs as light sources (Richardson et al.,
2001). Images were analyzed by Turf Analyzer (Karcher et al., 2017) calculating the ratio
of green pixels out of total pixels. All the SG and SGPGC data were collected every week

or two until some plots fully greenup.
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Drought Responses

Turfgrass quality (TQ) is a function of color, green cover, density, leaf texture,
uniformity, and abiotic and biotic factors (Morris and Shearman, 2000). Visual ratings of
TQ were made on a scale of 1-9, with 1 representing represented completely dead or
dormant turf, 9 being outstanding turf, and 6 being minimally acceptable turf. Leaf firing
(LF) was defined as the amount of browning on the turfgrass canopy due to drought
injury. Visual ratings of LF were made on a 1-9 scale, with 1 being completely straw-
colored leaves and 9 being completely green leaves. Percent green cover (PGC) was
collected using the same methods as described for SGPGC. Canopy temperature (CT)
was measured using an infrared thermometer (Fluke 568, Fluke Corporation, Everett,
WA), holding the instrument at the same height pointing to the center of the plot without
creating shade. Each drought response measurement was collected biweekly before the
presence of severe drought stress. Once drought stress became apparent, each
measurement was collected with greater frequency as was feasible. Environmental data
including rainfall and temperature were obtained from an onsite weather station (Brock et
al., 1995).
Data Analysis

Year, rating date, and genotype were considered random because year and rating
date within the year were not chosen based on expected environmental conditions
(Gordon et al., 1972), and the information of drought response and winter survivability of
these bermudagrass genotypes was unknown before the beginning of the study. Random
effects data included repeated measures. These data were analyzed using the MIXED

procedure SAS 9.4 (SAS Institute Inc., Cary, NC). Variance components were estimated
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using TYPE Il method of moments estimation (Chang et al., 2016; Dong et al., 2015).
SAS/GLM was used to calculate mean values and standard deviations for phenotypic data
collected at each rating date since significant genotype by year and genotype by date
within the year interactions existed. Fisher’s protected LSD was used to test at the P =
0.05 significance level to separate the genotype means. Pearson correlation coefficients
were calculated among collected phenotypic data using SAS/CORR procedure. Since the
testing materials were from different breeding backgrounds that do not represent a
reference population, reliability would be appropriate compared to heritability (Bernardo,
2002). The reliability (i%) for data collected in one year was calculated by:

i’= 66%/ (66*+ oer?/R+o6p?/D+0e?/RD)

where o662 stands for the variance of genotype, ocr? for the variance of genotype by
replication, oep? for the variance of genotype by date, o for the error variance, R equals
the number of replications, and D equals the number of rating dates (Bernardo, 2002).
The reliability (i?) for data collected in more than one year were calculated by:

i’= 66%/ (66*+ oay?/Y+ ocr?/R+ocpy?/DY+0e%/RDY)

where 66 is the variance of genotype, oay? the variance of genotype by year, ocr? the
variance of genotype by replication, oepy? the variance of genotype by date within the
year, oe2 the error variance, R the number of replications, Y the number of years, and D

the number of rating dates.
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RESULTS AND DISCUSSION
Drought Response

In 2018, plots were subjected to ambient drought for 79 days during which they
received 151.4 mm of rainfall (Oklahoma Mesonet, 2019). The estimated
evapotranspiration (ET) for warm-season turfgrass was 336.8 mm (Oklahoma Mesonet,
2019). In 2019, plots were subjected to ambient drought for 89 days during which they
received 40.2 mm of rainfall while the estimated ET was 414.3 mm. Subtracting rainfall
from ET, the estimated water deficit for warm-season turfgrass increased by 47.8% in
2019 compared to 2018.

The variance components estimation and reliability for drought response
measurements are given in Table 3. Significant (P < 0.001) genotypic variances were
detected in TQ and CT. The genotype by year interactions were highly significant (P <
0.0001) for all measurements, suggesting that genotypes did not consistently respond
over the two years. The variances of date within the year were highly significant (P <
0.0001) for all measurements, and the variances of genotype by date within the year
interactions were all significant in all drought response measurements, indicating that
genotypes responded differently at different water-deficit levels or environmental
conditions (Table 3).

