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USGA.

1. GENETICS AND BREEDING

The quality and stress tolerance of turf is a product of the environment, management practices, and
genetic potential of the grass plant. In many cases, major limitations to turf quality are stress effects,
many of which can be modified or controlled through plant improvement. Projects are directed
toward the development of turf cultivars that conserve natural resources by requiring less water, and
fewer pesticides and fertilizers. Among the characteristics most desirable in the new turfgrasses are:

e Reduced requirements for irrigation, mowing, and fertilization
e Tolerance of non-potable water

e Reduced need for pesticides by increasing resistance to disease, insects, nematodes, and
weed encroachment

e Ability to survive high and low temperature extremes
e Increased shade tolerance
e Tolerance of intensive traffic and poor-quality soils.

TOPIC Pg.
COOI-SCASON GIASSES. ... 2
WaArm-SEASOIN GIASSES........cceeeee e 26
INGEIVE GIASSEOS. ... e 70
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USGA ID#: 1983-01-001

Title: Breeding and Evaluation of Kentucky Bluegrasses, Tall Fescues, Fine Fescues,
Perennial Ryegrasses, and Bentgrasses for Turf

Project Leaders: William A. Meyer, Phillip L. Vines, and Stacy A. Bonos
Affiliation: Rutgers, The State University of New Jersey

Objectives:

1. Collect and evaluate useful turfgrass germplasm and associated endophytes.

2. Continue population improvement programs to develop improved cool-season cultivars
and breeding synthetics.

3. Develop and utilize advanced technology to make current breeding programs more
effective and efficient.

Start Date: 1982
Project Duration: Continuous
Total Funding: $10,000 per year

Summary Points:

e Continued progress was made in obtaining new sources of turfgrass germplasm. These
sources are being used to enhance the Rutgers breeding program.

¢ Maodified population backcrossing and continued cycles of phenotypic and genotypic
selection combined with increasing sources of genetic diversity in turfgrass germplasm
has resulted in the continued development and release of top performing varieties in the
NTEP

e Five perennial ryegrasses, six new tall fescues, five fine fescues, two Chewings fescues,
one hard fescue, two creeping red fescues, four Kentucky bluegrasses, and two
creeping bentgrasses were named and released in 2019

e Published 2 referred journal articles and 12 non-referred journal articles in 2019.
Fourteen Plant variety certificates issued and 6 PVP's applied for in 2019.

Summary Text:

As of October 30,2019 over 1,500 promising turfgrasses and associated endophytes
were collected in Slovenia, Poland, Croatia, Italy, Hungary, Serbia, Austria, and Romania.
These were evaluated in the spring of 2019 in the Netherlands and over 515 had seed produced
in the summer of 2019 and will be evaluated in New Jersey starting in fall 2019. Over 9,675 new
turf evaluation plots, 87,258 spaced-plant nurseries plants, and 11,000 mowed single-clone
selections were established in 2019 in New Jersey.

Over 11,232 seedlings from intra- and inter-specific crosses of Kentucky bluegrass were
screened for promising hybrids under winter greenhouse conditions, and the superior plants
were put into spaced-plant nurseries in the spring. Over 12,276 tall fescues, 2,628 Chewings
fescues, 2,000 hard fescues, 22,796 perennial ryegrasses, and 13,596 bentgrasses were also
screened during the winter in greenhouses, and superior plants were put in spaced-plant
nurseries. Over 118 new intra- and inter-specific Kentucky bluegrasses were harvested in 2019.

1. Genetics and Breeding: Cool-Season Grasses 2
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The following crossing blocks were moved in the spring of 2019: five hard fescues (148
plants), seven Chewings fescues (166 plants), five strong creeping red fescues (131 plants),
nineteen perennial ryegrasses (846 plants), ten tall fescues (370 plants), nine creeping
bentgrasses (180 plants), four velvet bentgrasses (158 plants), and six colonial bentgrasses
(203 plants).

The breeding program continues to make progress breeding for disease resistance and
improved turf performance. New promising hamed and released perennial ryegrass varieties in
2019 were Umqua, Alloy, Vision, Lover, and Infusion. New tall fescues were Genius,
Honeymoon, Annapolis, Corbett, Rebel 5, and Estrena. There were also two Chewings fescues
named Momentum and Conductor, one hard fescue named Clarinet, and two creeping red
fescues named Chorus and Ruddy. There were two new creeping bentgrasses named Mac
Donald and S-1. The new Kentucky bluegrasses were Babe, Chloe, Tattoo, and Jersey.

Figure 1. A drone image (100-ft altitude) showing gray leaf spot activity in Adelphia, NJ. Note
the less-susceptible varieties beginning in the fifth column from the right.

1. Genetics and Breeding: Cool-Season Grasses 3
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Figure 2. Tall fescue germplasm are screened for brown patch symptoms following inoculation.

1. Genetics and Breeding: Cool-Season Grasses 4
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USGA ID#: 2007-05-346
Title: Collection, Enhancement and Preservation of Turfgrass Germplasm

Project Leader: Kevin Morris
Affiliation: National Turfgrass Federation (NTF)

Start Date: 2017
Project Duration: 3 years
Total Funding: $30,000

Summary Points:

e Federal funding for priority research needs identified at a Fall 2017 workshop, including
genome sequencing of turfgrass species, research to document the inherent value of
turfgrass and drought turfgrass cultivars is now being requested.

e As a result of the workshop, USDA-ARS has not only allocated new funding for genome
sequencing of turfgrass species, but also has developed a consortium of turfgrass
researchers to initiate new studies.

e To determine the acreage, uses and economic value of the turfgrass industry in the U.S.,
NTF has collaborated with a group of universities and non-profit organizations to apply
for a $1,000,000 USDA grant.

¢ The Foundation for Food and Agriculture Research (FFAR) has agreed to consider
providing matching funds for priority turfgrass research projects identified in 2020.

Summary Text:
Background

Turfgrass is an estimated $60 billion, 60 million-acre industry in the U.S., making turfgrass
the third largest agricultural crop in the U.S. by acreage. With tens of millions of home lawns,
millions of miles of turf on roadsides, a million or more athletic fields, thousands of parks, golf
courses, institutional grounds and other sites, turfgrass is an ubiquitous crop in the U.S., but
often taken for granted as to its importance and value. To that end, federal government
turfgrass research funding falls far below research funding for other comparably sized
agricultural industries, averaging just over $1,000,000 annually. With the industry facing serious
challenges such as water shortages, concerns about pesticide use, fertilizer restrictions and
economic issues, research is needed to help the turfgrass industry overcome these challenges
and thrive over the next 25-30 years.

