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The objective of the study was to find DNA markers associated with resistance to Typhula ishikariensis in timothy
(Phleum pratense L.) using bulked-segregant analysis. A progeny of 161 F, individuals was created by crossing the
Finnish resistant cultivar Tammisto Il with the Japanese susceptible cultivar Nosappu. Six to ten clones of each F,
individual were tested for resistance in the greenhouse, and a survival index, which was based both on survival and
the ability of plants to recover, was calculated for each F, to describe resistance. Resistant and susceptible bulks of
eight individuals in each were screened with a total of 292 primer combinations. Six DNA markers were found to
be associated with resistance, together explaining 15% of phenotypic variation in Typhula resistance. Four of the
markers formed one linkage group, which contained a QTL explaining 7% of the variation in Typhula resistance.
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Introduction

Timothy (Phleum pratense L.) is a perennial grass species grown in temperate regions of Europe, North America
and Asia, and it is the most important forage grass in Nordic countries. In northern Finland, agriculture is based
on livestock and most of the cultivated area is used for growing grass forage. The cultivated form of timothy is
hexaploid, but its genomic composition has not been fully resolved yet. However, there is some evidence that the
genome is allohexaploid, containing four doses of the bertolonii genome and two doses of the rhaeticum genome
(Stewart et al. 2011). Both of these genomes derive from the same progenitor and are not well differentiated which
explains that both hexasomic and tetradisomic inheritance has been reported in timothy (Stewart et al. 2011).

The main goals in timothy breeding are high yield, forage quality, and winter survival. Winter injuries are caused
both by abiotic and biotic factors. The major causes for poor overwintering are low-temperature parasitic fungi.
Typhula ishikariensis Imai (syn. T. idahoensis Remsb.), speckled snow mold, is one of the most important patho-
gens in the cold climates of the northern hemisphere (Smith et al. 1989), including northern Finland (Mékela
1981). The occurrence of fungi and the extent of damage vary greatly from year to year due to climatic conditions;
thick and prolonged snow cover and unfrozen soil favor the existence of fungi (Jamalainen 1974). The damage
might not occur every year but, on the other hand, total losses of the ley might occur (Jamalainen 1974). Besides
graminaceous plants, T. ishikariensis can attack clover, alfalfa, winter turnip, rape, sugar beets, and bulbs of iris
and tulip (Ekstrand 1955, Procenko 1967).

Use of fungicides and appropriate cultivation techniques reduce fungal injuries, but the most efficient solution
would be the improvement of resistance. Heritability estimates for resistance towards snow molds are high in
grasses (Gauder 1994). There is great genetic variation in resistance (Jamalainen 1974) and it is highly dependent
on a plant’s degree of cold hardening; cold hardened plants are more resistant both to biotic and abiotic winter
injuries (Tronsmo 1984). In resistance breeding, recognition of resistant individuals is laborious, time-consuming,
and expensive. Therefore, the use of suitable molecular markers for phenotyping (MAS = marker-assisted
selection) would ease the work of breeders. Markers associated with resistance can be identified by QTL (quan-
titative trait locus) mapping or using bulked-segregant analysis (BSA) (Michelmore et al. 1991). With BSA, DNA
markers tightly linked with genes underlying monogenic traits or major genes underlying quantitative traits can
be found. BSA has been used to uncover resistance genes in several crop species (Muyelle et al. 2005, Han et
al. 2014, Takahashi et al. 2014), including polyploids (Zhang et al. 2014, Wang et al. 2016) and also using domi-
nant markers (Asnaghi et al. 2004). MAS has also successfully been applied in breeding programs for transferring
resistance loci in different crops (Farokhzadeh and Fakheri 2014).
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No linkage map for a hexaploid timothy (2n = 6x = 42) exists yet and we did not want to construct one. Therefore,
we aimed to identify DNA markers (SSRs = simple sequence repeats; AFLPs = amplified fragment length polymor-
phisms; REMAPs = retrotransposon-microsatellite amplified polymorphisms; SRAPs = sequence-related amplified
polymorphisms) associated with Typhula resistance in timothy using BSA. To our knowledge, AFLPs and SRAPs
have not been used in timothy before.

