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ABSTRACT
Fall dormancy (FD) and winter hardiness (WH) influence seasonal yield, stand

persistence, and latitudinal adaptation of alfalfa (Medicago sativa L.). Selection of dormant
alfalfa genotypes with higher WH has been a common practice. This research was carried out to
dissect the genetic basis of FD and WH through quantitative trait loci (QTL) mapping and
explore the potential of incorporating WH in non-dormant alfalfa. Other traits, including time of
flowering (TOF), spring yield (SY), cumulative summer biomass (CSB), and leaf rust resistance
were also evaluated. An F1 population was derived for linkage analysis and QTL mapping by
crossing a dormant winter-hardy cultivar (3010, §) with a non-dormant cold-sensitive cultivar
(CW 1010, &). Genotyping-hy-sequencing was used for single nucleotide polymorphism (SNP)
marker discovery. Dormancy and WH were evaluated according to NAAIC protocols. We
mapped 45 FD and 35 WH QTLs on the genetic linkage maps of both parents. More than 70% of
the FD QTLs did not share genomic locations with WH QTLSs, suggesting that the two traits are
inherited separately. This study also showed that using late autumn to early winter regrowth
height is more reliable than early autumn in estimating alfalfa dormancy in southern

environments with mild-winters. The QTL markers with higher phenotypic effects (R?) can be



used in marker-assisted selection (MAS) of non-dormant alfalfa with improved WH.
Incorporating WH in non-dormant alfalfa can ensure forage production in late autumn and early
winter to minimize the forage gaps. In this research, we mapped a total of 25 QTLs for TOF, 17
QTLs for SY, six QTLs for CSB, and eight QTLs for leaf rust resistance in the same alfalfa
population. Four TOF QTLs were detected in corresponding genomic positions of flowering
QTLs of M. truncatula reported previously. The multiple QTLs detected for leaf rust resistance
suggests that alfalfa resistance to the rust pathogen is polygenic. The QTL markers identified in
this study constitute an important addition to alfalfa genomic resources and can be validated in
populations with diverse genetic backgrounds and in multiple environments for potential use in

MAS.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Alfalfa (Medicago sativa L.), the queen of forages, is a perennial herbaceous legume
widely grown for livestock feed. It is a cool season, C3, and a highly heterozygous autotetraploid
(2n=4x=32) with genome size of one Gb and tetrasomic inheritance [1,2]. It is a versatile crop
primarily used for hay, pasture, silage, green-chop, and pellets [3]. Alfalfa and its mixtures
constitute the largest source of hay in the United States and they have been planted in over seven
million hectares in 2017 [4]. Argentina, Canada, Italy, Russia and China are the other major
alfalfa producers [5]. When grown with grasses such as bermudagrass, orchardgrass or timothy,
alfalfa provides quality pasture for grazing animals [6]. Alfalfa is a highly nutritious forage
which is primarily rich in protein and total digestible nutrients (TDN) [7]. It also fixes
atmospheric nitrogen at the rate of 130-220 Ibs per acre per year [8], which eventually gets
incorporated into the plant protein [7]. This minimizes the requirement of nitrogen application
from other sources. Alfalfa possesses a deep rooting system which enhances soil structure,
prevents soil erosion and serves as an important component of sustainable cropping systems
when grown as a cover crop [1]. Alfalfa is known for heavy phosphorus uptake, which is
essential in arid and semi-arid regions [9]. The number of alfalfa cuts per year depends mostly on
the climate of the region. In the southeast USA where the winters are often mild, alfalfa can be
harvested in spring, summer and fall seasons. Stem cutting is a common vegetative propagation
method in alfalfa, where the cuttings start quick rooting if the donor is young and vigorous.

Alfalfa is a self-incompatible species pollinated naturally by insects such as honey bee, bumble
1



bee, leaf-cutter bee, and alkali bee that can trip the flower for pollination [6]. Mass selection and
recurrent selection are the most common breeding approaches used for alfalfa improvement [10].
Available alfalfa cultivars are mostly synthetics [6].

The presence of abundant wild type alfalfa in southeast Asia, near the southern Caucasus
Mountains, possibly indicates the region as the center of origin of alfalfa [6,1]. As an exotic
species, alfalfa was introduced into the Americas sometime in the 16" Century [1]. Hybridization
between two alfalfa sub-species M. sativa spp. sativa and M. sativa spp. falcata takes place
serenely, and has the same karyotype [6]. Alfalfa related Medicago species forming the same
gene pool, M. glomerata and M. prostrata, have yellow flowers and coiled pods and exist in the
form of diploid species [11]. However, M. prostrata also exists at the tetraploid level [11].
Alfalfa is closely related to the model legume M. truncatula, and they possess structurally and
functionally similar genomic regions [12]. As a model species, the M. truncatula has a reference
genome and has been utilized in alfalfa genomic studies. For example, when constructing genetic
linkage maps, alfalfa chromosomes are assigned based on the marker positions on the M.
truncatula reference genome [13].

Alfalfa is often cultivated in rotation with cereals such as wheat and oat [6]. However, its
growth can be impacted by allelopathic effects of the previously grown crops (e.g. cereal rye), if
it is planted immediately after the allelopathic crop [4]. Several biotic factors such as diseases
and insects are major challenges to alfalfa production. Over 100 fungal species have been
identified that are pathogenic diseases in alfalfa, such as leaf rust, anthracnose, downy mildew,
stem rot, leaf spot, and root rot [6]. Bacterial wilt and alfalfa mosaic virus are other alfalfa
disease factors other than fungi. Root knot galls caused by various Meloidogyne nematode spp.

destroy alfalfa swards [14]. Major insect-pests reported on alfalfa are alfalfa weevil, alfalfa
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aphid, pea aphid and potato leafhopper [6]. Salinity, drought, freezing, low pH, and excessive
aluminum are common abiotic stresses in alfalfa production [15]. Alfalfa adaptation traits such
as winter hardiness and alfalfa fall dormancy have been considered crucial for its latitudinal
distribution and can be enhanced via genetic and genomic approaches. Winter-hardy non-
dormant alfalfa can fill up the seasonal forage gap via extending the growing season [16].

Alfalfa fall dormancy (FD)

Fall dormancy (FD) is an important adaptation trait in alfalfa that influences the
latitudinal distribution of the species [16]. With decreasing temperature and photoperiod in
autumn, some alfalfa accessions suspend their growth, and become dormant [5]. Nevertheless,
morphological differences in alfalfa with various dormancy levels could be realized at different
time points in different latitudes. For instance, in Georgia and neighboring states with often mild
winters, alfalfa dormancy is more prominent in late fall and winter [17]. Since regrowth height is
the key indicator for FD level in alfalfa [18,19], FD is assessed using a regression equation
derived from the relationship of FD levels of the standard checks and plant regrowth height after
autumn clipping. At the field scale, proper FD assignment requires data from at least two seasons
and multi-location trials [19].

Investigating alfalfa FD started in 1940’s when scientists evaluated alfalfa strains for
recovery patterns after the first and second autumn clipping [20]. They found a constant FD
dormancy expression in alfalfa. Effect of FD on average annual yield was estimated for six
alfalfa varieties with dormancy levels one to six, which showed a notable difference between the
yield of dormant and non-dormant for the first and second cuttings in central Oregon
environments [21]. However, they did not observe significant differences in mean yield recorded

for five years under three-cut regime. Wang et al. (2009), also did not find significant
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differences in average annual dry matter yield and dormancy levels in a temperate environment,
and hence suggested not to choose FD levels as the main criteria for alfalfa cultivar improvement
[22]. Nevertheless, they reported earlier shoot re-growth of non-dormant than dormant alfalfa
cultivars after harvesting. Alfalfa genotype interactions with the environment were observed for
19 different cultivars with various FD classes when tested in multi-location trials [23]. Recently,
FD associated microRNAs (miRNA) were identified using high-throughput small RNA (sRNA)
sequencing in the dormancy check cultivars Maverick and CUF 101 [24]. Transcriptome
profiling using RNA-seq analysis enabled the detection of some putative alfalfa FD genes with
differential expression [25,5].

Winter hardiness (WH)

Winter hardiness (WH) in alfalfa refers to its ability to withstand harsh winter factors
such as freezing temperature, frost-heaving, diseases, moisture level, low light intensity, and
snow [26,27]. It is a quantitative trait, and the winter-hardy alfalfa undergoes dormant without
getting damaged and have higher freezing tolerance [28]. Winter-hardy germplasm is important
for cultivation in northern climates because of higher stand persistence, yield and quality [28].
WH is the consequence of various physiological, molecular, and cellular processes. For instance,
carbon, nitrogen and lipid metabolism alters cell’s ability to tolerate the harsh winter
environment, especially freezing temperature [28]. The other factors that affect WH include cold
acclimation potential, plant vigor, disease resistance ability, root and crown structure, and FD
level [28].

Investigation of alfalfa WH started in the earlier 20" century. In 1929, J. L. Weimer, a
USDA scientist, investigated the factors associated with alfalfa winter killing and found that

factors such as soil moisture and the amount of insulation the soil environment provided to the
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roots affects alfalfa winter hardiness. Later research on alfalfa WH has primarily focused on
molecular, cellular and physiological approaches. Mohapatra et al. (1988) reported the role of
ABA induced genes associated with cold acclimation in alfalfa [29]. The cold acclimation-
specific gene (cas18) was identified in a diploid alfalfa species (M. falcate cv Anik) [30]. The
cas18 is a hydrophilic protein with glycine and threonine as major amino acids of the
polypeptide chain. Cold-acclimated cells had about 30-fold higher expression of cas18 gene than
the non-acclimated cells [30]. Past studies also reported induction of cold acclimation-specific
gene caslb5 in alfalfa after cold treatment. Moreover, accumulation of different levels of
carbohydrates in the roots and crowns was observed to be one of the determining factors of cold
tolerance in alfalfa [31,32]. Recent study reported how the cold acclimation of freezing tolerant
and freezing sensitive alfalfa differ at the proteomic level [33]. They observed several changes in
proteins related to other physiological processes such as photosynthesis and metabolism to
generate cold acclimation in freezing tolerant genotype.

Relationship between FD and WH

The most investigated adaptation traits in alfalfa are FD and WH. The relationship
between alfalfa FD and WH has been discussed in several reports. In 1960, Dale Smith observed
more winter injury in the alfalfa with greater fall height, and also found decreased seed yield in
dormant lines [34]. Similarly, a positive phenotypic correlation between WH, fall growth, and
rapid recovery after clipping were discussed in [35]. Perry and Mclintosh (1986) found
phenotypic correlation and genetic linkage between FD and cold hardiness in alfalfa, and such
genetic linkage hindered selecting tall fall regrowth with cold hardiness [18]. Negative relation
between alfalfa fall yield and winter survival impeded simultaneous selection of alfalfa for

higher fall yield and better winter survival [36]. Selecting alfalfa with low fall regrowth for
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higher winter survival also resulted in low spring-summer yield. Cunningham et al. (1998)
investigated the physiological and biochemical basis of FD related WH in alfalfa, and found that
alfalfa with contrasting FD had different levels of winter survival because of the acclimation
difference in buds and roots [37].

However, Brummer et al. (2000) found an opposite relationship than previously
described, between winter injury and autumn growth in alfalfa, where they found a weak
negative phenotypic as well as genotypic correlations between autumn height and winter injury
in a population derived from ABI408 (M. sativa, clone) x WISFAL-6 (M. falcata, clone) [38].
They also suggested that concurrent improvement in both fall growth and WH in alfalfa is
possible, and the relationship between these traits in alfalfa is more dependent on the type of
germplasm evaluated. Similarly, Haagenson et al. (2003) documented that a semi-dormant
germplasm ‘98-132’ acquired similar winter injury as the dormant cultivar ‘Vernal’ and the ‘98-
132’ also had the equivalent amount of root sugar concentrations as other dormant cultivars [39].
The report also indicated that generating less fall dormant and winter-hardy alfalfa could be
possible by better understanding of physiological and molecular mechanisms controlling these
two traits. The idea of concurrently improving fall regrowth (especially fall forage yield) and
WH in alfalfa has been further endorsed with Weishaar et al. (2005) experiment, where they
showed the potential of improving WH in non-dormant alfalfa using recurrent selection based
entirely on winter injury [40]. Recent reports based on genetic analysis also evidenced no or poor
genetic linkages between FD and WH in alfalfa. Li et al. (2015) reported separate QTLs for FD
and winter injury and argued for independent manipulation of the two traits [41]. We also
reported QTLs for WH and FD, mostly in separate genomic regions, with the potential of

simultaneous improvement of alfalfa two adaptation traits [17].
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Indoor screening for cold tolerance and WH

Freezing tolerance is an important factor in determining alfalfa WH, which is very
important for alfalfa cultivation in cold temperate climates [28]. The freezing stress tolerant
plants often have higher adaptation and persistence in the field [10]. Thus, selection for freezing
tolerance could be a selection for WH in alfalfa. Selecting the freezing tolerant genotypes in a
controlled environment for eventual WH improvement is also common in other grasses, such as
in perennial ryegrass (Lolium perenne L.) [42]. Alfalfa selected indoor using a walk-in freezer
for enhanced freezing tolerance exhibited a better winter survival in the field, and thus selected
plants could be used as parents for WH improvement breeding program [10]. In a past study,
alfalfa population with higher freezing tolerance were achieved after recurrent selection in indoor
environments [43]. Further, the molecular changes that were related to alfalfa cold acclimation
were observed when alfalfa was recurrently selected for freezing tolerance in an artificial
environment. For instance, the alfalfa cold related genes, such as cold-acclimation specific gene
15 (cas15) and galactinol synthase (GaS), were induced when the breeding germplasms were
kept in unheated greenhouse [44]. Therefore, indoor selection method can be used as a reliable
phenotyping method to improve alfalfa winter hardiness because occurrences of winters to test
plants in the field is uncertain, as winter is mostly unpredictable [10].