To better address industry challenges, in September 2017 about 40 attendees participated
in a professionally facilitated workshop, hosted by the National Turfgrass Federation and the
U.S. National Arboretum, to discuss turfgrass research needs, priorities and funding strategies.
Attendees included representatives from golf, parks, seed and sod, lawn and landscape,
irrigation, equipment and the plant protection/enhancement industries; as well as university
research, non-profits and the federal government.

The historical context and development of the 2004 National Turfgrass Research Initiative

(NTRI) was presented, as well as presentations outlining federal government, non-profit
organization and commercial turf industry research accomplishments. Two days of discussions

1. Genetics and Breeding: Cool-Season Grasses 5
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within small groups, and one large group resulted in twenty-eight research needs that were
consolidated considering overlap of ideas, resulting in eighteen broader research topics.

Voting by all participants resulted in multiple priorities on the research needs list. A few of
the highest rated research needs included: 1) genomic studies to identify genes that infer
drought, disease, cold and other tolerances in turfgrasses, 2) studies to quantity and maximize
ecosystem services benefits of turfgrasses, and 3) new approaches to reduce water use and
utilize more recycled water on turfgrass. Discussions ensued on potential research partners
including, USDA-ARS, universities, non-profit organizations and private industry.

Results to Date

As a result of this workshop and the interest shown by participants in increasing
research funding, USDA-ARS has committed new funding to genome sequencing of turfgrasses
at several locations. Consequently, USDA-ARS turfgrass researchers have formed a research
consortium to encourage collaboration among ARS units in Tifton, GA, Beltsville, MD, Corvallis,
OR and Logan, UT. The researchers are now organizing, collaborating and developing their
research plans. Much like the potential of genome sequencing to develop new treatment
strategies for human health issues, this funding will contribute foundational information to aid
the development of better heat, cold, drought, disease and insect resistant grasses.

The National Turfgrass Federation (NTF) worked to develop and include in the 2018
U.S. Farm Bill language that outlines not only the importance of turfgrass research (through the
National Turfgrass Research Initiative), but also broad national turfgrass research needs. We
have organized groups and have met with various members of Congress and federal
government officials, including Secretary of Agriculture Sonny Perdue to discuss our needs.
The next steps are to obtain funding for turfgrass research projects within the federal
government, as well as competitive grants within and outside the federal system.

The first turfgrass funding request is $3,000,000 for FY2020 to be spread across six
USDA-ARS labs. Priority research topics include additional funding for genome sequencing,
drought tolerant grasses, and ecosystem service maximization from turfgrass areas. We are
also continuing our efforts to obtain additional turfgrass competitive grant funding opportunities
through USDA-NIFA.

In addition, we have initiated discussions with a major non-profit, the Foundation for
Food and Agriculture Research (FFAR) to identify turfgrass projects for potential funding.
Congress created FFAR in the 2014 Farm Bill to increase funding for agricultural research. In
the 2018 Farm Bill, FFAR was reauthorized with $185 million in federal funding available. All
FFAR projects require a 1:1 match with industry and/or non-profits. In 2020, FFAR will work
with the turfgrass industry to develop mutually agreeable research projects and will then match
funding committed by industry and non-profits.

Future Plans

Another priority need identified at the workshop is the gathering and publishing of
acreage, scope, usage and economic value data on the U.S. turfgrass industry. This
information is critical to documenting the economic and societal impact of the turfgrass industry
within the U.S. NTF has selected a firm to conduct a national turfgrass survey and recently, in
collaboration with several universities and non-profit organizations, has applied for a $1,000,000
USDA grant to fund the survey. If funded, this data should be available in 2022. Turfgrass
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acreage, use and economic value is another essential piece in demonstrating the need for
turfgrass research nationally, and in our states and communities. Increased initial funding
opportunities, a comprehensive national survey, as well as an updated National Turfgrass
Research Initiative using needs identified at the 2017 workshop, are important steps to reducing
inputs and improving turfgrass management practices.

Figure 1. National Turfgrass Federation meeting with the U.S. Secretary of Agriculture, Sonny
Perdue.
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USGA ID#: 2016-25-575
Title: Genetic Engineering of Turfgrass for Enhanced Multi-Stress Resistance

Project leader: Hong Luo
Affiliation: Department of Genetics and Biochemistry, Clemson University

Objectives:

The main objective of this project is to genetically engineer enhanced tolerance to multiple
adverse environmental conditions, such as drought, salt, heat and nutrient deficiency in
turfgrass using agricultural biotechnology approaches. We proposed to develop methodology
to evaluate and demonstrate the feasibility of genetically engineering multi-stress tolerance in
transgenic turfgrass through simultaneous overexpression of three genes encoding a
vacuolar H+-pyrophosphatase, AVP1 from Arabidopsis, a SUMOylation E3 ligase, OsSIZ1
from rice, and a flavodoxin, Fld from cyanobacterium. Specifically,

1. We will prepare a chimeric gene construct, p35S-AVP1/Ubi-OsSIZ1/Ubi-FNR:Fld/ p35S-
bar containing CaMV35S promoter-driven AVP1, corn ubiquitin promoter- driven
OsSIZ1 and FId genes together with a CaMV35S promoter-driven selectable marker
gene, bar, for herbicide resistance.

2. We will conduct Agrobacterium-mediated turfgrass transformation to produce transgenic

lines harboring p35S-AVP1/Ubi-OsSIZ1/Ubi-FNR:FId/p35S-bar construct and

overexpressing AVP1, OsSlIZ1 and Fld genes.

We will analyze putative transgenic plants for transgene insertion and expression.

4. We will Examine plant growth and development in transgenics and evaluate plant
performance under various abiotic stress conditions including drought, heat, salt, P and N
starvation in comparison with wild type plants and transgenic lines expressing a single
transgene (AVP1, OsSIZ1 or FId).

w

Start Date: 2016
Project Duration: 3 years
Total Funding: $60,000

Summary Points:

Three representative transgenic lines harboring the chimeric gene construct, p35S-
AVP1/Ubi-OsSI1Z1/Ubi-FNR:FId/p35S-bar, and expressing high level of the three stress-
related genes, AVP1, OsSIZ1 and FId were grown in greenhouse and asexually multiplied
for performance evaluation. Another three transgenic lines expressing AVP1, OsSIZ1 and
FId, respectively, as well as non-transgenic wild type (WT) plants were also simultaneously
grown in greenhouse and used as controls for comparison.