In 2018, at the end of the ambient drought period, the TQ rating ranged from 2 to
6, LF ratings ranged from 4 to 9, and PGC ranged from 16.5 to 96.6% (Table 1). In 2019,
many of the genotypes demonstrated numerically lower TQ, LF, and PGC compared to
their 2018 values due to more severe water deficit stress. However, the top-performing

genotypes from 2018 were largely unchanged, indicating some superior bermudagrass
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genotypes were consistent with maintaining green canopy under a prolonged period of
water deficit in both years. The differences in drought response measurements observed
in the two years likely were due to the different environmental conditions and the
accumulated effects. Bermudagrass responded differently to the apparent soil moisture
levels, suggesting varying defense mechanisms to water deficit stress

Although the effect of genotype was highly significant (P < 0.0001) for TQ and
CT, the genetic variance components were not the greatest, indicating the genetic
component played a role in drought response, but the environment can also alter the
drought response. The reliability estimate for TQ was 0.64, indicating that 64% of the
observed variation in TQ was attributed to the genetic difference under drought stress.
High (0.7 to 0.76) TQ broad-sense heritability was also reported in non-stressed African
bermudagrass and zoysiagrass (Zoysia spp.) (Kenworthy et al., 2006; Schwartz et al.,
2009). The variances of genotype for LF and PGC were not significant, resulting in a low
genotype variance compared to other variance components. LF and PGC are direct
indicators of canopy drought response, and CT can be used to predict drought stress five
days before symptoms occur (Hong et al., 2019). The reliability estimates for LF, PGC,
and CT were low at 0.24, 0.20, and 0.33, receptively. When reliability was estimated by
year, the genotype effects were significant (P < 0.01) for LF and PGC, and the reliability
values were higher compared to analysis using the combined data (Table 3). This
suggests that different environments in each year and the environment by genotype
interactions affected the drought response. Plant response to drought stress depends on
drought avoidance and drought tolerance mechanisms (Levitt, 1980). Drought avoidance

includes lower ET rates (Amgain et al., 2018) and the ability to establish a deep and
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extensive root system to take up water from the soil profiling (Yurisic, 2016), while
drought tolerance is the ability to produce organic acids, amino acids, and sugars to
maintain osmotic pressure under drought stress (Du et al., 2012). Because this study was
conducted under ambient drought, rainfall could temporarily alleviate drought stress, thus
being more similar to chronic stress than acute stress. In addition to favoring genotypes
having drought resistance, these conditions may favor those genotypes with a fast
drought recovery rate, and possibly illustrate the interaction between drought resistance
and drought recovery traits. The large interaction variances between genotypes and the
environment are attributed to the low LF, PGC, and CT reliability. Schwartz et al. (2009)
reported large error variance and low broad-sense heritability were common for stress-
related traits in zoysiagrass, which was consistent with our findings in this study.
Kenworthy et al. (2006) reported increased heritability for genetic color when using a
normalized difference vegetation index sensor compared to using visual ratings. In
contrast, the sensor-based measurements in the present study did not result in a higher
reliability estimate than visual rating measurements. This suggests that variations caused
by error and interaction effects can be better captured by sensor-rated measurement than
visual rating for stress-related traits.

Spring Greenup

The annual low temperature was -15.5 °C in each winter, and the annual low soil
temperature at 10.2 cm was -4.4 °C in 2017-18 and -2.2 °C in 2018-19 (Oklahoma
Mesonet, 2019). In 2018, at the end of the spring greenup period, the SG rating ranged
from 3to 9, and PGC ranged from 29.6 to 99.9% (Table 1). In 2019, at the end of the

spring greenup period, many of the genotypes demonstrated numerically lower SG and
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SGPGC and some genotypes showed higher SG and SGPGC compared to their values in
2018, suggesting some genotypes may gain winter hardiness along with maturity and
greenup earlier even with shorter regrowth period after dormancy. The testing materials
means, ranges, and standard deviations for SG and SGPGC in each rating date are
presented in Table 4.