Winter-hardy alfalfa in Georgia and the southeast

In winter, temperature in the southeastern varied from severe to mild depending on the
latitude and elevation. For example, when Appalachian Mountains got sub-freezing temperatures
with snow blindness, Florida (FL) would have > 25 °C and sunny weather [45]. Therefore,
regionally tested cold hardy alfalfa are important for southeastern region, except FL. The colder

temperature and snow are often observed in winters of the northern states of the southeast USA.
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In Georgia, the alfalfa genotypes that can tolerate occasional freezing and have regrowth
potential in mild winter are preferred because winter in the northeastern, mountain part of
Georgia such as Blairsville, exhibit an average high temperature of around 10 °C and an average
minimum temperature of around -8 °C in winter months [46]. In this region, the below freezing
temperature persists for several days in the winter. Because of the cold winter condition in the
southeast, developing winter-hardy alfalfa genotypes that can tolerate freezing winter is
important for enhancing forage biomass yield. Further, identifying molecular markers and QTLs
related to alfalfa WH can be useful for marker-assisted selection (MAS), because the field
selection is tedious due to unpredictable weather and requires data for multi-years and multi-
locations. The MAS can be utilized for developing winter-hardy alfalfa genotypes suitable for
the region. Also, the WH trait can be incorporated into desirable germplasms, such as non-
dormant to extend the growing season.

Alfalfa timing of flowering (TOF) and spring yield (SY)

TOF is an important index for harvesting, as farmers often harvest alfalfa at first bloom
stage [6]. Like other perennials, total growing degree days (GDD) requirement for alfalfa to
reach the flowering stage differs between growing seasons as well as latitudes of the growing
regions [47]. Harvest time can be managed by manipulating flowering traits in alfalfa. For
instance, if harvesting fresh forage after dormant season (earlier in the spring) is the goal, then,
early flowering alfalfa accessions must be selected for breeding. Similarly, if early to mid-spring
frost stress are problematic for the region, then selecting late flowering alfalfa accessions could
be a choice to delay the harvesting. Delayed flowering could also be associated with higher
biomass, but the quality of forage has to be considered before making a decision. There is limited

information regarding the genetic and genomic basis of alfalfa TOF. Some alfalfa flowering
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related genes were investigated using transformation approach. Yuehui et al. (2013) isolated
alfalfa FRIGIDA-Like gene, MsFRI-L, and performed RT-PCR to observe the expression pattern
of the gene in alfalfa organs [48]. The transgenics Arabidopsis with MsFRI-L expression had
delayed flowering under long day conditions. Expression of alfalfa CCCH-type zinc finger
protein gene MsZFN in Arabidopsis also resulted in delayed flowering transgenics [49].
Transcripts levels of different flowering genes such as FT, FLC, SOC1 and GI were changed in
the transgenics. The QTLs for flowering time in M. truncatula were mapped previously, which
can be used for comparative analysis of TOF in alfalfa [50].

Spring is one of the favorable seasons for alfalfa growth as the optimum temperature for
its growth is 15-25 °C which is characteristic of most of the temperate regions [51]. Typically,
the newer seedlings require higher temperature for establishment than a fully established alfalfa
plant. Spring yield (SY) is an important source of fresh forage because most of the perennial
grasses undergo dormant in winter, and growing winter annuals are difficult because of frequent
snow and frost damage, especially in the northern latitudes. Alfalfa SY was positively correlated
with summer and fall yield in a previous study [36]. Finding the genetic basis and genomic
regions controlling SY in alfalfa is valuable to enhance the biomass of locally adapted cultivars.
So far, limited information is available for QTL mapping of SY in alfalfa. However, a few
reports dissecting genomic positions controlling alfalfa biomass are available. Alfalfa biomass
related marker loci were previously reported using RFLP and SSR markers [52]. Li et al. (2011),
identified at least 15 SSR markers strongly associated (p < 0.005) with alfalfa yield [53]. In a
recent study, biomass related consensus genomic regions were identified in multiple Medicago

population [54].



Alfalfa leaf rust

Alfalfa leaf rust caused by Uromyces striatus has been reported in Georgia nearly six
decades ago [55]. The disease is common in late summer and fall. Rust damages foliage part of
alfalfa and becomes more damaging upon delayed harvesting. Alfalfa spores overwinter in the
southern states and re-infect plants once the favorable environment comes [56]. Warm, hot and
damp weather is favorable conditions for alfalfa rust pathogen spread. Rust infected hay may
also cause allergic reactions in livestock and the hay has a low digestibility [57]. To the best of
our knowledge, there are no reports on genetic and genomic analysis of alfalfa leaf rust using
QTL mapping.

GBS, linkage and QTL mapping in alfalfa

Genotyping-by-sequencing (GBS), an approach to prepare library for sequencing for SNP
discovery and genotyping, is based on genome digestion with methylation sensitive restriction
enzymes for reducing complexity [58]. The GBS procedure is cost effective, robust and
straightforward, and has also become popular for species without reference genomes and
polyploids with complex genome such as alfalfa [13]. Even other autopolyploid, e.g. potato [59],
and allopolyploid, e.g. switchgrass [60] have been tested successfully for the GBS approach. The
GBS discovered SNPs have enabled the genomic studies, such as genome-wide association
(GWAS), genomic selection (GS) and genetic linkage mapping on several crops. In tetraploid
alfalfa, Li et al. (2014) successfully used the GBS method and discovered 3591 SNP markers for
genetic linkage mapping [13]. Recent genomic studies on alfalfa also used GBS successfully
[61,62]. Rocher et al. (2015) indicated that GBS is one of the appropriate approaches for

discovering SNPs in polyploid species like alfalfa [61].
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Genetic linkage mapping in alfalfa has previously been conducted with traditional
markers such as AFLP, RFLP and SSR [1], and the maps were mostly unsaturated and were not
detailed at the level of sub-genomes. Brouwer and Osborn (1999) constructed linkage map on
tetraploid alfalfa with single-dose restriction fragments (SDRFs) markers identified using
backcross populations, where they had seven linkage groups (LG) with 88 loci [63]. The AFLP
and SSR based genetic linkage maps of tetraploid alfalfa had a low marker density (a marker per
7-9 cM) [64]. Alfalfa genetic maps constructed using SSR markers obtained from expressed
sequence tags (ESTs) and bacterial artificial chromosome (BAC) inserts was relatively denser
but unsaturated [65]. Nonetheless, recently Li et al. (2014) constructed linkage maps of tetraploid
alfalfa with GBS SNPs, where each parental maps had a higher marker density (1-1.5
cM/marker) and fully saturated [13]. The LGs identified in that study were mostly syntenous
with M. truncatula genome [13].

Tetraploid alfalfa has tetrasomic inheritance and the loci segregated with complex pattern
in subsequent generations. Therefore, only certain biallelic markers that are segregated to
specific patterns are usable for constructing genetic linkage maps of tetraploid alfalfa [13]. Some
recent programs especially designed for autotetraploid e.g. TetraploidSNPMap [66] can handle
biallelic markers segregating in simplex (abbb x bbbb), duplex (aabb x bbb) and double-simplex
(abbb x abbb) patterns [13]. However, the program is not adjustable to work with thousands of
SNPs. Linkage mapping in autopolyploids can also be performed with an F1 population derived
from two heterozygous parents using a method which uses the single dose allele (SDA) markers
unique to each parent that are segregated in 1:1 (ab x aa) [13]. The markers that are segregating
as in the testcross (1:1), i.e. segregating for only one parent, are known as testcross markers and

the strategy that used these markers for linkage mapping is known as pseudo-testcross strategy
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[67]. Using this strategy linkage maps can be constructed with the software designed for diploids
such as JoinMap [68]. Nevertheless, the pseudo-testcross strategy uses only a portion of markers
from the genome, but still useful for species with complex genomes and marker segregation
ratios, and the method has been successfully used in various species [67]. Recently, Paudel et al.
(2018) used this strategy successfully to construct first highly-saturated genetic linkage map of
allopolyploid napiergrass [69].

Alfalfa valuable traits such as biomass yield, drought, FD and winter injury/survival were
primarily the focus of previous QTL studies. Brouwer et al. (2000) mapped QTLs for fall
growth, freezing injury and winter hardiness, and concluded that using predictor trait for WH
could be efficient in the absence of WH data [70]. They also suggested that genetic factors
controlling FD and WH can be manipulated separately. Robins et al. (2005) mapped QTLs for
alfalfa biomass in a full sib, F1 population, using single marker analysis [52]. They detected 41
associated marker alleles for alfalfa biomass production. Recently, Ray et al. (2015) identified a
total 25 QTLs for alfalfa biomass yield under drought stress using backcross (BC1) mapping
populations [71]. Also, an association mapping identified significantly associated (P < 0.005)
alfalfa loci for crude protein and minerals traits [72]. A genome-wide association study
conducted with GBS SNPs identified 36 loci associated with alfalfa salt tolerance during
germination [73]. Alfalfa fall regrowth height and winter injury were mapped using F1
population using RFLP, SSR and SNP markers led to the identification of multiple QTLs for the
fall regrowth height and winter injury [41]. However, most of the detected QTLs spanned ~ 10
cM on the genome, indicating the necessity of further studies to narrow down the QTL region.
Moreover, the linkage maps used for QTL mapping in alfalfa were primarily based on traditional

markers and not at sub-genome level.
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To our knowledge, the alfalfa adaptation and agronomic traits we mapped in this study
were poorly studied or mapped on non-saturated genetic linkage maps. Consequently, mapping
those traits on saturated alfalfa genetic maps will unravel the genomic positions of associated
loci and opens the door for functional analyses of those genomic regions. Therefore, the
objectives of this research were; i) to construct alfalfa high density genetic linkage maps using
GBS SNPs ii) to map agronomically important alfalfa traits such as fall dormancy, winter
hardiness, timing of flowering, spring yield, cumulative summer biomass, and leaf rust resistance
iii) to screen alfalfa for cold temperature tolerance in an indoor freezer and find the relationship

between indoor testing and field winter hardiness.
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Abstract

Understanding key adaptation traits is crucial to developing new cultivars with broad
adaptations. The main objective of this research is to understand the genetic basis of winter
hardiness (WH) and fall dormancy (FD) in alfalfa and the association between the two traits.
QTL analysis was conducted in a pseudo-testcross F1 population developed from two cultivars
contrasting in FD (3010 with FD = 2 and CW 1010 with FD = 10). The mapping population was
evaluated in three replications at two locations (Watkinsville and Blairsville, GA). FD levels
showed low to moderate correlations with WH (0.22-0.57). Assessing dormancy in winter is
more reliable than in the fall in southern regions with warm winters. The mapping population
was genotyped using Genotyping-by-sequencing (GBS). Single dose allele SNPs (SDA) were
used for constructing linkage maps. The parental map (CW 1010) consisted of 32 linkage groups
spanning 2127.5 cM with 1377 markers and an average marker density of 1.5 cM/SNP. The
maternal map (3010) had 32 linkage groups spanning 2788.4 cM with 1837 SDA SNPs with an
average marker density of 1.5 cM/SNP. Forty-five (45) significant (P < 0.05) QTLs for FD and
35 QTLs for WH were detected on both male and female linkage maps. More than 75 % (22/28)
of the dormancy QTL detected from the 3010 parent did not share genomic regions with WH
QTLs and more than 70% (12/17) dormancy QTLs detected from CW 1010 parent were
localized in different genomic regions than WH QTLs. These results suggest that the two traits
have independent inheritance and therefore can be improved separately in breeding programs.
Keywords: alfalfa, genetic map, QTL, genotype x environment interaction, fall dormancy, winter

hardiness
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Introduction

Alfalfa (Medicago sativa L.) is a perennial cool-season forage legume grown worldwide
for hay, pasture and silage [1,2]. It is native to the southwestern and central Asia, near southern
Caucasus Mountains [2,3]. Alfalfa is well-regarded for providing high-quality forage with high
protein content and nutritive value [2]. Like other legumes, alfalfa fixes atmospheric nitrogen
(N), up to 130-220 Ibs per acre per year, thereby supplying N to itself and succeeding crops in
rotation [4]. In the US., alfalfa and its mixtures contribute a major part of haylage production,
where the productivity varies from 1.1 ton/acre (Rhode Island) to 7 ton/acre (California) with an
average national productivity of 3.45 ton/acre in 2016 [5]. Alfalfa is cross-pollinated and highly
heterozygous. It is a polyploid (2n = 4x = 32) with tetrasomic inheritance and a genome size near
1 Gb [3]. Alfalfa grows best in cool sub-tropical and warm temperate environments [2]. Growth
and yield are remarkably affected by seasonal dormancy and low temperature stress in winter
[6]. Alfalfa evolved FD as an important adaptation strategy to survive in latitudes with harsh
winter conditions. The short growth cycle of fall-dormant alfalfa varieties limits not only the
amounts of biomass accumulated but also the seasonal distribution, which is reduced to a few
harvests per year in summer. FD rating (FDR) of alfalfa cultivars is assigned based on fall
regrowth height, after clipping, to 11 groups ranging from FD 1 to FD 11 with lower numbers
indicating more dormant [7]. These groups are very dormant, (FD 1, 2); dormant (FD 3, 4),
moderately dormant (FD 5), semi-dormant (FD 6, 7), non-dormant (FD 8, 9), and very non-
dormant (FD 10, 11) [8]. Dormancy classes are assigned based on standard check cultivars.
Diminishing day length and temperature in the fall season are the two major environmental
factors triggering physiological dormancy in alfalfa [9,10]. FD is a strongly expressed trait where

certain genotypes exhibit slow growth leading to a short stature and decumbent plant architecture
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after autumn clipping [6,7]. In order to assign FD accurately in the field, it is suggested to collect
information from multiple locations for least for 2 years [7].