Assessed plant growth under normal conditions comparing different transgenic lines and
wild type plants and observed that the transgenic lines expressing three genes together
(AVP1, OsSIZ1 and FId) outperformed wild type and transgenic plants expressing only one
of the three genes (AVP1, OsSIZ1 and Fld), exhibiting rapid plant growth with more
biomass production (examples shown in Fig. 1).
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e Conducted salinity and drought stress and nitrogen deficiency tolerance test with all the
transgenic lines and wild type plants. The transgenic lines expressing three genes together
(AVP1, OsSIZ1 and FId) outperformed wild type and transgenic plants expressing only one
of the three genes (AVP1, OsSlZ1 and Fld), exhibiting enhanced tolerance to the stress
conditions tested (examples shown in Fig. 2 & 3).

e Our data showed that simultaneous introduction of three transgenes into turfgrass not only
boosted plant growth, but also significantly enhanced plant performance under various
adverse environmental conditions. Assessment of plant response to additional abiotic
stresses including oxidative stress, P starvation and study of other characteristics are
currently being completed. The results obtained demonstrate the great potential of
extending the same strategy to other turf and forage species as well as vegetable and food
crops, significantly enhancing agriculture production. The plant materials could be directly
used for cultivation upon completion of the government deregulation process, or used as
foundational breeding materials for products of wide environmental adaptation.

Summary Text:

In the face of a global scarcity of water resources, the increased salinization of soil and
water as well as elevating environmental pollution caused by fertilization, enhancing crop
plant tolerance to various abiotic stresses is the big challenge of modern agriculture practice.
This project aimed to genetically engineer turfgrass with multiple genes involved in plant
stress response for enhanced plant performance under adverse environmental conditions. In
our previous summaries presenting our research data obtained in 2016 and 2017, we
reported the construction of a chimeric gene construct, p35S-AVP1/Ubi-OsSIZ1/Ubi-
FNR:Fld/p35S-bar that contains expression cassettes for three genes, AVP1, OsSIZ1 and
FId together with a selectable marker gene, bar for herbicide resistance, and its introduction
into creeping bentgrass plants. Transgenic analysis confirmed foreign gene insertion and
expression in the twenty primary TO transgenic lines using PCR and Northern hybridization.
Three representative transgenic lines with high level of foreign expression were selected and
asexually propagated for further analysis. We have continued to conduct greenhouse
experiments evaluating transgenic plants for their growth, development and performance
under various abiotic stresses in comparison with wild type controls and transgenic lines
expressing individual transgenes, AVP1, OsSIZ1 and Fld respectively. As shown in Fig. 1,
when overexpressed individually in transgenic plants, both AVP1 and OsSIZ1 led to
enhanced plant growth compared to wild type controls. Remarkably, transgenic plants
overexpressing all three genes grew even faster than AVP1 and OsSIZ1 transgenic plants,
producing the highest biomass among all plant lines tested, indicating that co-expression of
three genes together in transgenic plants are able to significantly boost plant growth.

When assessing plant performance under various environmental adversities, we found
that transgenic plants overexpressing the three genes, AVP1, OsSIZ1 and Fld exhibited
enhanced tolerance to multiple abiotic stresses, such as salinity, drought and nitrogen
deficiency (examples shown in Fig. 2 and Fig. 3).
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Publication resulting from the project:

1.

Yuan, S., Zhao, J., Li, Z., Hu, Q., Yuan, N., Zhou, M., Xia, X., Noorai, R.E., Saski, C., Li,
S., Luo, H. (2019) MicroRNA396-mediated alteration in plant development and salinity
stress response in creeping bentgrass. Nature Horticulture Research 6:48.

Zhao, J., Yuan, S., Zhou, M., Yuan, N., Li, Z., Hu, Q., Bethea F.G. Jr., Liu, H., Li, S., Luo,
H. (2019) Transgenic creeping bentgrass overexpressing Osa-miR393a exhibits altered
plant development and improved multiple stress tolerance. Plant Biotechnology Journal
17:233-251.

Zhou, M., Zhao, J., Li, D., Yuan, S., Yuan, N., Li, Z., Jia, H., Gao, F., San, B., Hu Q., Luo,
H. (2019) Biolistic DNA delivery in turfgrass embryonic callus initiated from mature seeds.
In: Methods in Molecular Biology - Biolistic DNA Delivery in Plants, Rustgi, S & Luo, H.
(eds.) Springer Science+Business Media, NY (in press).

Wu, P., Coqill, S., Qiu, Y., Li, Z., Zhou, M., Hu, Q., Chang, Z., Noorai, R., Xia, X., Saski,
C., Raymer, P., Luo., H. (2019) Comparative transcriptome profiling provides insights into
plant salt tolerance in Seashore paspalum (Paspalum vaginatum) (revision submitted).
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Figure 1. Transgenic creeping bentgrass plants harboring the chimeric gene construct p35S-
AVP1/Ubi-OsSIZ1/Ubi-FNR:FId/p35S-bar that overexpress the three genes, AVP1, OsSIZ1
and Fld (AVP1+0sSIZ1+FId, lines #1, 2 & 3) exhibited significantly enhanced growth. Wild-
type (WT) control plants, the three transgenic lines expressing AVP1, OsSIZ1 and FId,
respectively, and the three representative transgenic lines expressing all three genes,
AVP1, OsSIZ1 and FId were fully developed in cone-tainer for 8 weeks, then mowed and
grown for three weeks in growth room under normal conditions before photographing.
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Figure 2. Transgenic creeping bentgrass plants harboring the chimeric gene construct p35S-
AVP1/Ubi-OsSIZ1/Ubi-FNR:FId/p35S-bar exhibited enhanced tolerance to multiple
environmental stresses. Wild-type (WT) control plants, the three transgene line expressing
AVP1, OsSIZ1 and FId, respectively, and additional three representative transgenic lines
expressing all three genes, AVP1, OsSIZ1 and Fld were fully developed in cone-tainer for 8
weeks under normal conditions in growth room (left). To evaluate plant performance under
salt stress, both WT and transgenic plants expressing individual or a group of three genes
were maintained in the growth room and subjected to a three-week treatment of 200 mM
NaCl. As shown in the picture, the transgenic lines expressing AVP1, FId or three genes
(AVP1, OsSlIZ1 and FId) together exhibited significantly higher tolerance salt stress than WT
controls and the transgenic line expressing OsSIZ1. The former remained green with no
apparent stressed symptom, whereas the latter became wilted and yellowish showing
severely damaged symptom (right). To evaluate plant performance under drought stress,
both WT and transgenic plants expressing individual or a group of three genes were
maintained in the growth room and subjected to a two-week water withholding. Plants were
photographed two weeks after water withholding and one week after recovery for
documenting plant response to drought stress. As shown in the picture, the transgenic lines
harboring either individual or three genes all performed better than WT controls, surviving
drought treatment and continued their growth, whereas the WT controls became wilted and
failed to completely recover upon resumed watering.
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Figure 3. Transgenic creeping bentgrass plants harboring the chimeric gene construct p35S-
AVP1/Ubi-OsSIZ1/Ubi- FNR:FId/p35S-bar exhibited enhanced tolerance to nitrogen (N)
deficiency. Wild-type (WT) control plants, the three transgene lines expressing all three
genes, AVP1, OsSIZ1 and FId were fully developed in cone-tainer for 8 weeks under normal
conditions in growth room. All the plants were then grown on MS medium containing 0.5- or
10-mM N for three weeks. As shown in the picture, the transgenic lines expressing
AVP1, OsSlIZ1 and FId grew better and produced more shoot biomass under both N deficiency
(0.5 mM) and normal N supply (10 mM). In addition, N deficiency also significantly boosted
plant root growth in transgenic lines compared to WT controls.
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USGA ID#: 2017-12-622
Title: Pre-Breeding for Bentgrass Germplasm Improvement