The SG and SGPGC analyses showed that genotypic variances were not
significant using combined data (Table 5). The genotype variance estimates were lower
than the variances of other components except for the genotype by replication interaction
variance for SGPGC. When analyzed by year, the genotype effects of SG and SGPGC
were highly significant (P < 0.0001), and the genotype variances were the largest among
all the components in each year. Genotype by year interactions and the genotype by date
within the year interactions were highly significant (P < 0.0001), suggesting genotypes
responded differently over the two years and different dates within each year.

The reliability estimates for SG and SGPGC were 0.08 and 0.27, respectively
(Table 5). The bermudagrass spring greenup reliability in this study was much lower than
common bermudagrass (0.77 to 0.91) reported by Stefaniak et al. (2009) and Guo et al.
(2017) and African bermudagrass (0.89) reported by Kenworthy et al. (2006). The low
SG and SGPGC reliability in this study could likely be attributed to the large genotype by
year interaction and error variances, which were likely due to testing drought response as
far into the season as early October. The apparent lack of a sufficient drought recovery
period prior to winter dormancy likely influenced SG and SGPGC uniquely each year,
which caused the low reliability estimate. To test how drought injury influenced the SG

and SGPGC reliability estimation, data were analyzed by year, which resulted in a
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reliability estimate greater than 0.7 each year (Table 5). This suggests that even with
dramatic differences in SG between 2018 and 2019 values, the relative SG performance
was consistent within each year. Genotypes having different SG values each year were
likely more affected by drought stress in summer 2018 than those having similar SG in
each year. Winter desiccation of plant tissues, particularly the crown, has often been
attributed to increased winterkill in turfgrasses (Beard, 1973). Localized dry spot on
sand-based putting greens during the late fall has also been reported as increasing
winterkill or delaying SG (Deboer et al., 2017; Deboer et al., 2019). No reports have
previously attributed summer drought stress and associated tissue desiccation to
subsequent winterkill. It is reasonable to assume that drought injuries on tissues or organs
of some bermudagrass genotypes, especially crown cause more winter injury in 2019
than the only low temperature kill effect in 2018. However, for some genotypes with little
or no drought injuries, the metabolites produced from osmotic adjustments such as
proline and sugar may facilitate the cold acclimation process that helps bermudagrass
gaining winter hardiness that causes earlier spring greenup (Du et al., 2012; Zhang et al.,
2006). These hypotheses can be supported by some genotypes showed earlier spring
greenup and some showed delayed greenup in this study. Schwartz et al. (2009) reported
low to moderate spring greenup heritability in zoysiagrass when subjected to stresses
such as disease caused by Bipolaris spp., glufosinate herbicide application and mole
cricket damage that influence the spring greenup performance in next spring. Thus, in
order to accurately quantify spring greenup reliability, stresses such as drought and

diseases should be avoided in summer, or stress-related injuries need full recovery before
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going dormant in the fall. Although the reliability will decrease, testing and selection in a
multi-stressed environment is a reliable way to identify superior genotypes.
Correlation Analysis

Highly significant (P < 0.0001), moderate to high positive correlations were
found within spring greenup and drought response measurements (Table 6). Canopy
temperature was negatively correlated with other drought response measurements with
highly significant (P < 0.0001) values ranging from -0.65 to -0.78, indicating CT can be a
useful parameter in describing drought response. Interestingly, low to moderate (0.23 to
0.43) but significant (P < 0.05) correlations were found between spring greenup and most
drought response measurements (0.23 to 0.43), suggesting the genotypes with better
drought response greened up earlier. Guo et al. (2017) also reported the moderate to high
(0.66) correlation between SG and turf density. The correlations between spring and
drought response measurements suggested the potential of identifying genotypes with

improved drought response and winter survivability.
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CONCLUSION