The genetic control of FD in alfalfa is not known and the investigation into the
endogenous factors influencing FD will be valuable for developing cultivars with no- or short-
fall dormancy. The molecular basis of dormancy has been studied mostly in woody species
adapted to temperate environments. There are few reports on QTLs associated with the
dormancy trait in herbaceous forage species. Some QTLs associated with fall growth and WH
were mapped using an interspecific hybrid population developed by crossing annual x perennial
ryegrass [11]. Day length and temperature are most likely the two major environmental cues that
plants use to sense the environmental changes [12,13]. Genomic studies have identified a number
of genes involved in the control of dormancy induction and growth cessation, including circadian
clock regulators [14]. However, Mckenzie et al. (1988) argued that alfalfa FD is not
physiologically similar to that of higher trees since the plant exhibits dormancy due to decreasing
day length and temperature, but it is reversible when alfalfa is switched to an environment with
warmer temperature and longer photoperiod. The research investigating the genetic and
physiological basis of FD in alfalfa, in the context of genes, quantitative trait loci (QTL) and
hormones regulating the process of alfalfa FD [15,3] suggested that FD in alfalfa is correlated
with winter survival and very often, fall dormant alfalfa is considered more winter-hardy [16,17].
In northern latitudes, mostly dormant germplasm is grown because they have better chances of
completing the development cycle and go dormant before the onset of freezing temperatures in
early fall. There is a lack of consensus regarding the relationship between fall regrowth and WH
even though alfalfa breeders have been routinely using FD as a surrogate to select for cold

tolerance in northern latitudes. A strong phenotypic as well as the genetic correlation between
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dormancy and WH was observed in alfalfa breeding populations developed from wide dormancy
crosses involving parents with contrasting dormancy ratings [18]. Cunningham et al. (1998)
examined the impact of selection for differences in FD on carbohydrate and protein
accumulation in roots and crown buds as well as its effect on winter survival and bud
development in four alfalfa parents and their progeny [19]. They concluded, after three cycles of
selection, that imposing selection on FD will lead to improved cold acclimation and winter
survival. Brummer et al. (2000) stressed the need for reexamining the relationship between FD
and WH because contrary to the traditional concept, they found a weak association between the
two traits [10]. Similarly, quantitative trait loci (QTLs) independently controlling autumn plant
growth and winter survival were reported indicating the possibility of independent improvement
of the two traits through marker-assisted selection (MAS) [18]. In a recent study, scientists have
identified differentially expressed genes such as C-repeat binding factors (CBF) in response to
freezing stress in alfalfa which may be induced regardless of the genotype dormancy [20]. Zhang
et al. (2015) also observed several differentially expressed genes in fall dormant lines in leaf
transcriptome analysis [21]. Similarly, alfalfa cold acclimation specific (CAS) genes such as
casl5 and other cold related genes are also potential genetic factors controlling WH without
affecting dormancy [18,22]. There has been a limited progress in developing non-dormant alfalfa
varieties with improved cold and freeze tolerance. Most of the studies have been conducted in
Northern latitudes on dormant germplasm or in growth chambers rather than in the field under
real winter conditions. Significant differences are known to exist between natural and artificial
cold acclimation conditions and therefore plants that are cold acclimated in growth chambers
may react differently compared to those acclimated naturally [23]. Field grown plants are often

exposed to the varying light spectrum and intensities compared to the constant conditions in
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growth chambers. Plants in the field are also frequently exposed to strong winds that influence
gene expression and plant structure [24]. Dhanaraj et al. (2007) documented a large number of
genes that were induced in a growth chamber, but not under field conditions [23]. An
understanding of the interconnection between genetic factors and networks that control winter
dormancy and WH will provide fundamental knowledge needed for the development of genomic
resources that will enable selection of non-dormant alfalfa germplasm that persist well under
occasional freezing temperatures. Therefore, dissecting the relationship between alfalfa FD and
WH at the genomics level would be valuable to improving alfalfa.

Genetic analysis of FD and WH in alfalfa through QTL mapping requires adequate
genome coverage with molecular markers. A large number of SNPs can be obtained cost
effectively through next generation sequencing methods like genotyping-by-sequencing (GBS)
even in species with no prior genome assemblies. The GBS method developed by Elshire et al.
(2011) comprises selective fragmentation of DNA by specific enzymes, ligation of common and
barcode adapters, PCR, clean up and sequencing [25]. The GBS method has been used
successfully in discovering SNP markers in several diploids and autotetraploids crop species
such as potato (Solanum tuberosum L.), rose (Rosa hybrida), and alfalfa [26-28]. However, in
species with tetrasomic inheritance, only certain biallelic SNPs (simplex, duplex, double
simplex) can be mapped. Since most of the mapping software are designed for diploid genomes,
mapping autopolyploids is cumbersome. Some new software applications can handle this issue,
but they still have limitations. TetraploidMap seems useful in adjusting markers segregating in
various ratios (simplex, duplex, double simplex), but it can fit only about 800 markers and works
better when each linkage group has less than 50 markers [29,28]. Similarly, TetraploidSNPMap

can support a higher number of SNPs, but requires SNP dosage data from SNP array [30].
25



However, most of the autotetraploid QTL maps available so far such as potato [31] and alfalfa
[18] maps were constructed using TetraploidMap or TetraploidSNPMap. Mapping
autotetraploids with unique kinds of markers using software like JoinMap is also common. Often
the pseudo-testcross simplex markers (AB x BB), i.e. markers heterozygous in one parent and
not the other, are used to construct autotetraploid genetic maps in software like JoinMap [32].
The pseudo-testcross strategy allows the use of several thousand single dose SNPs and is
considered a simple method of linkage mapping [28]. Identifying quantitative trait loci (QTLS)
underlying FD and WH will enable understanding the genetic factors controlling these traits and
helps in discovering markers associated with each trait. Manipulation of these alleles through
MAS will enable the development of non-dormant alfalfa cultivars with improved WH. The
objective of this study was to understand the genetic basis of alfalfa FD and WH via genetic
linkage analysis and QTL mapping.

Materials and Methods

Mapping population

An F1 population was developed by crossing a tetraploid dormant (FD = 2) winter-hardy
alfalfa cultivar (3010, Q) with a tetraploid non-dormant (FD = 10) winter susceptible cultivar
(CW 1010, &). The cross was made in the greenhouse using hand pollination in isolation under
18 hr. light and 6 hr. dark. About 384 F1 seeds were harvested, scarified, inoculated with
rhizobium strain N-dure (INTX Microbials LLC, Sinorhizobium meliloti and Rhizobium
leguminosarum), and grown in the greenhouse. In order to confirm the true hybrids, 24 simple
sequence repeat (SSR) markers were screened for polymorphism between the parents. These
markers were developed from M. truncatula [33] and were previously used to genotype

tetraploid alfalfa [34]. From the set of 24 SSR markers, three markers with the strongest
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amplification and highest polymorphic index between the two parents were used to genotype the
F1 progeny. Two hundred true F1 hybrids were retained, but sufficient numbers of clones for the
target locations and replications were obtained only from 184 hybrids. Twenty-four clones per
entry were generated through stem cuttings and propagated in the field.

The two parents, 184 F1 progenies, 11 standard check cultivars for FD, and six checks for
winter survival [35] were planted at two locations in Georgia. The first was the J. Phil Campbell
Sr. Research and Education Center (JPC) in Watkinsville (33°52'17.8"N 83°27'05.5"W) and the
other was the Georgia Mountain Research and Education Center at Blairsville (BVL)
(34°50'21.4"N 83°55'20.5"W). The BVL location experiences frequently harsh winters and
therefore is considered an ideal location to test alfalfa WH and persistence under cold stress. The
average annual precipitation in the BVL location is 55.9 in, the average high temperature in July
is 29 °C, and the lowest temperature in January is -4 °C. At the Watkinsville location, the
average annual precipitation is 48 in, the highest temperature in July is 32.2 °C while the lowest
temperature in January is 0 °C. The experimental design at each location was a randomized
complete block, with three replications, where four clones from each progeny were planted in a
single row plot. Plants were spaced 45 cm within each row, and the rows were spaced 90 cm
from each other. Irrigation, fertilization and weed control were applied as necessary.

Genotyping-by-sequencing (GBS) and marker discovery

Single nucleotide polymorphisms (SNPs) markers were identified using genotyping-by-
sequencing of the parents and progeny. DNA of each progeny and parents was extracted using
CTAB method with some modifications [36]. Alfalfa tissue was collected in 50-ml tubes, freeze
dried for 48 hr, and groynd using 6-8 zinc-plated copper balls in a Genogrinder (SPEX

SamplePrep 2010 Geno/Grinder®) for 6 minutes at 1600 rpm. Then, 150 mg of the powder was
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transferred to 2.0 ml tubes, 900 pl of CTAB buffer was added, vortexed, and the mixture was
incubated at 65 °C for one hour. Nine hundred pl of phenol:chlorofom:isoamyl alcohol (PCI)
mix (25:24:1) with pH 5.0 was added to each tube, incubated for 15 minutes and centrifuged at
12500 rpm for 15 min and the clear supernatants were pipetted to new 2.0 ml tubes. Equal
volume of chloroform:isoamyl alcohol (CIA) mix (24:1) was added to each tube, mixed gently
and centrifuged at 12,500 rpm for 15 minutes. The aqueous upper phase was pipetted into 2.0 ml
tube. About 0.6 volumes of chilled isopropanol was added to the tubes and left for 10 minutes,
centrifuged at 13,000 rpm for 20 minutes. The DNA pellet was washed using 500 pl 70%
ethanol, centrifuged at 7,500 rpm for 5 minutes. The supernatant was discarded, and the DNA
pellet was air dried for 1-2 hours under the airflow. Then, 100 ul of sterile 10 mM Tris-HCI (pH
8.0) was added and incubated at 4 °C for overnight.

The DNA solution was treated with 4 pl (10 mg/ml) of RNase A, followed by 5.0 ul (20
mg/ml) proteinase K, and incubated at 37 °C in a water bath for 30 minutes after each addition.
Sterile Millipore grade H>O was added (400 pl) and treated with PCI and CIA as described
earlier. The supernatant was pipetted into 1.5 ml tubes and 1/10 volume of 3M Na-acetate pH 5.2
(stored at 4 °C) and 2.5 volumes of absolute ethanol was added, left for 10 minutes and
centrifuged for 20 minutes at 13,000 rpm. The supernatant was discarded, and the pellet was
washed with 70% ethanol, then air dried. The DNA was dissolved into 50-100 ul of sterile 10
mM Tris-Cl (pH 8.0). High quality DNA was ensured by quantification in Qubit® 3.0
Fluorometer (Thermo Fisher Scientific, Waltham, MA USA) and running the DNA samples in
1% agarose gel.

Two GBS libraries were constructed for 184 F1 progenies and the 2 parents. Both

libraries were 96-plex including 92 F1 progenies and 2 replications of each parent. The barcode
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adapters, common adapters, and two PCR primers were ordered from Integrated DNA
Technologies (Coralville, 1A, USA). The library was constructed using the protocol described in
[28]. The DNA samples were digested with a methylation sensitive enzyme ApeKI and both
common as well as barcode adapters were ligated. The step was followed by pooling the libraries
(multiplexing) and cleaning up with Qiagen PCR (Qiagen, Germantown, MD) cleanup kit using
the protocol provided with the kit. Moreover, the steps were followed by simple PCR using Kapa
Library Amplification Readymix (Kapa Biosystems, Wilmington, MA) and two PCR primers.
Finally, PCR products were purified using the QIAquick PCR purification kit (Qiagen,
Germantown, MD). Both libraries were submitted to Georgia Genomics and Bioinformatics Core
(GGBC), UGA, for removing short fragments by solid phase reversible immobilization (SPRI),
cleanup, and sequencing. Sequencing was performed on an lllumina Next Seq (150 Cycles) 75
PE High Output flow cell with four lanes. The raw sequence data was processed using two
pipelines; GBS SNP Calling Reference Optional Pipeline (GBS-SNP-CROP) version 2.0 [37]
and Tassel 3.0 Universal Network Enabled Analysis Kit (UNEAK) pipelines [38] for de novo
SNP discovery. These bioinformatics computational steps were performed on in the Unix
platform ‘Zcluster’ at the Georgia Advanced Computing Resource Center (GACRC), UGA.