Project Leaders: Keenan Amundsen?, Scott Warnke?, Bill Kreuser*
Affiliation: *University of Nebraska-Lincoln; 2USDA-ARS

Objectives:

The goal of this research is to develop genetically narrow but diverse bentgrass families with
enhanced abiotic stress tolerance.

Start Date: 2017
Project Duration: 3 years
Total Funding: $51,040

Summary Points:

o Water-deficit stress tolerance between creeping and colonial bentgrass was assessed.

e Transcript expression differences between colonial and creeping bentgrass in response
to water-deficit stress were identified.

o Genotype-specific genetic resources were developed to reduce cultivar development
time and support variety discrimination.

Summary Text:

There are principally five bentgrasses used in turf systems including colonial bentgrass,
creeping bentgrass, velvet bentgrass, redtop bentgrass, and highland bentgrass. Creeping
bentgrass (Agrostis stolonifera) is the most prevalent, due to its adoption by the golf industry for
its ability to form an exceptional golf course putting green playing surface. Creeping bentgrass
is naturally adapted to ditch banks and areas prone to periodic flooding, and it is often
considered a “water loving” species. Improved creeping bentgrass cultivars can maintain a
relatively high visual and functional quality even with modern turfgrass management practices
designed to keep the turf lean and fast with reduced management inputs.

There is demand for reduced water utilization in turf systems and improving drought
tolerance of managed turf species is one way to address the need. If water-limiting stress
tolerance of creeping bentgrass is considered, there is variability across cultivars and
germplasm selections. However, there are limits to the level of drought tolerance in creeping
bentgrass, which impedes the ability to make significant advancements for drought tolerance
through conventional plant breeding. Colonial bentgrass, which is naturally adapted to dryer
environments, is more drought tolerant than creeping bentgrass. It is possible to introduce traits
from certain bentgrass species to others and as an example, dollar spot resistance from colonial
bentgrass was introduced into creeping bentgrass [Belanger et al., 2004. Crop Science
44(2):581-86]. A similar approach could be used to introduce improved drought tolerance from
colonial bentgrass into creeping bentgrass, or other desirable traits from other extant bentgrass
species. When introducing desirable traits from unimproved accessions to elite breeding lines,
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traits that negatively impact quality are also introduced and require several rounds of breeding
and selection to remove the undesirable traits, slowing the breeding process and time-to-
release new cultivars.

Our project aims to use a pre-breeding approach to introduce desirable traits from wild
or unimproved bentgrasses into high quality breeding lines, followed by additional plant
breeding cycles to remove the undesirable traits that were introduced through the initial crosses.
The resulting germplasm could more easily be used by bentgrass breeders to improve their elite
lines. We evaluated wild bentgrass accessions from the National Plant Germplasm System in
our previous project in preparation for this study. We identified wild material that performed as
good as or better than standard entries for establishment rate, color, and density. From the
previous project we also identified bentgrass accessions with potential for use in lawns.
Buffalograss is commonly found in lawns in many coastal regions but that end use is not a
priority for the bentgrass industry.

In 2018, we developed genotype-specific markers that could confirm hybrid formation
between creeping and colonial bentgrasses. Due to the success of the genotype-specific
markers for their ability to discriminate accessions, we focused our current efforts on expanding
bentgrass genetic resources by identifying gene candidates that can be used as genetic
markers to accelerate the breeding process. A greenhouse study was done where BCD
colonial bentgrass, and Providence and Declaration creeping bentgrasses were grown under
well-watered or water-limiting conditions. Total RNA was extracted and sequenced, generating
567 million 150 bp paired-end reads. Contaminants and poor-quality reads were removed and
the cleaned sequences were separately assembled into reference transcriptomes (Table 1).
Declaration had the most assembled transcripts and Providence the least, with 126,620 average
number of assembled transcripts for the three cultivars. The final transcriptome assemblies
ranged from 49.4 to 59.8 Mb, with an average transcript size of 443 bp.

The sequencing reads for each genotype treatment were mapped to each of the three
reference transcriptomes. The number of sequencing reads mapped to a given transcript is an
indication of the relative expression of that transcript when that sample was collected per
genotype in response to the water treatment. Differences in read counts can then be used to
infer changes in transcript expression between genotypes or treatments. The Bioconductor
edgeR package was used to assess differential gene expression (Table 2). Differential
transcript expression analysis was done in reference to each variety transcriptome in order to
identify variety-specific transcripts responding to the water treatment in addition to those with
different expression profiles. When basal transcript expression is compared between BCD
colonial and Providence or Declaration creeping bentgrasses, the average number of transcripts
differentially expressed was 1,237 and not much difference was observed between varieties.
Similarly, when the water deficit treatments were compared, there was a slight increase in the
number of transcripts differentially expressed between BCD colonial and Providence creeping
bentgrass compared to BCD colonial and Declaration creeping bentgrass, but again the number
of differentially expressed transcripts was consistent among treatments. However, when a
comparison was made between the water deficit and control samples for each variety, BCD
colonial had 2.5 to 5 fold increase in the number of differentially expressed genes compared to
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the creeping bentgrass samples suggesting that BCD colonial is actively responding to the
stress. Research is continuing beyond the funded project to characterize the transcripts
involved in the response. The data generated from this project will serve as a reservoir for
genotype-specific markers that can be further used for variety discrimination or tracking water
deficit stress tolerance in breeding programs.