Substantial genetic variability was characterized in this set of 84 turf-type
bermudagrass genotypes. Moderate to high reliability estimates were found in TQ for
drought response. The results suggested that the selection of these traits should be
repeatable under drought stress. Lower reliability for drought response measurements LF,
PGC, and CT suggested that these measurements can be affected by environment and
genotype by environment effects. The low SG and SGPGC reliability estimates caused by
drought stress, and genotype by environment interactions indicated that winter
survivability selection was not reliable when tested in the same trial with drought stress.
Therefore, testing winter survivability and drought response may be conducted in

separate trials.
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Table 1. Eight-four turf bermudagrasses and their last rating means of turfgrass quality (TQ), leaf firing (LF), percent green
cover (PGC), and canopy temperature (CT) under drought stress, spring greenup (SG), spring greenup percent green cover

(SGPGC), in 2018 and 2019.

Entry  Genotype TQP LFC PGCH CT® SGf SGPGC?Y

number® ID 2018 2019 2018 2019 2018 2019 2019 2018 2019 2018 2019
1 OKC1302" 4.7 4.0 7.7 5.3 745 580 369 50 5.0 703  67.9
2 Oosu1221t 4.0 3.3 7.0 5.7 649 544 403 43 3.3 50.9  46.3
3 0OSU1257 4.0 3.7 8.0 5.7 763 447 401 63 5.7 930 777
4 OSU1310 43 3.7 8.0 6.0 912 622 371 50 4.7 71.0  60.1
5 OSU1318 55 5.3 8.0 7.7 950 900 377 7.0 5.0 931 812
6 OSU1337 43 4.0 7.3 7.3 874 795 352 80 43 97.7 615
7 OSU1402 43 3.3 7.7 5.7 758 413 397 43 5.3 669 624
8 0OSU1403 4.0 2.0 7.7 3.3 756 244 418 47 5.7 56.8 645
9 0OSU1406 4.0 3.7 7.3 5.7 647 552 369 73 5.0 938 663
10 0OSU1408 4.0 3.3 7.3 5.3 721 476 386 5.0 4.7 648  37.2
11 OSU1409 5.0 43 8.0 7.3 834 726 371 40 5.0 539  67.3
12 OSU1412 4.0 4.0 7.0 7.0 656 610 383 57 4.3 768  63.7
13 OSU1415 47 3.7 7.7 5.3 605 564 373 47 6.0 533 658
14 OSU1417 5.0 43 8.0 7.0 859 703 376 50 6.7 489 720
15 0OSU1418 4.0 3.0 6.7 4.7 553  39.0 437 40 3.7 534 506
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16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

0OSU1420
0OSuU1423
0OSuU1425
0OSU1433
0OSU1435
0OSU1439
0OSU1604
0OSU1606
OSuU1607
OSU1610
OSuU1611
0OSuU1l617
0OSU1625
0OSU1629
OSU1631
0OSU1640
0OSU1641
0OSU1656
OSU1664

5.0
5.0
5.0
4.0
4.0
4.3
5.0
4.0
4.7
2.7
2.0
4.3
4.3
4.3
5.0
4.0
3.7
2.7
2.7

4.3
5.0
4.0
3.0
3.7
4.7
4.7
3.7
6.0
3.3
2.3
3.3
4.3
4.0
4.0
5.0
4.3
3.0
4.3

7.7
8.0
8.0
7.0
8.7
7.3
7.7
7.7
7.7
6.0
4.7
8.3
7.7
7.7
8.0
8.0
7.3
4.7
5.7

8.0
7.7
6.3
5.0
6.0
7.7
7.7
6.7
8.7
6.0
3.3
5.0
7.7
7.0
6.7
8.3
6.7
5.7
8.3
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86.5
89.4
84.7
67.5
68.5
83.6
70.0
53.8
925
53.4
45.9
4.7
75.0
70.9
79.4
63.6
63.4
32.8
39.4