The GBS-SNP-CROP was a useful tool for de novo SNP calling. The raw reads were
parsed and trimmed for quality using Trimmomatic software version 0.36 [39]. The trimmed
reads were demultiplexed producing high-quality reads for each genotype. The GBS specific
mock reference was generated from parsed high-quality reads. The processed reads were mapped
to generate standard alignment files using BWA-mem [40] and SAMtool version 1.3.1 [41].

Subsequently the SNP master matrix was produced, followed by SNP and genotype calling. The
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raw sequence data was deposited at the NCBI SRA website under the accession number
SRP150116 and it can be accessed at https://www.ncbi.nlm.nih.gov/sra/SRP150116.

Similarly, UNEAK pipeline was used to process the high quality R1 reads of pair-end
data. In UNEAK, the raw R1 reads were filtered, de-multiplexed and trimmed to 64 bp. Similar
reads were grouped as a tag, where tags with >10 reads were used for alignment in SNP calling.
The parameters used to call and filter the homozygote alleles, heterozygote alleles, minor alleles
etc. in UNEAK were as described [28]. The HapMap output files obtained from UNEAK were
processed in Microsoft Excel for separating parental genotypes, removing missing data and
testing for segregation ratios using chi-square.

Linkage map construction

Polymorphic SNPs uniqgue to either 3010 (AB x AA) or CW 1010 (AA x AB) were
screened as single dose allele (SDA) markers [28]. Parental genotypes that were heterozygous
(AB) at any replication were considered heterozygous and parental genotype homozygous (AA)
in all replications were considered homozygote. Markers that were missing in more than 30 % of
the progeny were culled. The SDA markers obtained from both pipelines were added and input
files were formatted as required by JoinMap 5.0 [32]. The SDA segregation ratio (1:1) was
confirmed by chi-square tests (p > 0.05). The SNPs that were present in more than 30 %
progenies but have segregation ratios other than 1:1 were considered in segregation distortion
[28].

Both male and female SDA markers were loaded to JoinMap 5.0 separately. The markers
were grouped using minimum independence LOD of 10. The grouped markers were mapped
using regression mapping with a minimum LOD value of one, maximum recombination

frequency of 0.40, and Kosambi mapping function. Linkage maps were generated using Map
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Chart and the map files were exported. The tags of mapped markers from UNEAK pipeline were
separated for each linkage group of both parents. Linkage groups were assigned chromosome
numbers using the basic local alignment search tool (BLAST) for querying the consensus tags of
SNPs with M. truncatula reference genome, M. truncatula V4.1 genome as described in [28].

Phenotypic data analysis and QTL mapping

Alfalfa dormancy data was collected as regrowth height after clipping in the fall and
winter. In the fall, canopy height data was taken at four weeks after clipping the plants on 21
September according to NAAIC protocol [7]. The plant height data at the Watkinsville (JPC) and
Blairsville (BVL) locations were taken in subsequent days. The mild winter of 2016/2017 in
Georgia allowed taking an early winter and late winter regrowth data. FD was phenotyped in the
parents and the pseudo-testcross progeny in fall 2015, fall 2016 and winter (2016/2017). We
collected two winter data sets in the season (2016/2017). Because of the mild winter in the
Southeastern U.S., it is possible to phenotype seasonal dormancy in field conditions later than
northern environments. The regrowth height data was converted to FDR based on the regrowth
of 11 standard checks according to NAAIC protocol. FDR of the progeny were assigned based
on a regression equation derived from the relationship between standard dormancy ratings of the
check cultivars and their regrowth height in each environment. The standard regression lines for
each location were established using average dormancy values of three years. The equations
were derived for all growing environments and seasons using the Proc Reg procedure in SAS 9.4
[42]

The dormancy phenotypic data consisted of two fall datasets (FD/2015 and FD/2016) for
both locations, JPC and BVL, a winter data set collected in the first week of January (referred to

as WD/2016 data set, and a second winter data set collected in the last week of February
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(referred to as WD/2017 dataset). WH was evaluated on the F1 population and the two parents
on a scale of 0-5 according to NAAIC protocol [43]. Visual scores of winter damage were
recorded after each freezing occurrence in the winter months. In the case of mild winter, we
visually scored plants once a month. Standard checks for winter survival were scored and
photographed, and the images were used to guide in the scoring of F1 plants to minimize bias.
The visual scores ranged from 1 to 5, where 1 indicates extremely winter-hardy genotypes and 5
indicates non-winter-hardy as described in NAAIC [43]. Phenotypic data for all traits was
analyzed using SAS 9.4 [42]. The least square (LS) means for all genotypes across environments
and within individual environments were estimated for each dataset using PROC GLM [18]. For
each trait, a linear additive model was used to perform the analysis of variance (ANOVA) for

randomized block design:

Trait value = genotype + environment + block (environment) + genotype*environment + Error

where the trait value refers to the trait phenotypic value estimated by combining the effects of
genotype, environment, block, and genotype by environment interaction. The block
(environment) was considered random [44]. The LS means of all traits for both parents were also
obtained within each and across environments. The LS means of the progeny were used as trait
value for QTL detection. Pearson correlation coefficients (r) were calculated for both FD and
WH trait means within each environment.

QTLs were detected using composite interval mapping (CIM) algorithm on Windows
QTL Cartographer version 2.5 (Statistical Genetics, NC State University). The model and

parameters used for CIM analysis were as described [45]. We calculated trait-specific LOD
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scores using 1000 permutations at genome wide statistical threshold (P < 0.05). A QTL was
declared significant when the peak LOD value exceeded a conservative LOD threshold of 3.0. In
the case of more than one peak, multiple QTLs were declared if LOD values between the peaks
falls below 3.0 for more than one contiguous segment for at least one dataset analyzed [44].

The QTL detected in both parents for all traits were classified into two types, stable QTL
and potential QTL. The QTL that were detected in more than one season, one environment, or
across environments were considered stable QTL. QTL detected either in only one season or one
environment were considered as potential QTL. The genomic positions of some major stable
QTLs detected for each parental map were indicated on linkage maps using MapChart 2.3 [46].
The QTL detected for dormancy on the linkage map of the dormant parent, 3010, were given
name as ‘dorm’. Similarly, the QTL detected for non-dormant parent, CW 1010, were named as
‘ndorm’. The QTL for WH that were detected in the winter-hardy parent 3010 were named as
‘wh’. The QTL for WH trait detected in the cold susceptible parent (CW 1010) were labeled
‘ws’. The QTL span was delimited using LOD-1 confidence interval and the QTL were
considered identical when the 1-LOD support intervals for QTL overlaps as in previous report
[44].

Results

GBS and SNPs discovery

A total of 100 Gb raw reads were generated using Illumina NextSeq High Output
Flowcell (Illumina, Inc.) amounting to one billion usable paired-reads. Using the GBS-SNP-
CROP pipeline for de novo SNP calling resulted in 4822 raw SNPs in the pseudo-testcross F1
population. There were 838 single dose allele (SDA) SNPs segregating in the maternal parent

3010 and 794 SNPs segregating in the paternal parent CW 1010. Among these, 423 SDA SNPs
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from 3010 and 220 SNPs from CW 1010 were filtered as high-quality SDA after chi-square test
(o = 0.05) for the segregation ratio of 1:1 (AB: AA). The SNPs obtained from this pipeline were
identified with suffix MRG referring ‘Mock reference genome’ followed by SNPs physical
position with reference to MRG created using the reads of two parents.

Using the Tassel UNEAK pipeline, 500 million high-quality R1 reads were identified and
processed using default parameter settings. A total of 65101 biallelic SNPs were identified. After
filtering for missing data (<30%), 34122 (52.4%) SNPs were retained. Additionally, we removed
1625 loci with missing marker information in either parent retaining 32497 SNPs. Therefore,
about 50% of the raw SNPs obtained from the UNEAK pipeline were filtered out in the initial
screening because of missing data. Among the 32497 SNPs obtained from UNEAK, 4925 SNPs
were single dose SNPs for 3010 parent and 2121 SNPs were identified as single dose SNPs for
CW 1010 based on chi-square (a=0.05) test for segregation ratio (1:1).

Genetic mapping

After merging the GBS SDA-SNP obtained from both Tassel UNEAK and GBS-SNP-
CROP pipelines for each parent, we generated a total of 5348 SNPs for the maternal parent 3010
and 2340 SDA for the paternal parent CW 1010 (File S1). Further screening of the SDA loci on
JoinMap 5.0 [32] showed that three F1 individuals (ALF107, ALF255 and ALF302) did have
several missing loci and were removed from further analysis leaving 181 progenies for mapping.
Similarly, 26 loci from 3010 parent and 13 loci of CW 1010 parent were excluded from further
analysis because they were identical. Consequently, 5322 SNPs from 3010 and 2327 SNPs from
CW 1010 were used in genetic mapping.

SNPs from both parents were assembled into 32 linkage groups using LOD for

independence of 12 or above in the 3010 parent and LOD of 10 or above in CW 1010. Based on
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the SNP physical positions determined from BLAST analysis, each four linkage groups or
haplotypes of each parent were assigned to a corresponding chromosome of M. truncatula as
described in Figure 2.1 [28]. Since the majority of the SDA SNPs (92% SDA of 3010 and 90%
SDA of CW 1010) were obtained from UNEAK, we only used the SNPs from this pipeline to
query the physical locations of markers. The consensus sequence of tag pairs of all mapped SNPs
of both parents used to query in nucleotide BLAST.

Thirty-two linkage groups of the maternal parent 3010 consisting of 1837 SDA SNPs
were assembled in a linkage map spanning about 2788.4 cM with an average marker density of
1.5 cM/SNP (Table 2.1, Figure 2.S1). The number of SNPs per linkage group in 3010 parent
ranged from 10 to 116. Most of the linkage groups ranged in length from 50 to 100 cM (Table
2.1, Figure 2.S1). Marker density of the individual LG varied from 0.9 to 5.3 cM/SNP.

The 32 linkage groups of CW 1010 spanned 2127.5 cM with 1377 mapped markers
(Table 2.1, Figure 2.S2). The average marker density was 1.5 cM/SNP. The number of SNPs
mapped on CW 1010 linkage groups varied from 7 to 139 (Table 2.1, Figure 2.S2). Most of the
CW 1010 LG had genetic lengths of 40 to 90 cM. The shortest LG (3D) was 26.7 cM and the
longest LG (4B) was 121.9 cM. The individual group marker density in CW 1010 linkage map
varied between 0.2 to 6.6 cM/SNP (Table 2.1).

BLAST analysis showed that alfalfa genetic loci mapped in this study were syntenic with
M. truncatula reference genome (Figure 2.1 and 2.2). From 1837 SNPs mapped in the 3010
parent, 967 (53%) SNPs were aligned to the Medicago reference genome with 84-100 % identity.
On Medicago reference genome, 3010 SDA SNPs were aligned within range of 3.3 Kb to 56.4
Mb. The cut-off value used in BLAST analysis ranged from 2.06 E% to 2E28. Similarly, 741

(53%) SNPs from the parent CW 1010 exhibited similarity with the M. truncatula genome with
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sequence identity of 85 to 100% using the same cut-off value as for 3010 SNPs. CW 1010 SNPs
and M. truncatula genome similarity were obtained within a range of 0.5 Kb to 56.3 MB.

Dot plot maps constructed for each parent using mapped SNPs syntenic to M. truncatula
clearly displayed the grouping of markers on the 32 LG groups to the corresponding eight
Medicago truncatula chromosomes (Figure 2.1 and 2.2) [28]. In the female parent 3010, a
translocation of a segment of chromosome four into eight was observed in all four homologs of
chromosome eight. Three homologs (4B, 4C, 4D) of chromosome four also possessed segment
from chromosome eight, indicating the reciprocal translocation between chromosomes four and
eight (Figure 2.1) [28]. Such translocation was also observed for parent CW 1010, more clearly
on haplotypes 4B, 4D, 8A, 8B and 8D (Figure 2.2). Several other minor genome rearrangement
events such as inversions and other translocations were present in several haplotypes in the maps
of both parents. However, this study is focused on marker- trait association rather than structural
analysis of the alfalfa genome.

Phenotypic evaluation and correlation between traits

Eight regression equations were generated to estimate FD of the mapping population at
two locations in fall 2015 (FD/2015), fall 2016 (FD/2016), winter 2016 (WD/2016) and winter
2017 (WD/2017). The regression models suggested that the relationship between standard FDR
and the canopy regrowth height of alfalfa checks was strong and positive. The regression
coefficients (R?) ranged from 0.37 for fall 2015 at BVL to 0.73 of winter 2016 dormancy of JPC
environment with six out of the eight regression models having a coefficient of determinations
R2 > 0.50. The regression coefficients of the winter rating were higher than fall ratings at both

sites.
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There were significant differences between the genotypes (P <0.01) and significant G x
E for FD ratings in most dates except for FD/2015 data. Because of the significant G x E, the LS
means for each trait were estimated separately for each location (Table 2.2). The R? values for
each trait, derived from the ANOVA, varied from 0.59 to 0.87 indicating a good fit of the data to
the respective linear model for individual tests (Table 2.2). Dormancy measured in winters
(WD/2016 and WD/2017) were highly correlated to each other than the dormancy measured in
fall (FD/2015 and FD/2016) in JPC environment (Table 2.3). The FD trait for winter 2017 rating
showed the highest R? (0.87) and fall 2016 exhibited the least R? (0.59). The LS means estimated
for traits and parents revealed the presence of transgressive segregation on both sides of the
parents for both FD and WH traits (Table 2.2). Some past studies also reported the presence of
transgressive segregation in alfalfa pseudo-testcross progeny for such traits [18].