Table 1. Summary of sequencing and transcriptome assembly for BCD colonial, and
Providence and Declaration creeping bentgrasses.

Water Assembled
Variety treatment Rep Raw Reads Cleaned Reads Transcripts

1 30,385,608 25,184,056
Control 2 39,615,872 33,955,862

Providence 3 31,862,466 26,724,082 115,991
1 37,103,630 31,781,812
Deficit 2 44,912,066 38,016,330
3 24,262,698 20,821,486
1 18,832,482 15,746,322
Control 2 22,592,358 19,153,928

BCD_ 3 22,404,136 18,136,700 126,042
Colonial 1 49,290,640 41,304,212
Deficit 2 35,251,384 28,706,308
3 25,697,642 21,236,668
1 32,886,360 28,506,068
Control 2 22,220,692 18,636,070

Declaration 3 20,739,064 17,598,868 137,829
1 20,106,548 16,825,144
Deficit 2 26,058,582 21,452,114
3 62,953,348 52,284,296
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Table 2. Differentially expressed transcripts between BCD colonial, and Providence and
Declaration creeping bentgrasses in response to deficit water stress.

Treatment A Treatment B Reference Transcriptome
Variety Condition Variety Condition  BCD Colonial Declaration Providence
BCD Colonial Declaration 1,062 1,186 1,370
BCD Colonial Control Providence ~ Control 1,411 1,965 882
Declaration Providence 1,673 2,676 552
BCD Colonial Declaration 1,492 2,005 1,766
BCD Colonial Deficit Providence Deficit 2,187 3,029 2,073
Declaration Providence 752 878 347
BCD
BCD Colonial Colonial 5,223 4,294 4,243
Declaration Control Declaration Deficit 2,080 2,117 1,940
Providence Providence 1,071 1,042 1,427
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USGA ID#: 2018-11-661

Title: Evaluation of activity of a fungal endophyte antifungal protein against dollar spot infected
creeping bentgrass

Project Leaders: Faith C. Belanger and Bruce Clarke
Affiliation: Rutgers University

Objectives:

The goal of this project is to produce the Epichloé festucae antifungal protein in bacteria and
test its activity in dollar spot infected creeping bentgrass and fine fescue. If the purified protein is
effective, this could represent an additional method to control dollar spot and reduce fungicide
inputs.

Start Date: 2018
Project Duration: 3 years
Total Funding: $120,000

Summary Points:

1. The fungal endophyte (Epichloé festucae) that infects strong creeping red fescue produces
an abundant antifungal protein that is not found in most Epichloé species. It may be involved in
the disease resistance observed in endophyte-infected strong creeping red fescue.

2. Gene knock-outs of the antifungal protein were produced, but extensive efforts to move the
antifungal protein minus-isolates back into endophyte-free plants have been unsuccessful.
These results raise the possibility that: 1) the antifungal protein may be important in the
symbiosis between the turfgrass host and the endophyte and that without it the endophyte may
be identified as a pathogen by the host and eliminated, or 2) the lack of ability to inoculate
plants with the knock-out isolates is due to some other change in those isolates as the result of
removing this gene.

3. The activities of the E. festucae antifungal protein produced in yeast and bacteria, and the
activity of a similar protein, PAF, from Penicillium chrysogenum, were assessed against the
model fungus Neurospora crassa.

Summary Text:

Control of dollar spot disease on creeping bentgrass is a major problem for golf course
managers and currently relies heavily on fungicide applications. Ongoing efforts to address this
problem have focused on breeding tolerant cultivars and on improving management protocols.
We are pursuing a different and complementary approach, which is to understand the
mechanism of dollar spot resistance in a fungal endophyte (Epichloé festucae) infected strong
creeping red fescue. Endophyte-mediated disease resistance is well established in fine fescues
(Clarke et al., 2006), but is not a general feature of other endophyte-infected grasses such as
perennial ryegrass or tall fescue. If we can uncover the mechanism of the endophyte-mediated
disease resistance in fine fescues, it may be possible to adapt it for use in other turfgrasses
such as creeping bentgrass, which are not infected with Epichloé endophytes.
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Previously we identified an abundant endophyte transcript for an antifungal protein. The
antifungal protein gene found in E. festucae infecting strong creeping red fescue is not present
in most Epichloé genomes for which whole genome sequences are available (Ambrose and
Belanger, 2012). The transcript abundance and the limited existence of the antifungal protein
gene among Epichloé spp. suggested the E. festucae antifungal protein may be a component of
the unique endophyte-mediated disease resistance observed in strong creeping red fescue.

We are taking two approaches to addressing the importance of the E. festucae
antifungal protein in the disease resistance of strong creeping red fescue. In one approach we
have knocked out the antifungal protein gene with the objective of determining the effect on the
disease resistance in plants carrying the knock-out isolate. In the other approach we are
optimizing purification methods for producing large amounts of the protein for testing in direct
application to plants. Our results to date are described below.

E. festucae antifungal protein gene knock-out

Two independent gene knock-out isolates of E. festucae were generated by using the
CRISPR-Cas9 technology. The objective was to inoculate the knock-out isolates back into
endophyte-free strong creeping red fescue and assess the level of dollar spot resistance of the
plants. If the antifungal protein is indeed a factor in the dollar spot resistance, as we suspect it
is, then the plants harboring the knock-out isolates would be expected to exhibit less or no dollar
spot resistance. However, extensive attempts over a 12-month period to inoculate plants with
the knock-out isolates were unsuccessful (Table 1). Interestingly, the wild type isolate was
successfully inoculated into endophyte-free plants. These results were unexpected and have
raised new questions about the possible importance of the E. festucae antifungal protein to the
symbiotic association with strong creeping red fescue. |s the antifungal protein an important
factor in the symbiotic interaction or is the lack of ability to inoculate plants with the knock-out
isolates unrelated to the lack of the antifungal protein gene but rather due to some other change
in those isolates as the result of removing this gene?

Table 1. Inocluation of strong creeping red fescue seedlings with Epichloé festucae wild-type
Rose City (RC) and antifungal protein gene knock-out isolates 1a-7t8s3 and 1c-3s5.