86.4
84.9
64.6
49.7
47.3
88.1
65.6
48.4
96.3
57.3
49.0
48.1
80.2
42.4
46.2
80.2
47.5
41.6
69.3

35.1
34.7
35.7
40.0
38.0
36.1
40.4
39.1
37.6
39.0
45.6
39.0
37.4
39.3
38.6
39.2
39.8
40.4
38.8

4.7
5.0
5.0
4.0
5.3
8.0
8.7
8.7
7.0
5.3
4.3
4.7
8.0
7.0
6.0
7.0
7.3
6.3
8.0

4.7
6.0
5.7
5.0
5.3
3.7
6.3
5.0
6.0
3.3
3.7
7.3
5.0
7.7
6.0
4.7
5.7
4.0
2.7

63.4
69.7
70.7
55.1
81.6
95.3
99.3
96.8
945
71.1
38.0
65.3
98.1
67.2
75.8
92.9
97.8
85.7
96.5

61.0
79.7
74.2
60.6
62.0
57.9
84.5
65.4
911
52.5
63.1
89.1
68.2
93.8
79.7
63.7
74.2
54.5
31.4



35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

OSU1674
0OSuU1682
OSU1695
0C2

OC8
0OC12
OC15
0OC19
0ocCz21
0C22
0C23
0OC26
0C27
0OC30
0C32
OC34
0OC35
0OC37
OC38

3.3
4.0
5.0
3.0
3.7
3.0
4.3
5.0
4.3
3.7
3.7
5.0
4.3
5.0
4.0
3.7
4.3
5.0
4.7

2.7
3.7
4.7
3.0
5.0
3.0
4.7
5.3
4.3
2.7
3.0
4.3
3.0
5.7
4.0
3.3
4.7
3.7
3.7

5.0
7.0
8.3
6.0
7.7
7.3
7.3
8.0
6.7
6.0
7.0
7.7
7.3
7.7
8.3
7.7
8.0
8.0
7.7

3.3
5.7
6.7
5.0
8.0
5.3
7.7
7.7
6.3
5.3
4.7
7.3
5.0
7.7
7.3
5.3
7.0
6.0
6.0
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35.8
71.6
74.2
57.0
59.8
38.3
75.9
85.5
66.0
55.3
71.4
87.6
87.3
73.7
73.0
63.2
76.0
91.4
77.2

37.3
49.4
54.5
61.3
74.9
30.3
68.7
74.8
66.3
42.4
43.6
66.8
51.1
86.3
70.8
56.3
71.1
59.2
65.8

44.5
38.9
41.0
40.8
37.7
41.4
37.1
34.1
38.3
40.9
39.3
35.7
39.8
34.3
36.3
37.9
341
34.9
38.9

6.0
6.7
7.0
4.7
8.0
5.0
7.0
7.3
6.0
5.7
5.0
4.0
3.7
5.7
6.0
4.0
5.3
5.3
4.3

3.3
5.0
4.7
5.0
4.3
5.0
5.0
5.7
3.7
3.7
5.3
4.3
3.7
5.3
4.3
4.0
4.3
4.7
5.0

75.1
98.1
87.5
62.8
99.0
76.7
94.8
74.4
83.0
86.2
54.8
58.8
39.1
84.9
84.1
64.8
83.0
63.6
50.0

46.0
67.1
58.8
68.2
58.4
57.2
65.3
66.8
53.7
511
68.6
69.5
55.3
73.4
58.3
47.6
57.0
61.1
69.7