There were significant differences between the genotypes (P <0.01) for WH and
significant G x E. Because of the significant G x E, the LS means were estimated for each
location in addition to across locations (Table 2.2). The R? values for WH, varied from 0.63 to
0.79 indicating a good fit of the data to the respective linear model for individual tests (Table
2.2). The LS means estimated for F1 progenies and parents revealed the presence of
transgressive segregants for WH on both sides of the parents (Table 2.2).

Pearson’s correlation coefficient using trait means showed moderate degrees of
correlation between all traits at both locations (Table 2.3 and 2.4). Overall, there were stronger
positive correlations between dormancy and WH when dormancy was assessed in winter
compared to fall assessment (Figure 2.3, Tables 3, 4). In the JPC environment, the coefficient of
correlations between dormancy rating and WH ranged from 0.12 to 0.57 when dormancy was

assessed in the fall, while it ranged from 0.22 to 0.85 when dormancy was assessed in winter
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(Table 2.3). The same trend was observed in the BVL location. The coefficient of correlations
between dormancy rating and WH ranged from 0.16 to 0.50 when dormancy was assessed in the
fall, while it ranged from 0.22 to 0.57 when dormancy was assessed in winter (Table 2.4).

QTL mapping of FD and WH

Within the 32 homologs of the 8 alfalfa chromosomes, we detected 45 significant (P <
0.05) QTLs for FD and 35 QTLs for WH on both male and female linkage maps (Table 2.5-2.8).
Most of the QTLs detected using phenotypic data across environments matched QTLs detected
for individual environments with slight variation in their LOD magnitude and interval. Seven
QTLs for dormancy and three QTLs for WH detected across environments were exclusively
different from QTLs detected for individual environments indicating a potential effect of G x E
on trait values (Table 2.8).

Fall dormancy (FD)

Seven stable QTL for FD were identified in the dormant parent 3010. These QTLs were
consistently and repeatedly detected across data sets within overlapping 1-LOD support intervals
(Table 2.5, Figure 2.4). The seven dormancy QTL for 3010 (dorm1, dorm2, ......, dorm7) were
detected on homologs 1A, 3A, 4C, 7A and 7B. Another 21 potential QTLs (dorm8, dorm9, .......,
dorm28) were detected in various homologs of 3010 chromosomes: 1, 2, 3, 4,5, 6 and 7 (Tables
2.5, 2.7 and 2.8). Five of the seven stable QTLs were detected also across environments. The
most important dormancy QTL (dorm1) for 3010 parent (R?= 0.16) was detected on homolog
1A and was located at 90.6 — 92.9 cM. The same homolog harbors another QTL (dorm2) with a
LOD value of 6.2 and a peak at the interval 98.2 — 104 cM (Table 2.5, Figure 2.4). Besides these

two stable QTLs for 3010 parent, other potential QTLs (dorm 8, dorm 12, dorm 27 and dorm 28)
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were detected on homologs of 3010 chromosome 1, suggesting that this chromosome is
important for the dormancy trait.

Further, dorm1 and dorm2 QTLs of 3010 parent mapped on homolog 1A were located
within a similar genomic location of alfalfa fall height QTLs (92a and 104a) in the WISFAL-6
cultivar reported previously [18]. Li et al. 2015 mapped fall height on eight alfalfa linkage
groups assigned using eight M. truncatula chromosomes. Unlike 3010 QTLs dorm1 and dorm?2
detected in our study, WISFAI-6 dormancy QTL of LG1 had positive effect on trait value
because the source parent WISFAL-6 had higher FD levels [18].

Another two stable dormancy QTLs from 3010 were detected on chromosome 7A (R? =
0.07-0.11). Homologs of this chromosome also harbor QTL dorm3, dorm5, dorm6, and dorm13
(Table 2.5 and 2.7). The QTL dormé6 also falls within similar genomic regions of a fall height
QTL in LG 7 as reported previously [18]. Two other potential QTL on homologs of this
chromosome at LOD = 3.1 include dorm21 and dorm22 that were located on two homologs (7D
and 7C) of 3010 chromosome?. Further, the homologs of 3010 chromosomes: 3, 4 5, 6, and 2
also harbored significant (P < 0.05) QTLs for dormancy (Table 2.5 and 2.7). All dormancy QTLs
detected on 3010 parent had negative effects on trait value since the parent was a dormant type.

In the CW 1010 parent, 11 stable QTLs and six potential QTLs for FD were detected. All
the stable QTLs for CW 1010 were detected on homologs of the chromosomes 1, 7, 5, and 8
(Table 2.5). The CW 1010 chromosome 8 exhibited a broader QTL peak extending from ~44 to
~ 66 cM. However, there is the possibility of presence of more than one QTL in the region
because of decreasing LOD value between multiple QTL peaks. Therefore, we reported three
different stable QTLs for this region to ensure the accuracy of QTL and corresponding

phenotypic values of markers in the region. A past study [18] also reported a QTL (46a)
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positively affecting fall plant height in the same genomic region (40- 56 cM) of LG 8 of the
alfalfa cultivar AB1408 providing more supportive evidence for this QTL. The QTL (ndorm1)
from CW 1010 with positive effect on the trait value (R? =0.13) was detected on homolog 8D at
the interval 44.6 — 46.3 cM (Table 2.5). Other stable QTLs for dormancy detected from CW
1010 parent including ndorm2, ndorm3, ndorm4 and ndorm6, shared common genomic regions
with QTLs for fall height reported previously [18]. However, two CW 1010 dormancy QTLs,
ndorm3 and nodorm6, had contrasting effects in trait value than previously reported QTLs of the
corresponding linkage groups. Of 17 total CW 1010 dormancy QTLs, 16 QTLs had additive
effect in favor of trait value and one potential QTL (ndorm13) had negative effect on trait value
(Table 2.7).

Although we detected dormancy QTLs for both 3010 and CW 1010 parents in most of
the datasets, a higher number of stable QTLs were repeatedly detected using winter dormancy
data compared to fall data of all environments (Table 2.5, 2.7 and 2.4). For the 3010 parent, only
two stable QTLs were observed for each 2015 and 2016 fall datasets of BVL location, while two
and four stable QTLs were detected for JPC winter datasets WD/2016 and WD/2017,
respectively (Table 2.5). Only two stable dormancy QTLs for 3010 parent (dorm1 and dorm4)
were repeatedly detected in fall. However, four stable dormancy QTLs (dorm2, dorm3, dorm5
and dorm6) were repeatedly detected in more than one winter data (Table 2.5). For CW 1010
parent, out of eleven stable dormancy QTLs, only six stable QTLs were identified for all FD data
of both locations, and nine stable QTLs were detected for winter datasets of both locations
(Table 2.5). Five and three potential QTLs were detected only in cross environments analysis for

both parents 3010 and CW 1010 indicating the presence of G x E (Table 2.5). There was also
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slight shift of QTL peaks identified in across environments compare to those QTL identified in
individual environment data sets.

Winter hardiness (WH)

Eight stable and eleven potential QTLs were identified from the 3010 parent for WH trait
(Table 2.6 - 2.8). The stable QTLs (whl, wh2, ...... , wh8) were detected on homologs of
chromosomes: 1, 3, 4, 7 and 8, and twelve potential QTLs (wh9, whlo, ...... , wh20) were
detected on homologs of chromosomes: 2, 3, 4, 7 and 8. The QTL wh1 on homolog 1A (position
90 — 93.2 ¢M) has the largest R? (0.13) followed by QTL wh2 on homolog 7A (0.12) and wh3 on
homolog 1A (0.11) (Table 2.6). The wh1l QTL was located in the same genomic region of
previously identified QTL (100a) in WISFAL-6 alfalfa, but with opposite effect [18]. Similarly,
other two potential QTLs, wh10 on homolog 7C and wh16 of homolog 2C were also detected
within similar genomic locations of previously identified QTLs for winter injury for AB1408
(LG7, 109a) and WISFAL-6 cultivar (LG2, 36b), respectively [18]. With the exceptions of a
stable QTL (wh4) on homolog 8A and one potential QTL (wh9) on homolog 7C, which had
negative effects (-) on WH, all other WH QTLs detected on 3010 possessed positive effects (+)
on WH (Tables 6-8).

Sixteen (nine stable and seven potential) QTLs for WH were detected for the winter
susceptible parent CW 1010 and were coded as (wsl, ws2, ..., ws16) (Table 2.6 and 2.7). Major
stable QTLs for WH in CW 1010 were detected on homologs of chromosomes 1, 7 and 8. The
QTL ws1 had the highest R? (0.14) followed by ws2, ws3, and ws4 (R?= 0.10). However,
contrary to wsl and ws2, the ws3 and ws4 QTLs had positive effects (+) on WH (Table 2.6). The
three stable QTLs, detected for WH trait on homolog 8D, appeared in a single span for JPC data.

However, for BVL and across environments, the QTL on 8D was separated into three different
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QTLs and were reported as such. Of the total 16 WH QTLs in CW 1010, ws12 on homolog 5A
and ws16 on homolog 6A were detected within similar genomic regions reported previously for
winter injury in the cultivars WISFAL-6 and ABI1408 [18]. Most of the WH QTLs for CW 1010
have negative effects (-) on the trait except QTL ws3, ws4, ws9, wsl1 and ws15 (Table 2.6 and
2.7).

Association between dormancy and winter hardiness

Among the seven stable dormancy QTLs detected in the 3010 the dorm1 and dorm2 on
homolog 1A shared the same genomic location as WH stable QTLs wh1 and wh3, respectively
(Figure 2.4). Similarly, the dormancy QTL dorm3 overlapped with WH QTL wh2 on 7A with
less than 1 cM shift (Figure 2.4). Another stable QTL dorm6 also shared the same genomic
location with a potential winter hardiness QTL wh20 on 7A. Three stable QTLs (dorm4, dormb,
and dorm7) in the 3010 parent were unique and located on different chromosomes than winter
hardiness. Of the 21 potential dormancy QTLs in the 3010 parent, except dorm14 and dorm?24,
other 19 were also located in different genomic regions from the QTLs of WH (Table 2.5-2.8).
Therefore, of the 28 dormancy QTLs detected in 3010 parent, 22 QTLs were located in separate
genomic positions than the QTLs of WH indicating differences of two traits at the genomic level.

In the CW 1010 parent, the stable QTLs ndorm1 and winter hardiness QTL ws5 shared
the same genomic location on homolog 8D (Figure 2.5). Likewise, the QTL ndorm2 and ws1l
also reside on the same position on homolog 7C. Another stable dormancy QTL of CW 1010
ndorm8 shares genomic location with a potential QTL for winter hardiness ws13 on homolog
1B. Moreover, a stable dormancy QTL ndorm7 and a winter hardiness QTL ws8 were located at
nearby positions on the homolog 8D (Figure 2.5). Similarly, ndorm10 and ws7 also shared

partial genomic position on homolog 7B of CW 1010 (Figure 2.5). Other stable dormancy QTLs
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from the parent CW 1010 such as ndorm3, ndorm4, ndorm5, ndorm6, ndorm9, and ndorm11
were located in separate genomic positions than those QTLs for WH. All potential QTL detected
for CW 1010 for dormancy as well as for WH were also located in distinct genomic regions
(Table 2.5-2.8). Therefore, of the 17 dormancy QTLs detected in CW 1010 parent, 12 QTLs
were located in separate genomics regions than the QTLs for WH (Table 2.5-2.8).

Discussion

Segregation and phenotypic relationships between traits

The regrowth height and dormancy ratings of the NAAIC standard checks used in this study
showed a better fit to the regression model in winter height data with R? up to 0.73 compared to
the height data taken in fall (R?>~ 0.50) (Table 2.3 and 2.4). The fall data is collected around the
third week of October according to NAAIC protocol. In southern environments, temperatures at
this time of the year are still very favorable for active growth of alfalfa. Fall 2016 was a very
unusual season in Georgia because of the historical drought in the region [47], which led to a
very limited growth and erratic regrowth after clipping in both experimental sites. This could be
the main reason that the two parents did not exhibit differences in their heights for this season
(Table 2.2) and a few QTLs were detected based on the 2016 fall data. The positive R? for the
regression of standard checks regrowth height data on their FDR for all seasons, suggests that
that determining dormancy of alfalfa genotypes using regrowth height after clipping is a reliable
approach.