Not infected Infected Died Total
Wild type RC isolate 18 5 17 40
Knock-out 1a-7t8s3 39 0 32 71
Knock-out 1c-3s5 51 0 17 68

The interaction of fungal plant pathogens and symbionts with their hosts involves
effector proteins, characterized as small-secreted proteins that can be important for colonization
or for evasion of host defenses (Plett and Martin 2015; Uhse and Djamei 2018). The E.
festucae antifungal protein is a small secreted protein and is considered a candidate effector
protein (Hassing et al., 2019). We are addressing the possibility that the E. festucae antifungal
protein may have a role in the symbiotic interaction, in addition to being an antifungal protein, in
two approaches. First, we are working on generating new knock-out isolates to determine if
they also have the same phenotype as the original isolates. Second, we are also rescuing the
two knock-out isolates that we previously generated by reintroducing the antifungal protein to
see if the presence of the antifungal protein will then allow inoculation into plants.
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E. festucae antifungal protein purification

The E. festucae antifungal protein is a highly expressed fungal protein in the infected
host grass (Ambrose and Belanger, 2012), but purification from plant tissue is not practical since
it is overall a minor protein in the mixed fungal/plant tissue. Moreover, it is not expressed when
the fungus is grown in culture. We, therefore, have explored generating the antifungal protein in
several established protein expression systems. The objective is to identify a protein
expression system that can generate a large amount of active antifungal protein in the simplest
way. The antifungal protein has been successfully expressed in the yeast Pichia pastoris (Tian
et al., 2017) and in the bacterium Escherichia coli. The E. festucae antifungal protein is similar
to a protein from another fungus, Penicillium chrysogenum, which is designated PAF
(Penicillium antifungal protein) and which also has antifungal activity (Marx, 2004). We have
obtained an engineered PAF overexpression strain of P. chrysogenum from Dr. Florentine Marx
(Medical University of Innsbruck, Innsbruck, Austria) so that we could directly compare the
activities of PAF and the E. festucae antifungal protein. A comparison of antifungal activities of
PAF and the E. festucae antifungal protein produced in yeast and in bacteria against
Neurospora crassa conidia, a model fungus used in such systems, is shown in Fig. 1. At the
lowest concentrations, PAF had the best activity, but at greater than 5 ug/mL the activity of the
E. festucae antifungal protein produced in yeast was similar to PAF. At concentrations greater
than 20 ug/mL the activities of all three samples were similar.
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Figure 1. Comparative percent inhibition of growth of Neurospora conidia by the E.
festucae antifungal protein and PAF. Increasing concentrations of both bacterially and yeast
produced E. festucae antifungal protein (Efe-AfpA), and Penicillium chrysogenum produced
PAF were assayed in triplicate against Neurospora conidia and growth was measured after 24
hours. Percent inhibition was measured by absorbance at ODs20. Standard deviation is
represented by error bars.
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Since large amounts of PAF can be easily purified from P. chyrsogenum, we are now
working on expressing the E. festucae antifungal protein in a PAF knock-out strain of P.
chrysogenum (obtained from Dr. Florentine Marx) using the PAF promoter to drive expression.
Several P. chrysogenum transformants with the E. festucae antifungal protein gene have been
identified and will soon be tested for production of the E. festucae antifungal protein. If
successful, the P. chrysogenum expression of the E. festucae antifungal protein should provide
us with sufficient quantities of the protein for assessing efficacy against the dollar spot pathogen
in turfgrass.
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USGA ID#: 2019-15-685

Title: Deciphering the relationship between environmentally induced epigenetic modification
and dwarfism in greens-type Poa annua L.

Project Leader: David R. Huff and Chris W. Benson
Affiliation: Pennsylvania State University

Objectives:
Objective 1 (Month 1-6): Elucidate the global methylation status of mowed and unmowed Poa

annua using traditional ecological methods such as MSAP and enzyme-linked immunosorbent
assays (ELISA).

Objective 2 (Month 18-30): Elucidate downstream transcriptional changes as a response to
epigenetic modification during imposed environmental stress on clonal Poa annua.

Objective 3 (Month 1-18): Use methods in genomic sequencing to resolve the methylation
status of candidate loci identified in the RNA-seq analysis.

Objective 4 (Month 12-24): Evaluate transgenerational retention of morphological characters
and epigenetic signatures in subsequent generations of Poa annua mowed and unmowed.

Objective 5 (Month 24-36): Use methyl-sensitive restriction enzymes as a marker to guide the
breeding of elite and stable cultivars of Poa annua for commercial release for golf-course putting
greens.

Start Date: 2019
Project Duration: 3 years
Total Funding: $91,824

Summary Points:

» Poa annua’s range of phenotypes is echoed by its range of genome architectures.

» Under stress of mowing, Poa annua experiences increased global DNA methylation.

» Reduced shoot size in the offspring of mowed clones suggests that Poa annua can pass
environmental cues to its offspring in a transgenerational fashion.

» Transgenerational inheritance of mowing stress is correlated with heritable patterns of DNA
methylation, but the causal mechanism of transgenerational inheritance and adaptive
plasticity remains unclear.

Summary Text:

Heritability of acquired traits caused by environmental cues is a possible driving factor in
Poa annua’s global proliferation and wide-ranging morphologies. To study transgenerational
inheritance of acquired phenotypes, we grew and phenotyped progeny plants from mowed and
unmowed Poa annua. Parental genotypes had either been mowed at 3 mm for eight months or
left unmowed for eight months. Seed was grown from the mowed and unmowed clones and
phenotyped periodically to test for transgenerational differences in shoot area of the progeny
plants. Progeny from mowed clones were on average 37% smaller than progeny grown from
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unmowed clones (n=35, p=0.04, Fig. 1). Reduction in shoot area of the offspring from mowed
parental plants were observed up to 95 days after germination when the experiment ended.
Reduced shoot size in the offspring of mowed clones suggests that Poa annua can pass
environmental cues to its offspring in a transgenerational fashion. Because epimutations occur
more frequently than genetic mutations, it is likely that that observed transgenerational plasticity
is conferred at least in part by epigenetic mechanisms (Kronholm and Collins 2016).
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Figure 1: Transgenerational priming of Poa annua to mowing stress. (A) example images show the progeny
of mowed and unowed clones during image analysis. (B) boxplots depict the shoot area of offspring Poa
annua when the clonally propagated parent was either mowed at 3 mm for eight months or left unmowed
for eight months. Plants were measured periodically between 40 and 95 days after germination (n=35). p-
values above the boxes show the likelihood that the observed differences in shoot area are biologically
significant at each timepoint. Shoot area was measured in imageJ.