54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

0C39
0OC43
OC45
0OC52
OC57
0OCo61
0OCo4
0OC68
0C69
OC72
OC76
OC77
0C85
0C87
0OC88
0C9%4
0C95
0OC9%6
0C97

4.3
4.0
4.0
4.3
3.7
4.3
3.7
4.3
4.7
4.0
4.7
4.0
3.7
4.0
3.3
4.3
3.3
4.7
4.0

5.0
4.3
4.3
4.0
4.0
5.0
3.3
4.0
5.7
3.7
4.3
4.0
4.0
4.3
3.3
4.7
2.3
3.7
4.7

7.7
7.7
8.0
8.0
7.0
7.3
8.0
8.0
7.7
7.7
7.7
8.0
6.3
7.3
6.7
8.0
6.0
7.3
6.7

8.0
8.0
7.7
7.7
7.0
8.0
6.7
7.3
7.7
6.0
6.7
6.3
6.7
7.7
6.3
6.7
3.7
5.3
7.3
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68.0
81.8
82.2
83.4
72.1
61.3
50.5
70.4
61.6
64.0
72.5
62.6
63.1
62.6
67.2
72.3
39.3
66.5
65.8

84.1
73.5
84.7
87.7
67.2
74.0
40.5
62.7
77.9
49.0
67.2
58.1
73.9
80.1
63.8
60.4
24.6
57.0
87.9

36.1
36.2
35.6
38.5
39.1
37.2
40.5
36.6
37.1
42.3
37.4
38.5
36.1
37.3
39.4
38.3
42.5
39.8
34.7

3.7
6.0
5.3
4.0
6.0
7.3
7.3
6.0
6.3
5.7
8.3
4.7
8.0
6.7
5.3
7.3
6.0
5.7
7.0

4.0
6.3
5.0
5.7
3.3
4.7
4.3
5.3
5.3
4.7
5.0
4.7
4.7
5.3
4.3
6.0
5.3
3.3
4.7

43.1
71.1
69.9
52.5
82.1
98.4
98.3
69.8
91.2
90.6
98.8
70.9
97.3
96.2
76.1
86.8
72.7
63.0
94.8

60.0
76.5
65.7
86.7
50.0
64.1
53.6
70.4
72.5
65.9
71.0
57.3
78.9
78.6
62.0
75.7
62.7
36.1
55.0



73 0C99

74 3X7

75 19x9

76 4x16

77 Tilin #5/

78 Latitude 36

79 NorthBridge

80 Tahoma 31

81 TifTuf

82 Tifway

83 U3

84 Astro
LSDX

4.3
4.7
4.7
4.7
3.7
4.3
3.7
5.0
5.3
4.0
3.7
3.7
0.9

3.7
4.7
4.0
3.0
4.0
2.3
2.7
3.3
6.3
5.0
3.3
3.3
1.5

7.3
8.0
8.3
7.0
6.7
6.7
6.7
7.7
9.0
6.7
7.7
6.3
1.0

7.3
8.0
7.0
4.3
7.3
4.0
3.7
5.3
8.7
7.3
5.7
6.0
2.7

59.2
80.1
80.2
62.9
50.9
72.8
54.0
74.9
92.3
39.8
69.9
46.0
19.6

53.2
74.9
60.6
41.9
86.0
39.9
38.1
52.1
93.7
81.3
524
72.6
35.8

38.0
37.7
40.5
40.7
36.2
45.3
41.1
39.5
35.2
35.9
38.6
38.2

5.7

7.0
8.0
6.7
4.7
3.7
6.3
5.7
8.0
4.3
3.0
4.3
4.0
1.2

6.0
5.3
4.3
5.0
5.3
5.0
4.7
5.7
5.7
4.3
4.3
4.0
1.2

86.2
99.0
80.3
57.9
35.3
83.4
69.2
94.8
62.1
33.2
58.9
46.0
15.7

82.4
76.8
64.0
61.7
71.0
76.6
60.4
63.5
79.3
52.5
57.6
62.6
135

aEntry number 1 to 77 are experimental genotypes and 78 to 84 are standard cultivars.
bTQ = Turfgrass quality was rated on a scale from 1-9 where 1 = dead or dormant turf, 6 = minimal acceptable turf, and 9 = excellent turf.

°LF = Leaf firing was rated from 1-9 during dry down where 1 = all leaves fired and 9 = no leaf firing.

dPGC= Percent green cover measured by digital image analysis calculating the percent live cover on a scale from 0-100 where 0= no green

cover and 100= whole plot is green.