Materials and methods
Plant material

The selection of crossing parents was based on a previous study (unpublished results), which was conducted with-
in MTT Agrifood Research Finland (nowadays: Natural Resources Institute Finland), at Lapland Research Station in
Rovaniemi (66°35’ N lat). That study contained timothy individuals from North American, Middle European, and
Scandinavian cultivars, and from the breeding material of Boreal (Boreal Plant Breeding Ltd., Finland), from which
we selected contrasting phenotypes for the crossing parents. One parent was an individual from cultivar Tammisto Il
(Boreal Plant Breeding Ltd.), which was Typhula resistant but with a weak cold tolerance, and the other was
an individual from a Japanese cultivar Nosappu (Ueda et al. 1977), which was susceptible but cold tolerant.
Tammisto Il has also previously been shown to have resistance against T. ishikariensis (Jamalainen 1974). The
parents were crossed in a greenhouse by putting inflorescences from one individual of each parent cultivar together
in the same pollination bag. Seeds were collected from these two parents, and an F, progeny of 161 individuals
was sown. Each F plant was vegetatively propagated by dividing the clump into parts in order to get 10 clones for
a resistance test. This was not always possible, so the number of clones varied from 6 to 10.

DNA was extracted using the method of Tinker et al. (1993) with modifications described in Tanhuanp&a and
Manninen (2012). DNA concentrations were measured using the GeneQuant Il RNA/DNA Calculator (Pharmacia
Biotech Ltd., Cambridge, UK).

Speckled snow mold resistance testing

Resistance tests were carried out at MTT Agrifood Research Finland, Lapland Research Station. Fungal isolates
were collected in the spring from naturally infected timothy plantlets in the field. Sclerotia were surface-sterilized
in 70% ethanol and pure-cultured on potato dextrose agar plates at 8 °C. One isolate was randomly selected, and
it was also grown on autoclaved wheat kernels for 7-8 weeks for obtaining sclerotia. In the resistance tests we
used inoculum which consisted of both dried sclerotinia and suspension of mycelium.

The F, clones, which were grown in pots filled with a commercial fertilized soil mixture with brown peat and
perlite, 80:20, were cold-hardened outdoors in September-October. Following cold-hardening, the pots were put
on trays, from 72 to 99 plants per tray, 20 trays altogether, and individuals were randomized on the trays. Clones
from the same F, were located on different trays, but not all genotypes were represented on each tray (randomized
incomplete block design). Inoculation was done by spreading dried sclerotia (5 ml per tray) on the soil and spray-
ing suspension of mycelium and agar (12 g mycelium and agar in 200 ml water per tray) on the leaves. To imitate
snow cover and to keep high humidity, infected plantlets were covered with moist cotton (200 g per tray, 300 ml
water), and the trays were wrapped in plastic and transferred to a growth chamber at 1-2 °C. The progress of the
disease and the condition of the plantlets were visually observed, and the test was ended when the differences
between genotypes were most obvious and the disease had reached the demanded level of severity (when about
half of the plants had died). This took about 2.5 months after which cotton was removed and the plantlets were
transferred to a greenhouse for recovery at ~12 °C and 8 h light per 24 h. The viability of plantlets was thereafter
observed three times in January with one week’s intervals.

A survival index was calculated for each F, individual to describe resistance, and it consisted of two indices: in-
dex 1, which was based on survival of the plants, and index 2, which was based on the ability of plants to recov-
er. For index 1, the percentage of survived clones from each F, individual was counted, whereafter the values ob-
tained were ranked so that an individual with the highest percentage (90%) got a value of 1, the second highest a
value of 2, and so on up to 24 (no clones alive). For index 2, viability was observed three times. If a clone was dead
on the first observation date, it got a value of 0, if a clone was alive on the first date but not thereafter, it got a
value of 1, and if a clone was alive on the third date, it got a value of 3. The means of the values from the clones
of each F_individual were calculated and ranked from 1 (best survival) to 21. Indices 1 and 2 were summed for
survival index, which varied from 2 to 45.
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Bulking of F_ individuals

Based on the survival index, 8 most resistant (survival index 2—-10) and 8 most susceptible F_individuals (survival
index 43-45) were selected and their DNAs were pooled in equal proportions to create a resistant and a suscep-
tible bulk, respectively.

Markers

Retrotransposon based REMAP markers detect polymorphisms in amplification products generated between
retrotransposons and microsatellites (Kalendar et al. 1999, Kalendar and Schulman 2006). Five different retrotrans-
poson-based primers were used, they were designed by cloning retrotransposon regions from grasses, identifying
long terminal repeats (LTRs), and choosing conserved motifs at or near their termini. The microsatellite-based
primers contained repeat units (composed of two or three bases) anchored at their 3’ ends by a single nucleo-
tide. REMAP markers were amplified in a reaction volume of 20 pl, using 1U Biotools DNA polymerase (Biotools
B&M Labs, S.A., Madrid, Spain), with the buffer containing 2 mM MgCl, supplied by the enzyme manufacturer,
200 uM each dNTP, 500 nM each primer, and 25 ng DNA. The PCR program used is described in Tanhuanpaa et al.
(2016). Amplification products were resolved on a 1.4% agarose gel (GellyPhor® LE, Euroclone S.p.A, Pero, Italy).