To study epigenetic modification and phenotypic plasticity in Poa annua under mowing
stress, we used MSAP to survey the global methylation profiles of clonally propagated plants
under simulated mowing maintenance. Of the 448 identified MSAP loci, 154 were susceptible to
methylation and 294 were identified as being not susceptible to methylation. Methyl-susceptible
loci were used to assess epigenetic variation while non-methyl susceptible loci were used to
assess genetic variation in a similar fashion as a traditional AFLP experiment. Of the methyl-
susceptible loci, 84% (129) were polymorphic between mowing treatments while only 32% (93)
of the non-methyl susceptible loci were polymorphic between treatments. A Shannon’s diversity
index corroborated that epigenetic loci are more diverse than genetic loci (methyl-susceptible
loci, 1=0.5789 and SD=0.115; non-methyl susceptible loci, 1=0.1854 and SD=0.086), providing
further confidence that variations in epigenetic methylation status were more prevalent than
variation in genetic mutational status between mowed and unmowed clones, Wilcoxon rank sum
test with continuity=11874 (P<0.0001).
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Despite having higher epigenetic variation than genetic variation, neither global genetic
(non-methyl susceptible) nor global epigenetic (methyl-susceptible loci) differences were
detected between mowed and unmowed treatments across genotypes (AMOVA, ¢st= 0.01376,
P=0.1446 and ¢st=-0.0234, P=0.93, respectively) suggesting that although methylated loci
were more diverse than genetic loci, their diversity was irregular and did not associate with
mowing treatments across all genotypes and all 5’-CCGG methylation contexts. Diversity of
genetic loci was predictably low due to our experimental design that included identical
genotypes present in both the mowed and unmowed treatments.

Methylation at the target 5’-CCGG restriction site was divided into subcategories where
presence of both the EcoRI-Hpall and EcoRI-Mspl bands indicates an unmethylated state,
presence of one of the restriction sites represents a hemimethylated or internally methylated
state, and absence of both EcoRI-Hpall and EcoRI-Mspl is considered fully methylated. It is
important to note that absence of both restriction sites is uninformative in experiments with
genetic diversity because this banding pattern could also be caused by genetic mutation. Our
experimental design circumvents the mutation problem by analyzing genotypes that had been
clonally propagated thus, excluding genetic diversity and allowing us to call absence of both
restriction sites as fully methylated. Interestingly, only fully methylated CCGG sites were
significantly different during pairwise comparisons of mowed and unmowed genotypes
(p=0.002, Fig. 2) with mowed genotypes being, on average, 6.8% more fully methylated (hyper-
methylated) than their unmowed clone. Variation between the remaining contexts, hemi,
internal, and unmethylated, were not significant between mowing treatments.
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Figure 2: Mowing treatment induces full (hyper-) methylation of CCGG loci in Poa annua. Violin and
correlation plots compare methylation states of clonal Poa annua after eight months of either being mowed
or unmowed. (A) Violin plots compare hypermethylated, hemimethylated, internal cytosine methylation, and
unmethylated CCGG sites under mowing stress. (B) Correlation plot shows the tendency of mowed clones to
be more methylated than unmowed clones. Only two genotypes were more fully methylated in the unmowed
clone than the mowed.

1. Genetics and Breeding: Cool-Season Grasses 23



Back to TOC

ELISA-based colorimetric assays have been developed to survey the fraction of 5-mC
DNA over the entire genome with no preference toward sequence context (i.e., CG, CHG, and
CHH). We used ELISA to compare genomic methylation between clonally propagated
genotypes of Poa annua that were either subjected to mowing stress for eight months or left
unmowed for eight months. Global cytosine methylation varied between 0.28% and 15.84% in
the sixteen measured Poa annua genotypes. Pairwise comparison indicated that, on average,
mowed clones had 3.04% higher global cytosine methylation than their unmowed counterpart
(p=0.02). Our results indicate that mowing stress is a likely contributor to measurable
differences in global cytosine methylation patterns in Poa annua (Fig. 3).

Epigenetic memory such as DNA methylation could play a vital role in transgenerational
priming and stress-adaptation in Poa annua. To study transgenerational memory in Poa annua,
we collected seed and surveyed the offspring from each of the mowed and unmowed clones.
Offspring plants were allowed to grow unmowed for three months before conducting another
ELISA assay to survey for transgenerational retention of global methylation patterns in the
offspring of mowed and unmowed plants. Global cytosine methylation varied between 0.82%
and 6.35%. Progeny of mowed clones averaged 1.34% greater cytosine methylation than
progeny of unmowed clones, suggesting that there may be some transgenerational retention of
the methylation landscape in progeny plants (Fig. 3, p=0.08).

12+

Paired t-test = 0.08

_——

Paired t-test = 0.02

Change in % Global Cytosine Methylation (Mowed — Unmowed)

-8- .

T T
Treated Plant Untreated Progeny

Figure 3: Global DNA methylation is elevated in mowed clones compared to unmowed clones and those
methylation patterns are passed to offspring. Boxplots show the difference in global cytosine methylation in
Poa annua between mowing treatments. Treated plants were clonally propagated and subjected to eight
months of mowing treatment. Mowed plants were kept at 3mm mowing height while unmowed plants were
allowed to grow without mowing. Y-axis depicts the difference in cytosine methylation between the mowed
plant and its unmowed clone (i.e., mowed clone — unmowed clone). Progeny plants were grown from seed of
the mowed and unmowed plants. Progeny plants were allowed to grow for three months without mowing
treatment before measuring global cytosine methylation. For progeny plants, the y-axis depicts the difference
in global cytosine methylation between plants grown from the mowed clone versus plants grown from the
unmowed clone. Points above the red line were more methylated in the mowed clone.
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Poa annua’s observed epigenetic rewiring and patterns of non-Mendelian inheritance on
golf course putting greens is largely driven by its status as a neo-allopolyploid between diploid
species, Poa infirma and Poa supina. Allopolyploidy may result in ‘genome dominance’ and
‘biased fractionation’ where one of the ancestral diploid subgenomes is repressed while the
other subgenome retains higher gene expression levels and fewer DNA mutations. Genome
dominance and biased fractionation is regulated in part by epigenetic signals such as cytosine
methylation, histone modification, and small RNA silencing. It is highly likely that our observed
methylation differences in Poa annua is related to its biased expression of subgenomes under
mowing stress.