¢CT = Canopy temperature measured by an infrared thermometer.
'SG = Spring greenup was rated a scale from 1-9 where 1 = dormant turf and 9 = fully green turf.

9SGPGC = Spring greenup percent green cover measured by digital image analysis calculating the percent live cover on a scale from 0-
100 where 0 = no green cover and 100 = whole plot is green.

hCite from Amgain et al. (2018).

'Cite from Yu (2017).
ICite from Fang et al. (2015).
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KLSD = least significant difference at the p = 0.05 level.
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Table 2. Means, ranges, and standard deviations for turfgrass quality, leaf firing, percent green cover, and canopy temperature of 84 bermudagrass genotypes.

Turfgrass quality?

2018 2019
7/18 8/3 8/14 8/30 9/19 10/4 7/10 7/16 7127 8/10 8/21 9/11
Mean 6.2 6.2 5.7 55 5.1 4.2 6.8 6.3 5.9 5.3 4.0 3.9
Maximum 8.0 8.0 7.0 7.0 6.0 6.0 8.0 8.0 8.0 7.0 7.0 7.0
Minimum 4.0 4.0 3.0 4.0 4.0 2.0 5.0 4.0 3.0 3.0 1.0 1.0
SD 0.8 0.7 0.7 0.6 05 0.8 0.6 0.7 0.8 0.8 11 12
Leaf firing”
2018 2019
7/18 8/3 8/14 8/30 9/19 10/4 7/10 7/16 7127 8/10 8/21 9/11
Mean 9.0 9.0 8.9 8.7 8.6 7.4 9.0 8.9 8.7 8.1 6.4 6.4
Maximum 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0
Minimum 9.0 8.0 7.0 7.0 6.0 4.0 9.0 6.0 5.0 3.0 2.0 2.0
SD 0.0 0.1 0.3 0.5 0.7 0.9 0.0 0.4 0.6 1.2 1.8 1.9
Percent green cover®
2018 2019
7/18 8/3 8/14 8/30 9/19 10/4 7/10 7127 8/10 8/21 9/11
Mean 99.5 98.4 98.5 97.1 95.9 68.9 98.8 97.3 88.8 69.2 61.9
Maximum 99.9 99.9 99.9 99.8 99.8 96.6 99.9 99.9 99.8 994 98.4
Minimum 96.7 73.5 83.6 79.9 48.6 16.5 96.4 65.4 6.9 1.2 2.9
SD 0.4 2.6 19 3.6 6.9 0.9 0.6 4.5 17.5 30.5 25.2
Canopy temperature?
2019
7/10 7127 8/10 8/21

Mean 34.8 33.6 34.6 38.4
Maximum 39.9 41.9 43.2 49.8
Minimum 30.7 29.4 31.1 32.2
SD 1.9 2.6 2.4 3.8

aTurfgrass quality was rated on a scale from1-9 where 1 = dead or dormant turf, 6 = minimal acceptable turf, and 9 = excellent turf.

b|_eaf firing was rated on a scale from 1-9 during dry down where 1 = all leaves fired and 9 = no leaf firing.
°Percent green cover measured by digital image analysis calculating the percent live cover on a scale from 0-100 where 0 = no green cover and 100 = whole plot is green.
dCanopy temperature measured by an infrared thermometer.
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Table 3. Analysis of variance and variance component estimates of turfgrass quality, leaf firing, percent green cover, and canopy temperature of 84 bermudagrass
genotypes.