SRAP markers are amplified from open reading frames (Li and Quiros 2001) using forward primers (‘me’) preferen-
tially annealing to exonic regions and reverse primers (‘em’) to intronic regions and promoters. SRAP analyses were
carried out as described in Tanhuanpaa et al. (2007). Primer sequences are presented in Budak et al. (2004). AFLP
analysis was based on the method of Vos et al. (1995) using restriction enzymes EcoRI and Msel, and is described
in Tanhuanpéa et al. (2008) with a minor modification for timothy: 5 pl from the 1:50 diluted preamplified reaction
was used as a template DNA for selective amplifications. Twenty-seven timothy SSRs (Cai et al. 2003) were ampli-
fied and analyzed as described in Tanhuanpaa and Manninen (2012), treating each SSR allele as a separate locus.

All the PCRs were run in a PTC-220 DNA Engine Dyad™ Peltier Thermal Cycler (MJ Research, Waltham, MA, USA).
The forward primers in SRAP, SSR and AFLP analyses were labeled with a fluorescent dye, FAM (5-carboxyfluores-
cein), TET (6-carboxytetrachlorofluorescein) or HEX (hexachloro-6-carboxyfluorescein), and amplification products
were resolved and visualized on a MegaBACE™ 500 Sequencer (GE Healthcare, Buckinghamshire, UK). In marker
names, the size of the marker is shown after an underline.

REMAPs were first tested on the two bulks and the parents, and thereafter, promising markers were tested on
individual plants of the bulks. Other marker types were tested directly on the individual plants of the bulks and
parents. Putative candidate markers for resistance were further analyzed in the whole progeny of 161 F individuals.

Statistical analyses

Data from resistance test were analyzed statistically using the Proc MIXED function in SAS 6.11 (SAS Institute Inc.,
Cary, USA) and the association of each marker with Typhula resistance was evaluated by regression analysis using
Proc REG in SAS 9.3. Multiple regression analysis was used to calculate joint effects of several markers. Joinmap
3.0 (Van Ooijen and Voorrips 2001) was used for determining linkages between markers using a LOD (logarithm
of odds) score of 4.0. Map distances in cM were calculated by Kosambi’s mapping function (Kosambi 1944). The
NQTL program version 26-Nov-2001 (Windows version of MQTL, Tinker and Mather 1995) was used for QTL anal-
ysis. One-thousand permutations were made to estimate a threshold for type-I error rate below 5%, which was
at a test statistic of 5.8. The segregation of markers was tested against an expected 1:1 ratio for a simplex marker
in an F, progeny of a hexaploid species using the %’ test in the JoinMap program.

Results and discussion

The frequency distribution of a survival index, which describes Typhula resistance, in the timothy F, progeny is
presented in Figure 1a. The mean of the index was 28.4 + 10.6. There were six completely susceptible F, progeny,
all clones of which were dead after the resistance test (survival index = 45). On the other hand, the most resistant
F, contained only one dead clone (survival index = 2).
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Fig.1. Frequency distribution of survival index (a), which describes Typhula resistance (2 meaning totally
resistant), in the F, progeny of the timothy cross Tammisto Il x Nosappu. Resistance tests were made on 6-10
clones of each F, individual. The survival index is the sum of two different indices: b) index 1, which describes
plant survival, and c) index 2, which describes the ability of plants to recover from the disease.
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Ninety REMAP, 36 SRAP, and 139 AFLP primer combinations, and 27 SSRs, were analyzed in the bulks and the
parents. Markers that were amplified from Tammisto Il and the resistant bulk were regarded putatively associ-
ated with resistance. Likewise, markers that were amplified from Nosappu and the susceptible bulk were regard-
ed putatively associated with susceptibility (non-visible allele associated with resistance). Eight promising mark-
ers (1 REMAP, 5 AFLPs, 2 SRAPs) were analyzed in the whole progeny of 161 individuals. Of these, the REMAP
(F02197_810; amplified with primers CCCCCTCTAGGCGACATCC and (AC),T), 4 AFLPs (ACG-CGA_351, ATA-CCC_326,
CAT-CTC_116, GC-CCC_183) and one SRAP (me4em10_95) were associated with Typhula resistance with p < 0.05
(Table 1), and the visible marker alleles were derived from Tammisto Il. According to multiple regression analysis,
these six markers together explained 15% of phenotypic variation in Typhula resistance.