The non-dormant parent CW 1010 exhibited slightly lower dormancy level (4.7 —7.9),
than it supposed to be in most of the years. The 3010 parent mostly exhibited the expected
dormancy level between 2.3 to 6.4 (Table 2.2). Such fluctuations of estimated dormancy level

from their standard dormancy are primarily due to environmental and seasonal variations. The
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largest deviations from the standard dormancy ratings of the parents were observed in the data
collected in the fall season, suggesting that rating alfalfa dormancy in the Southeastern U.S.A
based on regrowth height after clipping in third week of September is not reliable. Previous
reports also suggested that FD assignment should be done in sites where the cultivars are broadly
adapted [7]. Dormancy assessment in winter months showed a better approximation of the
expected values with less variation compared to the fall assessment. Winter assessed dormancy
also showed a better repeatability in both locations as suggested by the high correlation between
WD/2016 and WD/2017 (r =0.92, p < 0.01) (Table 2.3 and 2.4). The LS means of dormancy
ratings of the F1 progeny varied from 1.2 to 10.6 and showed transgressive segregation around
the parental values (Table 2.2).

WH rating scores for 3010 parent varied from 1.4 to 1.5 across locations, which is within
the range of the known score 2 for this cultivar. For the non-winter-hardy parent CW 1010, the
scores varied between 2.3 to 4.1 across locations (Table 2.2). The F1 progeny also varied in their
WH level with the largest differences observed in 2017 (WH/2017) at BVL location.
Transgressive segregants were observed for both dormancy and WH similar to previous alfalfa
reports [18]. This suggests the presence of complementary alleles for both traits in each of the
parents [18]. The moderate positive correlations (r) observed between dormancy and WH
irrespective of the time of assessment is a clear indication of the weak association between the
two traits (Table 2.3 and 2.4).

Genetic linkage map

Genetic maps are important tools for genetic analysis of quantitative traits through QTL
and comparative mapping. They are also useful for genome assembly and marker development

for MAS [28,48]. In alfalfa, genomic resources are very scarce and even though a limited
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number of genetic maps were published, there is no consensus map to date. Alfalfa linkage maps
reported so far have variable sizes and marker density depending on the type of mapping
population, maker types, and software used. Most studies reported tetraploid alfalfa maps either
for 8 linkage groups or for 32 linkage groups for each parent [18,49]. An early reported
tetraploid alfalfa linkage map covered only 443 cM for seven linkage groups [50]. Julier et al.
(2003) constructed alfalfa genetic maps using SSR and AFLP for eight linkage groups containing
four homologs, where the parental maps spanned 2649 and 3045 cM [49]. The authors argued
that their alfalfa genetic maps were close to saturation and exhibited high level of collinearity
with other maps of alfalfa and M. truncatula [49]. However, the genetic maps they constructed
were relatively less dense (7 — 9 cM/marker). Musial et al. (2007) reported alfalfa linkage maps
using a backcross (BC) population, where the eight linkage groups spanned 794.1 cM with 3.9
cM/marker [51]. Li et al. 2015 constructed linkage maps of WISFAL-6 and ABI408 with
respective lengths of 898 cM and 845 cM for 8 linkage groups [18]. The linkage map constructed
in this study is the second high-density genetic map, published so far, after the alfalfa linkage
maps described by Li et al. (2014b) for two alfalfa genotypes DM3 and DM5. Moreover, our
linkage maps for both 3010 and CW 1010 parents have almost similar average marker density (~
1.5 cM/SDA-SNP) to the linkage map of parent DM3 [28]. Our linkage maps also exhibited high
levels of synteny with the M. truncatula genome as in [49,28]. The total length of the 3010 map
(2788.5 cM) was slightly higher than the CW 1010 map (2127.55 cM). Such differences in
parental linkage maps were also observed in previous alfalfa genetic linkage maps [49]. The
difference might be due to more SDA markers segregating in 3010 parents (5348) compared to
(2340) segregating for CW 1010. The higher number of markers in 3010 may be resulted

because of the higher number of recombinations that lead to a longer linkage map. In Brassica
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oleracea, the recombination frequency in female meiosis is higher than the male, which
obviously generates more markers for the female linkage map and therefore a longer map than
the male one [52]. However, in alfalfa there are no reports available regarding sex related
differences in meiosis frequency. As we obtained a lower number of raw reads for CW 1010
parents than 3010 in either replications, we believe that these differences could result in a low
number of markers for CW 1010. Furthermore, since GBS is a reduced representation approach,
the number and quality of genotype calls may vary between individuals [53].

Mapping and QTL detection

Constructing linkage maps based on single dose markers (1:1) in outcrossing polyploid
species and using the maps for linkage analysis of quantitative traits has been a common
practice for decades [54]. The pseudo-testcross strategy uses the heterozygous markers for one
parent and double null in other parents for mapping, which further uses inbred backcross
configuration in mapping software [55,56]. This mapping strategy has been successfully used
before in tree plants such as Eucalyptus grandis and Eucalyptus urophylla [57], Pinus elliottii
and P. caribaea [58], and grass such as orchardgrass (Dactylis glomerata L.) [59]. This mapping
strategy possesses however some drawbacks [60]. Dominant and additive effects on QTL are
confounded and the effects of alleles that were substituted only from other parents are
obtainable [61,62]. Since the parents of the pseudo-testcross population are heterozygous, the
marker and QTL alleles may be in different states and linkage phases, which makes the strategy
less powerful than the classical QTL analysis in inbred populations [62] in addition to mapping
only a portion of markers [63]. Nevertheless, this strategy is still useful in detecting QTL,
displaying the direction and magnitude of QTL effect and the position of QTL in species with

complex genome such as polyploids.
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In this study, we used the pseudo-testcross strategy with GBS SNPs in alfalfa for QTL
mapping of dormancy and WH in alfalfa. A total of 45 QTLs associated with FD and 35 QTLs
for WH were mapped on two alfalfa cultivars CW 1010 (male) and 3010 (female) genetic maps.
Even though previous studies reported QTL mapping of dormancy in alfalfa, these maps were
based on parents relatively close in dormancy and constructed with traditional markers
[18,64,65]. Furthermore, with 11 dormancy classes and 6 classes of WH it is very unlikely to
capture the majority of loci underlying these traits in a bi-parental population. The latest alfalfa
QTL map reported QTLs for winter injury and FD, but with large QTL intervals ( >10 cM) [18]
leading the authors to suggest the need for further research to narrow down QTLs positions. The
mapping population was also generated from a dormant x a semi-dormant and winter-hardy
parents (WISFAL-6 x ABI1408) which makes it difficult to capture the alleles underlying non-
dormancy and cold susceptibility. In this study, the QTLs were detected within 1-LOD support
interval with flanking and peak markers for all QTLs identified (Table 2.5-2.8). Some of the
QTLs detected in this study were located in the same genomic locations as previous studies [18].

Because of the genotype by environment interactions, the QTLs for FD and WH were
categorized into stable QTLs that were consistently expressed in more than one environment and
potential QTLs that were detected just in an individual environment for one season or only
across environments. Considering QTLXE in the analysis enhances the precision of QTL study
since the multi-environment QTL test is more powerful in comparison to single-environment
analysis [66]. Therefore, to verify the alfalfa WH and FD QTLs detected in our analysis
validation studies need to be conducted in other environments using different alfalfa

backgrounds.
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Association between FD and WH

Phenotypic and genetic relationship between alfalfa FD and WH has been a matter of
debate for a longtime. Earlier studies reported that alfalfa dormancy and WH are phenotypically
correlated (r = 0.90) and most likely genetically associated leading breeders to use one trait as
surrogate to select for the other [10,67]. Recent studies re-examining this relationship argued for
weaker genetic linkages between the traits and suggested that improving one trait by selecting for
the other may not be successful [10,18]. Other findings suggested that the relationship between
WH and FD in alfalfa depends on the type of germplasm tested [10], implying that the two traits
could be manipulated independently [68,10].

In this study, we observed moderate positive phenotypic correlations between WH and
FD in the F1 pseudo-testcross population. The magnitude of correlation, however varied with the
assessment time of FD. Dormancy measured in the fall after clipping on 21 September showed a
weaker relation to WH than dormancy assessed in winter. Assessing regrowth height for FD in
areas with warmer late autumn temperatures may not be reliable and should be delayed to early
winter. Nevertheless, for reliable ratings of FD and WH, multi-years data are necessary [7].

The QTL analysis performed in this study revealed that more than 75 % (22/28) of the
dormancy QTL detected for the 3010 parent did not share genomic regions with winter hardiness
QTLs (Table 2.5-2.8). Similarly, for the CW 1010 parent, more than 70% (12/17) dormancy
QTLs detected were localized in different genomic regions than winter hardiness QTLs. These
results clearly suggest that the two traits are inherited separately and therefore can be genetically
manipulated independently in breeding programs [18,10]. The dormancy QTLs (dorm1, dorm2;
ndorml, ndorm4) sharing common genomic regions with winter hardiness QTLs (wh3, ws2,

wsb) in the two parents might have been the result of pseudo-linkage resulting from the
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simultaneous long-term selection for the two traits. It is important to note that a pseudo-testcross
population does not provide enough recombination to break apart closely linked loci. Previous
QTL mapping work also found few overlapping QTLs for dormancy and winter injury
suggesting genetic relation between the traits [18]. Since the two parents used in our study are
more phenotypically divergent (FDR 2 for 3010 vs FDR 10 for CW 1010) in both dormancy and
WH than any of the parents used in previous studies, the genetic linkage between the two traits is
most likely tighter [68]. The QTLs detected in this study will be a valuable addition to the
genomic resources for alfalfa breeding programs and to the understanding of the genetic basis of
seasonal dormancy and winter hardiness. The segregating non-dormant genotypes with low
winter injury generated in this study constitute a valuable germplasm resource to develop winter-

hardy non-dormant cultivars.

49



Tables and Figures

Table 2.1. Distribution of SNP markers on 32 linkage groups of each of two alfalfa parents (CW
1010 and 3010). Number of markers, genetic length, and marker density for each homologs
group are indicated. The homologs groups (A, B, C and D) were assigned randomly within each

chromosome based on BLAST search result.

Cw 1010 3010
Chr* Homologs
No. SNPs Length cM MD¥ No. SNPs Length cM MD¥
group

1 A 84 56.7 0.7 59 108.5 1.8
1 B 77 73.1 0.9 75 95.1 1.3
1 C 22 71.3 3.2 30 109.6 3.7
1 D 12 40.3 3.4 58 91.6 1.6
2 A 53 114.5 2.2 48 88.9 19
2 B 61 78.5 1.3 20 32.7 1.6
2 C 26 76.1 2.9 10 53.3 5.3
2 D 11 73.1 6.6 16 13.6 0.9
3 A 39 70.7 1.8 79 91.9 12
3 B 41 50.9 1.2 45 106.7 24
3 C 27 62.1 2.3 51 85.9 1.7
3 D 22 26.7 12 55 85.7 16
4 A 7 48.75 7.0 64 82.1 1.3
4 B 56 121.9 2.2 53 101.2 19
4 C 82 72.6 0.9 70 85.5 12
4 D 31 71.6 2.3 116 1104 1.0
5 A 65 88.2 14 65 83.1 1.3
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5 B 49 84.3 1.7 30 112.3 3.7
5 C 45 47.1 1.0 72 79.2 11
5 D 9 51.1 5.7 44 91.2 21
6 A 26 55.5 2.1 64 90.3 14
6 B 24 42.1 1.8 80 87.9 11
6 C 48 91.8 1.9 69 84.9 1.2
6 D 74 91.2 1.2 42 84.2 2.0
7 A 64 83.1 1.3 74 92.3 1.2
7 B 71 46.9 0.7 37 97.3 2.6
7 Cc 33 82.3 2.5 86 1121 13
7 D 11 42.7 3.9 82 75.9 0.9
8 A 139 28.1 0.2 44 97.9 2.2
8 B 7 46.5 6.6 76 92.1 1.2
8 Cc 35 66.1 1.9 65 77.8 1.2
8 D 26 71.7 2.8 58 87.2 15
Total 1377 2127.55 15 1837 2788.4 15

Chr*= Chromosomes; MD*¥= Marker Density (cM/SNPs)
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Table 2.2. Phenotypic means of F1 progeny and parents for FDR and WH scores. Coefficient of

determination (R?) are indicated for each data set.

Trait/Year Location F1 phenotyperange LS means LS means (ANOVA, F1)
(LS Means) (3010) (CW1010)  R?
FD/2015 JPC 23-9.0 6.4 7.5 0.73
FD/2016 JPC 19-71 4.6 4.7 0.59
WD/2016 JPC 20-73 2.3 5.7 0.82
WD/2017 JPC 1.2-88 2.7 5.3 0.87
FD/2015 BVL 22-91 5.7 6.6 0.71
FD/2016 BVL 2.89-10.6 4.5 6.5 0.61
WD/2016 BVL 25-84 4.5 7.9 0.77
WD/2017 BVL 16-94 4.8 7.5 0.73
FD/2015 JPC & BVL 26-85 6.1 7.0 0.67
FD/2016 JPC & BVL 34-8.0 4.5 5.6 0.62
WD/2016 JPC & BVL 23-76 3.8 6.8 0.80
WD/2017 JPC & BVL 16-83 3.7 6.5 0.80
WH/2015 JPC 1-32 1 2 0.70
WH/2016 JPC 1.2-50 25 4.2 0.79
WH/2017 JPC 1-4 1 25 0.79
WH/2015 BVL 1-5 2 2.7 0.71
WH/2016 BVL 1-4 1.3 4 0.63
WH/2017 BVL 1-49 1.7 4.5 0.70
WH/2015 JPC & BVL 1-34 1.5 2.3 0.79
WH/2016 JPC & BVL 14-41 1.8 4.1 0.78
WH/2017 JPC & BVL 1-43 14 35 0.78

FD = dormancy assessed in fall; WD = dormancy assessed in winter; WH = winter hardiness
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Table 2.3. Phenotypic correlations (r) among traits based on data collected for Watkinsville
(JPC) environment on a pseudo-testcross F1 population (3010 x CW 1010). Dormancy was
assessed twice in the fall (FD/2015 and FD/2016) and twice in the winter (WD/2016 and
WD/2017). The WH data was collected in three consecutive winters (WH/2015, WH/2016 and

WH/2017).