Measurement Year 667 P>F oaxy? P>F oeo® P>F oer’® P>F oe’ i

Leaf firing 2018 0.063 <.0001 0.099 <.0001 0.023 <.0001 0.110 0.67
2019 0.397 <.0001 0.131 <.0001 0.725 <.0001 0.905 0.56
Combined 0.059 0.0863 0.230 <.0001 0.052 0.0003 0.195 <.0001 0.696 0.24

Turfgrass quality 2018 0129 <0001 0077 <0001 0092 <000l 0158 0.71
2019 0.226 <.0001 0.094 <.0001 0.184 <.0001 0.324 0.72

Combined 0.122 <.0001 0.072 <.0001 0.067 <.0001 0.086 <.0001 0.307 0.64
Percent green cover 2018 7.595 <.0001 22.716  <.0001 2.560 0.0001 29.981 0.55
2019 34.030 0.0044 25.384 0.0002 113.610 <.0001 198.970 0.38
Combined 6.280 0.1380 23.840 <.0001 15.130 <.0001 31.260 <.0001 131.360 0.20
Canopy temperature 2019 0.538 0.0154 0.421 0.0062 1.978 <.0001 4.094 0.33

3662, genotype variance; oey?, genotype by year variance; oer?, genotype by replication variance; cepy?, genotype by date within the year variance; oe?, error variance; i?, reliability.
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Table 4. Means, ranges, and standard deviations for spring greenup and spring greenup percent green cover of 84
bermudagrass genotypes.

Spring greenup?

2018 2019
5/1 5/21 5/31 4/19 5/1 5/11 5/22
Mean 1.9 4.5 5.8 1.7 2.4 3.8 4.9
Maximum 4.0 8.0 9.0 3.0 5.0 6.0 8.0
Minimum 1.0 3.0 3.0 1.0 1.0 2.0 2.0
SD 0.5 1.2 1.5 0.5 0.6 0.7 1.1

Spring greenup percent green cover®

2018 2019
512 5/21 5/31 5/1 5/22
Mean 9.6 42.6 75.1 23.5 64.9
Maximum 32.1 94.4 99.9 70.1 97.7
Minimum 1.6 9.8 26.9 3.1 21.8
SD 5.3 18.6 19.8 9.6 13.7

aSpring greenup was rated a scale from 1-9 where 1 = dormant turf and 9 = fully green turf.
bSpring greenup percent green cover measured by digital image analysis calculating the percent live cover on a scale from 0-100 where 0
= no green cover and 100 = whole plot is green.
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Table 5. Analysis of variance and variance component estimates of spring greenup and percent spring green cover of 84

bermudagrass genotypes.

Measurement Year o2 P>F oexw)® P>F oeo® P>F oor?® P>F oe? i2
Spring greenup 2018 0.624 <.0001 0.365 <.0001 0.108 <.0001 0.259 0.77
2019 0.187 <.0001 0.116 <.0001 0.093 <.0001 0.203 0.71
Combined 0.02 0365 0.412 <.0001 0.195 <.0001 0.049 <.0001 0.288 0.08
Percent spring 2018 116.38 <.0001 62.59 <.0001 24.7/8 <.0001 50.953 0.77
green cover 2019 62.555 <.0001 23.957 <.0001 34.342 <.0001 18.653 0.7
Combined 19.499 0.0731 73.73 <.0001 44.741 <.0001 12376 <.0001 54.957 0.27

3662, genotype variance; oey?, genotype by year variance; 6er?, genotype by replication variance; cepy?, genotype by date within the year
variance; og?, error variance; i2, reliability.
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Table 6. Pearson correlation coefficient between the drought response and winter survivability traits of 84 bermudagrass
genotypes collected from 2017 to 20109.

Traits SGPGC? SG PGC TQ LF

SGP 0.90****

PGC® 0.27* 0.23*

TQd 0.39*** 0.43**** 0.75****

LF® 0.43**** 0.4Q%*** 0.81**** 0.74%**

CTf -0.22* -0.19 -0.77**** -0.65**** -0.78***

3SGPGC = spring greenup percent green cover, °SG = spring greenup, ‘PGC = percent green cover, “TQ = turfgrass quality, °LF = leaf
firing, 'CT = canopy temperature.

* Indicating significance at the probability of 0.05.

** |ndicating significance at the probability of 0.01.

*** Indicating significance at the probability of 0.001.

**** Indicating significance at the probability of 0.0001.
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