Four of the six markers showed distorted segregation (p < 0.05). Except in me4em10_95, the distortion was
towards the Nosappu allele (no amplification) and is probably due to problems in amplification. Another possi-
bility is that some individuals originated from self-pollination in the Nosappu parent, although this probability is
low in timothy (7—8%, Nielsen and Smith 1959), which causes depression of vigor and decrease in fertility (Nils-
son 1934). Based on all available marker information we could rule out the possibility of self-pollination in all but
twelve individuals. The segregation of me4em10_95 fits either 4:1 or 3:1 ratios, which would be expected for a
duplex marker respectively in an autohexaploid or an allohexaploid (Jones 1967).

In linkage analysis, two separate marker groups were found. The four AFLP markers formed one strong group (17.4 cM)
with pairwise LODs for linkages over 16, which contained a QTL for resistance with a test statistic of 12.4,
corresponding to a LOD score of 2.7 (Fig. 2; the test statistic multiplied by 0.22 gives the LOD score value, Tinker
and Mather 1995). Because the QTL curve was quite flat, the exact location of the QTL remained unresolved, but
the nearest (~4.4 cM) marker to the QTL was GC-CCC_183. The QTL is a minor locus explaining 7% of the variation
in resistance. The REMAP marker F02197_810 and the SRAP me4em10_95 were linked to each other with a genetic
distance of 43 cM. However, estimation of genetic distances between dominant simplex and duplex markers is
very poor (Grivet et al. 1996); therefore, we don’t know if these markers are associated with the same resistance
locus or two different loci. Thus, besides the QTL in the AFLP linkage group, we found at least one additional locus
for Typhula resistance segregating in our F_ progeny.
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Table 1. Putative markers associated with speckled snow mold resistance in the F, progeny of the timothy cross Tammisto Il x
Nosappu. Associations were analyzed with regression analysis.

presence in the bulks® survival index®

Marker name? Type resistant susceptible n° X2 marker band no band pf R%

med4em10_95 SRAP 8 2 156  51.9%** 26.9+10.8 33.7+8.8 0.001 0.067
ACG-CGA_351 AFLP 7 1 155 7.0%* 24.8+11.4 30.7¢9.6 <0.001 0.075
ATA-CCC_326 AFLP 6 1 141 8.7%* 25.3+11.1 29.7+10.0 0.016 0.041
CAT-CTC_116 AFLP 6 1 156 2.6 25.8+10.5 30.6+10.1 0.005 0.051
GC-CCC_183 AFLP 6 1 159 8.6%* 24.9+11.2 30.6#9.7 <0.001 0.069
F02197_810 REMAP 6 1 155 0 25.4+10.5 31.2+10.2 <0.001 0.075

2= marker name with the size of the band indicated; ® = presence of the marker band in the eight individuals of each bulk; ¢ = the number
of F, individuals producing marker phenotypes; ¢ = segregation of markers in the progeny tested against an expected 1:1 ratio with
significance:**<0.01, ***<0.001; ¢ = survival index in the two marker phenotype classes of F, individuals; = probability of the association
of a marker with Typhula resistance; ¢ = fraction of phenotypic variation in resistance explained by each marker individually
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Fig.2. QTL likelihood map of a linkage group harboring a locus for Typhula resistance in
the F, progeny of the timothy cross Tammisto Il x Nosappu. The dashed line indicates
the test statistic threshold of 5.8.

If individuals from the timothy F_ progeny were selected based on them having Tammisto Il alleles in all the six
markers associated with Typhula resistance, we would end up with 24 individuals with a survival index of 22.7 +
10.5, whereas the mean of the index in the whole progeny was 28.4 + 10.6. On the other hand, approximately the
same survival index (23.0 + 10.8 in 38 individuals) would be achieved using only two markers: one marker from
the AFLP linkage group, e.g. GC-CCC_183, and REMAP F02197_810.

Mapping of resistance genes is challenging; to reveal as many regions associated with resistance as possible, many
markers, a large number of segregating progeny, and very accurate phenotypic data are needed. Because only 15% of
the phenotypic variation in Typhula resistance could be explained by the markers found in our study, many resistance
loci remained undiscovered. One reason for this was that genes from Nosappu that increase winter hardiness affect
biotic resistance as well, but we only looked for markers associated with resistance that were derived from Tammisto Il
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No markers for Typhula resistance have been previously found in timothy. In a related species, creeping bentcrass
(Agrostis stolonifera L.), also only minor loci were found: one QTL which explained 9% of the phenotypic variation
in resistance, and the other that affected recovery rate after Typhula infection explaining 7% of the variation (Zhang
et al. 2012). If the markers associated with Typhula resistance found in our study were to be used in MAS, they
should be converted into easily scorable SCAR (sequence characterized amplified region) markers.
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