FD/2015 FD/2016 WD/2016 WD/2017  WH/2015 WH/2016  WH/2017

FD/2015 0.50™ 0.62™ 0.60™ 0.39™ 0.52" 0.57™
FD/2016 0.39™ 0.43™ 0.12Ns 0.31™ 0.50™
WD/2016 0.92™ 0.22™ 0.65™ 0.80™
WD/2017 0.23" 071" 0.85™
WH/2015 0.16" 0.10Ns
WH/2016 0.68™
WH/2017

* P < 0.05, **, P < 0.01, NSnon-signifiant
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Table 2.4. Phenotypic correlations among traits based on data collected at the BVL location on a
pseudo-testcross F1 population (3010 x CW 1010). Dormancy was assessed twice in the fall
(FD/2015 and FD/2016) and twice in the winter (WD/2016 and WD/2017). Winter hardiness

(WH) data were collected in three consecutive winters (WH/2015, WH/2016 and WH/2017).

FD/2015 FD/2016 WD/2016 WD/2017  WH/2015 WH/2016  WH/2017

FD/2015 0.42™ 0.6™ 0.58™ 0.16" 0.16" 0.33"
FD/2016 0.6™ 0.64™ 0.25™ 0.43™ 0.50™
WD/2016 0.92" 0.24™ 0.27™ 0.57"
WD/2017 0.22™ 0.25™ 0.51™
WH/2015 0.34™ 0.46™
WH/2016 0.54™
WH/2017

* P < 0.05, ** P < 0.01, Nnon-signifiant
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Table 2.5. Stable QTLs for alfalfa FD detected in an F1 (3010 x CW 1010) pseudo-testcross population based on phenotypic data

assessed in fall and winter at two locations. Seven QTLs for 3010 and eleven QTLs for CW 1010 were mapped on respective genetic

linkage maps for phenotypic datasets of more than one environment and/or year. The symbol with bracket in the column

‘year/location’ indicates the source dataset from which the other parameters in the same row were pulled.

Parent QTL Chr.  Year/Location Peak Peak R? Allele LSI (cM) Flanking Markers
Code Markers LOD Dir.
3010 dorml 1A (nl), 4, B2, $1, $2 TP995 10.9 0.16 ) 90.6-929 TP995 - TP78651
3010 dorm2 1A =nl, 3, (nd), B3, P4, $1,$4  TP86274 6.2 011 () 98.2-104  TP65855 - TP86274
3010 dorm3 7A =1, (B3), B4, $1 TP24733 6.2 011 () 36.9-38.8 TP55743 - TP34483
3010 dorm4 4C (1), B1, $1 TP56893 7.5 0.11 ) 58.6-61.0 TP55689 - TP56893
3010 dorm5 B (m4), B3 TP31689 41 0.08 ) 34.6-48.7 TP31689 - TP33803
3010 dorm6 7TA  (wnl) w3, w4, B3, B4, $1, $3 TP69889 55 0.07 ) 47.3-52 TP59349 - TP71458
3010 dorm7 3A  BL,B2,(B3) TP32327 38 0.06 (-) 25.8-26.3 TP3895 - TP54529
CW 1010 ndorml 8D (ml)n3,n4, Bl, $1 TP2543 9.9 013 (+) 44.6-463 TP2543 - TP88682
CW 1010 ndorm2 7C =3, (n4), P3 TP38417 9.0 012  (+) 46.9-51.1 TP38417 - TP54614
CW 1010  ndorm3 5B  (B1), $1 MRG_32692305 4.4 0.08 (+) 15.2-17.9 TP79886 - MRG_32692305
CW 1010  ndorm4 8D  «3, (m4), B1, $3 TP24024 6.1 0.07 (+) 53.7-54.8 TP24024 - TP25406
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CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

ndorm5

ndorm6

ndorm?7

ndorm8

ndorm9

ndorm10

ndormil

1B

5B

8D

1B

1B

B

B

nl, (B4), $4

(x1), B2

73, (n4)

nl, 73, B1, (B4), $4
(n3), 4, B3

73, (n4)

n3, (n4)

TP57411

TP26770

TP67491

TP41786

TP52371

TP14107

TP7325

5.1

5.5

3.9

3.2

4.2

3.8

3.1

0.07

0.06

0.06

0.05

0.05

0.04

0.03

*)
*)
*)
*)
*)
*)
*)

14.2-15.3

48 -49.5

63.9-65.4

21.1-23.7

31.9-33.8

23.3-24.2

11.7-127

TP63551 - TP32288
MRG_37364973 - TP26770
TP67491 - TP71707
TP83000 - TP7086
TP35547 - TP23336
TP14107 - TP9019

TP32866 - TP42483

JPC environment dormancy data for the period:

nl = 2015, fall; 2 = 2016, fall; n3 = 2016, winter; 4 = 2017, winter
BVL environment dormancy data for the period:

B1=2015, fall; B2 = 2016, fall; B3 = 2016, winter; 4 = 2017, winter
Across environment dormancy for the period:

$1 = 2015, fall; $2 = 2016, fall; $3 = 2016, winter; $4 = 2017, winter

Other abbreviations:

Chr. = Chromosome; Dir. = Direction; LSl = 1-LOD support interval in cM unit
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Table 2.6. Stable QTLs for alfalfa WH identified in an F1 (3010 x CW 1010) pseudo-testcross population based on phenotypic data
assessed in three consecutive winters at two locations. Eight QTLs from 3010 and 9 QTLs from CW 1010 were mapped on respective
genetic linkage maps using phenotypic datasets of more than one environment and/or year. The symbol with bracket in the column

‘year/location’ indicates the source dataset from which the other parameters in the same row were generated.

Parent QTL Chr.  Year/Location Peak Marker Peak R? Allele  LSI (cM) Flanking Markers
code LOD dir.

3010 whl 1A (A2), A4, $3 TP995 7.1 0.13 (+) 90.8-93.2 TP995 - TP6492
3010 wh2 A (A3), vl 1 TP24733 7.1 0.12 (+) 37.5-39.0 TP55743 - TP34483
3010 wh3 1A (R2), $3 TP65855 5.4 0.11 +) 98.2-1045  TP65855 - TP86274
3010 wh4 8A (v2), $2 TP10810 51 0.09 ) 74.1-74.8 TP58070 - TP10810
3010 wh5 3A (v3), $3 TP71671 5.1 0.09 (+) 47.6 -50.1 TP52425 - TP67563
3010 wh6 1C D), vl, ¢1 TP37162 4.1 0.07 (+) 96.3 - 99 TP37162 - TP57104
3010 wh7 7A (M), A3, 1 TP58371 3.2 0.07 (+) 26.4-29.3 TP58371 - TP34795
3010 wh8 4aC (2),yl, 91 TP2323 35 0.06 (+) 27.1-31.1 TP6532 - TP4218
Cw 1010 wsl 7C A2, (A3), vl TP54614 9.8 0.14 ) 48.4-514 TP38417 - TP54614
Cw 1010 ws2 8D A3), w3, 3 TP52817 7.5 0.10 ) 40.8 - 43.6 TP52817 - TP46951
Cw 1010 ws3 7A (v3), $2 TP71946 5.7 0.10 (+) 8.6-17.6 TP78230 - TP71946
CWw 1010 ws4 7A (P2), 2 TP81779 5.3 0.10 (+) 31-32.1 TP16325 - TP70376
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CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

wsb

ws6

ws7

ws8

ws9

8D

7B

B

8D

1A

(A2), 3
(3), w1, $1
(03), v1, ¢3
(1), A2

(A3), $3

TP2543
TP87913
MRG_41805356
TP8426

TP40020

52

5.6

4.9

3.3

3.4

0.08

0.07

0.07

0.06

0.04

G
G

*)

44.6 -45.8

35.9-37

245-253

58.6 - 63.1

47.2 - 48

TP2543 - TP6748
TP87913 - TP85708
TP49165 - TP74211
TP69982 - MRG_7512818

TP60690 - TP40020

JPC environment winter hardiness data for the period:

Al =2015; 22 =2016; A3 =2017

BVL environment winter hardiness data for the period:

w1=2015; y2 = 2016; y3 = 2017

Across environment winter hardiness data for the period:

1 = 2015; $2 = 2016; $3 = 2017
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Table 2.7. Potential QTLs for dormancy and WH identified in an F1 pseudo-testcross (3010 x CW 1010) population. These QTLS
were detected only for a single location and a single year. The symbols used in this table have exactly same abbreviations as given for

table 2.5 and 2.6.

Trait  Parent QTL code Chr. Year/ Peak Marker Peak R? Allele LSI (cM) Flanking Markers
Location LOD dir.
FD 3010 dorm8 1A p1 TP73186 7.7 0.12 ) 69.1-71.3 TP73186 — TP70400
FD 3010 dorm9 5A =l MRG_28485316 5.3 0.08 () 36.1-45.8 MRG_28485316 - TP63204
FD 3010 dorm10 6D w3 MRG_2402742 47  0.08 () 16.7-24.0 MRG_2402742 - TP18699
FD 3010 dorml1l 4D n2 TP64707 4.5 0.08 ) 101.3-101.9 TP64707 - TP61536
FD 3010 dorm12 1C n2 TP78612 34 0.08 ) 62-70.3 TP78612 - TP68882
FD 3010 dorm13 7B B4 TP43449 4.2 0.07 ) 15.4-18.5 TP14416 - TP25746
FD 3010 dorm14 2C 2 TP29084 3.8 0.07 ) 32.7-39.5 TP29084 -TP82709
FD 3010 dorm15 4C 4 TP64526 4.2 0.06 ) 16.3-18.8 MRG_18042076 - TP64526
FD 3010 dorm16 2B n3 TP69826 4.0 0.06 ) 25.3-28.7 TP78664 - TP59834
FD 3010 dorml17 5A p1 TP63107 3.8 0.06 ) 24.1-27.6 TP89078 — TP46688
FD 3010 dorm18 3A p1 TP32175 3.3 0.05 ) 9-15 TP32175 - TP44970
FD 3010 dorm19 3D n3 TP67190 3.2 0.05 ) 5.6-13.3 TP67190 - TP58690
FD 3010 dorm20 3A B2 TP32136 3.1 0.05 ) 18.6-22 TP48316 - MRG_4754683
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FD

FD

FD

FD

FD

FD

FD

WH

WH

WH

WH

WH

WH

WH

WH

WH

WH

WH

WH

3010

3010

3010

CWw 1010

CWw 1010

CW 1010

CW 1010

3010

3010

3010

3010

3010

3010

3010

3010

CW 1010

CW 1010

CW 1010

CW 1010

dorm21

dorm22

dorm23

ndorm12

ndorm13

ndorml4

ndorml5

wh9

wh10

whil

whi12

wh13

wh14

wh15

wh16

ws10

wsll

wsl12

wsl13

7D

7C

sD

4D

TA

4B

TA

7C

7C

8B

8D

3B

3D

2B

2C

4D

1B

5A

1B

B4
n2
ml
B4
B2
B4
B1
y2
Al
y3
y3
Al
y2
Al
A3
Al
y2
3

y2

TP32437
MRG_30285700
TP31552
TP32802
TP63954
TP11836
MRG_31595966
TP84244
TP74326
TP34659
TP15842
TP63723
TP26775
TP6025
TP29084
TP88199
TP66690
TP33164

TP7086

3.1
3.2
6.7
5.9
3.8
3.2
4.9
4.5
3.9
3.7
3.2
3.3
3.1
3.2
10.1
3.8

3.9

60

0.05

0.05

0.04

0.12

0.10

0.05

0.04

0.09

0.09

0.08

0.07

0.06

0.06

0.05

0.05

0.18

0.076

0.06

0.07

5.2-7.7

19.9-22.4

36.5-41.6

64.5-66.1

28.1-29.4

71.2-72.4

60.1-61.4

72.7-73.9

106.5 - 110.6

43.3 - 47

77-80.1

44.2 -50.3

28.5-33.6

8.7-11.1

33.5-40

33.9-378

41.8-43.1

62.7 - 63.6

229-24.1

TP79530 - TP53493
MRG_30285700 - TP49176
TP31552 - TP28126
TP32802 - TP5506
TP63954 - TP87998
TP11836 - TP10328
MRG_7180813 - TP51152
TP84244 - TP44147
TP74326 - TP30485
TP24160 - TP34659
TP33611 - TP15842
TP63723 - TP46610
TP88373 - TP16429
TP19047 - TP6025
TP29084 - TP82709
TP54779 - TP88199
TP64641 - TP66690
TP33164 - TP30048

TP7086 - TP65701



WH CwW1010 wsl4 8A  y3 MRG_12811807 3.3 0.05 ) 20.1-20.3 MRG_12811807 - TP29734
WH CW1010 wsl5 1A A3 TP81842 3.7 0.05 (+) 54.6 - 55.8 TP6332 - TP81842

WH CwW1010 wsl6 6A A3 TP60069 3.4 0.04 ) 52.5-54.7 TP60069 - TP5275
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Table 2.8. Potential QTLs for dormancy and WH identified in a pseudo-testcross F1 population (3010 x CW 1010) using phenotypic

data generated across two environments (JPC and BVL).