From our research to date, and after consulting with numerous colleagues and
collaborators, we have come to realize that improving our resolution of methylation patterns in a
non-model species such as Poa annua is fraught with difficulties and is unlikely to be the most
fruitful avenue of investigation. However, these same colleagues and collaborators have
encouraged an alternative approach for unraveling the phenotypic instability of Poa annua by
utilizing Poa annua’s known subgenome architecture. Therefore, rather than continuing with our
originally proposed methylome analyses, we believe that the USGA financial resources would
be better utilized to unravel the downstream effect of epigenetic reprogramming on genome
dominance and bias fractionation of Poa annua’s subgenomes. We believe that studying the
genomic architecture and transcriptional profiles of Poa annua, Poa supina, and Poa infirma is
the most likely avenue to elucidate Poa annua’s phenotypic instability and thereby enhancing
our efforts to develop commercial cultivars of elite and stable Poa annua for use on golf course
putting greens. With your approval, we would like to reallocate our current funding towards the
study of Poa annua’s allopolyploid genomic architecture. Budgetary details of our proposed
changes will be submitted in a separate document.
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USGA ID#: 2016-01-551

Title: Development of New Bermudagrass Varieties with Improved Turfgrass Quality
and Increased Stress Resistance

Project Leaders: Yanqi Wu, Dennis Martin, Justin Quetone Moss, and Nathan Walker
Affiliation: Oklahoma State University

Objectives:

1. Improve bermudagrass germplasm for seed production potential, turf performance
traits, and stress resistance.

2. Develop, evaluate and release seed- and vegetatively-propagated turf bermudagrass
varieties for use on fairways, tee boxes and putting greens.

3. Assemble, evaluate and maintain Cynodon germplasm with potential for contributing to
the genetic improvement of the species for turf.

Start Date: 2016
Project Duration: 6 years
Total Funding: $300,000

Summary Points:

e Three OSU clonally propagated, fine-textured experimental genotypes of turf
bermudagrass were advanced into the 2019 NTEP Warm-season Greens Test.

e Five OSU putting greens-type bermudagrass genotypes including Tahoma 31™
exhibited significantly greater freeze tolerance than Champion Dwarf bermudagrass

e Five OSU clonally propagated and three seeded bermudagrass entries were included in
the 2019 NTEP National Bermudagrass Test.

Summary Text:

Bermudagrass is the most widely used turfgrass in the southern USA and throughout
tropical and warmer temperate regions of the world. Global warming arguably has increased
use of turf-type bermudagrass in climates typically dominated by cool-season turfgrasses,
however various challenges in these locations still exist. Turfgrass managers and consumers
desire new bermudagrass varieties with greater cold tolerance, enhanced turf quality, improved
drought tolerance, increased host plant disease resistance [i.e., spring dead spot (SDS), leaf
spot disease, etc.], improved insect resistance (mites, armyworms, etc.), reduced requirements
for mowing and fertilization, better shade tolerance, and faster divot recovery rate. The
Oklahoma State University (OSU) grass breeding program released seed-propagated turf-type
bermudagrass cultivars “Yukon’ in 1996 and ‘Riviera’ in 2000, and vegetatively-propagated
cultivars ‘Patriot’ in 2002, ‘Latitude 36’ and ‘NorthBridge’ both in 2010, and ‘Tahoma 31’ in 2017
for commercial use by the turfgrass industry. The long-term goal of the OSU program is to
continue the development of new cultivars with high turfgrass quality and improved resistance to
abiotic and biotic stresses.

Developing putting green-type bermudagrass cultivars is an important component of the
current research grants funded by the US Golf Association and the Oklahoma Center for the
Advancement of Science and Technology. Since 2015, six field trials have been established to
test performance under golf putting greens management conditions at the OSU Turf Research
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Center (TRC). In 2019 we completed two trials, one established in 2016 and another in 2017.
We selected three experimental entries, OKC0805, OKC0920, and OKC3920 to advance into
the 2019 National Turfgrass Evaluation Program (NTEP) warm-season putting green test
(Figure 1). In 2017, 2018, and 2019 replicated plots of several experimental selections and two
standards (Champion Dwarf and TifEagle) were established for testing disease resistance. In
2018 the 2017 planting was infested with root-knot nematodes (Meloidogyne marylandi), leaf
spot (Bipolaris cynodontis), and the cause of root-decline of warm-season grasses
(Gaeumannomyces graminis) the three most common diseases in the region on ultradwarf
bermudagrasses. The 2018 planting was infested in 2019 and the 2017 established plots were
evaluated for nematode reproduction, leaf spot and root decline severities.

The 2018 established putting green mowing trial, including 19 OSU experimental
selections and three commercial cultivars (‘Champion Dwarf’, ‘TifEagle’, and ‘Sunday’), was
continued this year. Flash flooding in May 2019 washed away some sand base and caused
damage to the trial. By August, the test green was restored but turf performance data were not
collected to the level planned. We will continue this test in 2020.

We established a 2019 putting green mowing test encompassing 16 OSU experimental
selections and four cultivars (Champion Dwarf, TifEagle, ‘Mini Verde’, and Sunday) in early
May. Unfortunately this new test was also damaged by the flooding so we had to re-prepare
plant materials in a greenhouse and replant the test in the summer of this year. In addition, 10
new experimental selections as local entries were included in the 2019 NTEP warm-season
putting greens trial as field space was available at the OSU TRC. This group of experimental
selections constitutes our 6™ set of materials for putting green tests.

One of our objectives in developing new putting green cultivars is to improve cold
hardiness. To quantify cold hardiness of the advanced selections from the first three putting
green mowing trials, Ms. Lakshmy Gopinath under the direction of Dr. Justin Moss performed
three freeze tolerance tests, one in 2018 and two in 2019 (Figure 2). The three tests
consistently indicated that ‘Tahoma 31™' bermudagrass was the most cold-hardy variety in the
tests. The OSU experimental selections for putting greens, 63x18, OKC0805, 16x09, OKC0920,
and OKC3920 were significantly better than Champion Dwarf, indicating good progress made in
improving the targeted trait. The lethal temperatures to kill 50% (LT50) of OKC3920 was similar
to that of Tahoma 31, indicating a high level of freeze tolerance.

A replicated trial established at the OSU TRC in the summer of 2017 was continued in
2019. The trial included 35 OSU vegetatively-propagated experimental selections, four
vegetatively-propagated commer