Trait  Parent QTL Chr.  Year  Peak Marker Peak R? Allele  LSI (cM) Flanking Markers
code LOD dir.
FD 3010 dorm24  3A %4 TP67563 5.4 0.09 ) 49.4-51.8 TP71671 - TP76041
FD 3010 dorm25 3D %4 MRG_38650252 3.6 0.09 ) 70.1-744 MRG_31477229 - TP57603
FD 3010 dorm26 3D $2 TP16817 4.3 0.09 O] 76.3-79.5 TP16817 - TP5092
FD 3010 dorm27  1C $1 TP32721 4.8 0.07 ) 81.8-85.1 TP32721 - TP40620
FD 3010 dorm28 1A $3 TP46942 3.6 0.06 () 72-73 TP72089 - TP73780
FD CW 1010 ndorml6 4D  $3 TP69818 31 0.09 +) 8.3-10.7 TP69818 - TP82286
FD CW 1010 ndorml7 4D  $2 TP80681 39 0.08 +) 19.7-235 TP80681 - TP83595
WH 3010 wh17 4C $1 TP81375 4.6 0.10 ) 37.6-39.5 TP80478 - TP81375
WH 3010 wh18 3D  ¢3 TP43991 5.1 0.09 ) 58.9-63.2 TP50808 - TP87713
WH 3010 wh19 A ¢3 TP71458 3.7 0.06 (+) 50.5-52 TP15177 - TP71458

Across environment dormancy: $1 = 2015, fall; $2 = 2016, fall; $3 = 2016, winter; $4 = 2017, winter;

Across environment winter hardiness: ¢1 = 2015; $2 = 2016; ¢$3 = 2017

Other abbreviations: Chr. = Chromosome; Dir. = Direction; LSI = 1-LOD support interval in cM
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Figure 2.1. Dot plot displaying the grouping pattern and positions of SNPs on 32 linkage groups of
alfalfa 3010 linkage map. Of the 32 groups, each four homologs groups were assigned to a

chromosome based on synteny with the Medicago truncatula genome.
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Figure 2.2. Dot plot displaying the grouping pattern and positions of SNPs on 32 linkage groups of
alfalfa CW 1010 linkage map. Of the 32 groups, each four homologs groups were assigned to a

chromosome based on synteny with the Medicago truncatula genome.
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Figure 2.3. Image showing dormant (left) and non-dormant (right) progeny rows from the pseudo-
testcross F1 population (3010 x CW 1010) after frost occurrence in early March 2017 at the JPC

environment. Frost damage symptoms are clearly visible on the non-dormant progeny.
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Figure 2.4. Dormancy (black bar) and WH (red bar) stable QTLs mapped on linkage maps of

homolog 1A (left) and 7A (right) for 3010 parent. The QTL bars have two intervals, an inner (1-

LOD support) interval and an outer (2-LOD support) interval, where the rectangle represents inner

interval and the line represents the outer. Some stable QTLs for dormancy were co-localized with

WH in the same genomic regions.
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Figure 2.5. Dormancy (black bar) and WH (red bar) stable QTLs mapped on linkage maps of
homolog 8D (left) and 7B (right) for CW 1010 parent. The QTL bars have two intervals, an inner (1-
LOD support) interval and an outer (2-LOD support) interval, where the rectangle represents inner
interval and the line represents the outer. Some stable QTLs for dormancy were co-localized with

WH in the same genomic regions.
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Figure 2.S1. Thirty-two linkage groups for the maternal parent 3010 map. The positions of SNPs
were given in Kosambi centimorgan (cM). Four haplotype maps (A, B, C, D) were grouped per
chromosome based on the positions of SNPs obtained from BLAST analysis using M. truncatula
reference genome.
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Figure 2.S2. Thirty-two linkage groups for the paternal parent CW 1010 map. The positions of SNPs
were given in Kosambi centimorgan (cM). Four haplotype maps (A, B, C, D) were grouped per
chromosome based on the positions of SNPs obtained from BLAST analysis using M. truncatula
reference genome.
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CHAPTER 3
DISSECTING GENOTYPIC AND PHENOTYPIC VARIATIONS IN SPRING FLOWERING

TIME AND BIOMASS YIELD IN ALFALFA

Adhikari L, Makaju SO, Missaoui AM (2018). To be submitted to G3:Genes, Genomes, Genetics
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Abstract

The genetic and genomic basis of flowering time and biomass yield in alfalfa (Medicago
sativa L.) remain poorly understood mainly due to the polyploidy nature of the species and the lack
of genomic resources. However, NGS methods such as Genotyping-by-Sequencing (GBS) has made
possible the generation of thousands to millions of SNP markers for high-throughput genotyping and
genetic analysis in species without reference genomes. We used linkage maps constructed using
GBS SNPs, based on single dose allele (SDA) markers, to map timing of flowering (TOF), spring
yield (SY) and cumulative summer biomass (CSB). An F1 mapping population was developed by
hand pollination of the cultivars 3010 ({) and CW 1010 (&). The parents 3010 and CW 1010 had
contrasting fall dormancy (FD) and winter hardiness (WH). The F1 progenies, parents, and checks
were planted in a randomized complete block design (RCBD) with three replications at Watkinsville
(JPC Farm) and Blairsville, GA. The TOF was estimated using Julian calendar days. The biomass of
mapping population was harvested mechanically for SY and CSB. Phenotypic correlations between
the various traits were estimated. Phenotypic value of traits was estimated using the least square
means with Proc GLM. QTL mapping was performed using the composite interval mapping method
in WinQTL Cartographer (2.5) and the QTLs were declared with LOD threshold > 3.0 in each
parental linkage map. Phenotypic correlations between TOF and fall dormancy rating (FDR) in
alfalfa were moderate. The non-dormant F1 plants flowered earlier in spring and the correlation
coefficient between TOF and FDR was up to (r = -0.44, P < 0.01). Similarly, the more winter-hardy
F1 alfalfa plants flowered later in the spring. The relationship between flowering time and alfalfa
biomass yield was not strong. A total of 25 QTLs for TOF, 17 for SY and six QTLs for CSB were
detected. Three TOF related QTLs were deemed stable. Some TOF QTLs of alfalfa were in the same

region relative to flowering QTLs of M. truncatula on chromosome 7 identified previously. Several
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putative homologous genes for the SNP sequences of QTL peaks and flanking regions were
observed for all three traits. The trait associated SNPs we detected in this study would be valuable
for alfalfa improvement via marker-assisted selection (MAS).
Abbreviations
FD = Fall dormancy
WH = Winter hardiness
WS = Winter survival
TOF = Timing of flowering
SY = Spring yield
CSB = Cumulative summer biomass
MAS = Marker-assisted Selection
GBS = Genotyping-by-sequencing
SDA = Single dose allele
AGDD = Accumulated growing degree days
Introduction

Alfalfa (Medicago sativa L.), a cool season perennial legume grown for forage, is an
autotetraploid (2n=4x = 32), entomophilous and allogamous species [1]. As an excellent source of
hay, pasture and silage, alfalfa worldwide acreage is over 30 million ha [2]. Utilizing alfalfa stems as
a potential source of feedstock for bioenergy has also been explored [3]. In the US, alfalfa is
cultivated in almost all states as a cattle feed and export cash crop, and ranks fourth nationally after
corn, soybean and wheat in term of acreages [4]. Alfalfa has also been recognized as an important
part of sustainable cropping systems for its deep rooting system, reducing soil erosion and its ability
to fix nitrogen. It is an excellent forage source for filling seasonal forage gaps in late fall and early
spring that exist because of non-active growth of warm-season forages [5]. Understanding the
phenotypic and genotypic relationship of the important agronomic traits is crucial for their

simultaneous improvement or for the trade-off balance between these traits. Recently, scientists have

realized that simultaneous improvement of both fall dormancy (FD) and winter hardiness (WH) in
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alfalfa is possible because the two traits are inherited independently [6-8]. Traits such as, biomass
yield, persistence, forage quality, abiotic and biotic stress tolerance, fall dormancy, and flowering
time are correlated traits of alfalfa whose breeding and improvement require knowledge of genetics
and genomics.

In alfalfa, time of flowering (TOF) is important for completion of reproduction and
adaptation to the environment [9]. Alfalfa TOF also serves as a guide for harvesting time as farmers
often cut alfalfa at the early bloom stage [10]. Harvesting at the proper stage helps balancing forage
quality, yield, and maintaining healthy stubbles for the future stand [11]. After the first cutting, next
blooming stage comes in about 28-35 days [10]. Unlike some other forages, harvesting before
reaching the full seed stage is common in alfalfa for high total digestible nutrients (TDN) which
decreases with maturity stage. Early vs. late flowering are two conditions of concern to a breeder
while working on flowering date. In unfavorable climates where drought or heat stresses are major
concerns for crop production, early flowering could be a desirable trait because of the short growing
season [12]. Genotypes that flower earlier in spring could be a valuable source for filling a seasonal
forage gap that exists due to winter low temperature. On the other hand, delayed flowering can also
be a desirable trait to minimize damage from abiotic stresses as well as to enhance biomass yield via
longer vegetative growth [13]. For instance, in bioenergy crops, such as switchgrass and elephant
grass, late flowering enhances yield. Similarly, delayed flowering in alfalfa could be a desirable trait
for protecting plants from late winter frost and enhanced biomass. The flower bud initiation to seed
pod formation stages in alfalfa are largely environmentally dependent. Photoperiod and temperature
have great impacts on alfalfa flowering time [14] while the underlying genetic factors are important

to manipulate this trait.
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The genetic and genomic basis of flowering time have been investigated extensively in
cereals and row crops, whereas such information is scarce in herbaceous perennials. QTLs and
candidate genes controlling TOF were reported in several plant species, such as Arabidopsis [15],
wheat [16], rice [17], and maize [18]. In Arabidopsis, three distinct genetic pathways; long-day,
autonomous, and gibberellins were reported for flowering time control [19]. Vernalization was also
reported as a mechanism associated with flowering time in Arabidopsis. By far, legumes such as pea
(Pisum sativum), soybean (Glycine max L.) and Medicago have been studied for the genetic basis of
variation in TOF. Pierre et al. (2008), found QTLs for flowering date in three mapping populations
of Medicago on chromosome seven [9]. Further, the FT family florigen (MtFTal, MtFTb1 and
MtFTc) detected for Medicago flowering trait successfully complemented the late-flowering
Arabidopsis ft-1 mutant plants and induced early flowering [20]. Similarly, involvement of some
genes: MsLFY [21], CONSTANS-LIKE [22], SPL13 [23], MsZFN [24] and MsFRI-L [25] of alfalfa
for flowering time variation have been described using reverse genetics approaches such as
molecular cloning and gene expression. Nevertheless, single gene expression analysis with a
knockout or transgenics seems insufficient to account for the extensive variation in the population
[26]. The phenotypic variation present in a population for a quantitative trait such as flowering time
can be explained using QTL mapping, where a high-resolution genetic map is available.

High biomass yield is one of the main deciding factors for market acceptance of a newly
developed alfalfa cultivar. For a cool season crop like alfalfa, biomass yield after spring regrowth
and in subsequent harvests account for a remarkable portion of the year-round production. However,
spring biomass yield of alfalfa correlates with other characteristics such as FD [27]. Compared to
dormant genotypes, non-dormant accessions often start regrowth earlier in spring, flower earlier,

generate high biomass, and start shoot regrowth quicker after harvesting even in subsequent summer
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months [27]. Faster spring growth is also a positive indicator of higher summer growth [28]. QTL
mapping work for alfalfa using traditional markers and phenotypic data based on plant vigor, height,
canopy-width and canopy-density enabled the detection of some forage biomass related QTLs [29].
Some QTLs having phenotypic effects up to 6% and associated with alfalfa biomass in drought
stress conditions have been reported [30]. Li et al. (2011) performed genome-wide association
(GWAS) mapping using simple sequence repeat (SSR) markers in an alfalfa breeding population and
detected markers associated with yield [31]. Another GWAS study reported SNPs associated with
biomass yield of a diploid alfalfa (M. falcata) population in the regions of Medicago genes for early
growth, meristematic development and cell growth/division [32]. Similarly, Li et al. (2015)
conducted genomic selection (GS) in alfalfa using GBS markers and phenotypic selection for two
years to indicate the potential of the GS method in enhancing genetic gain in alfalfa yield [33]. The
GS for alfalfa yield conducted using different reference populations exhibited moderate prediction
accuracy and the method was efficient [34].

Identifying significant marker(s) located near or at QTL for biomass and its introgression
into elite germplasms for increasing the number of favorable alleles is valuable for biomass increase
in alfalfa [2]. Furthermore, knowledge of correlations among various alfalfa traits and their genetic
basis may allow simultaneous improvement of traits for high biomass and forage quality. Therefore,
the objectives of this study were: (i) to identify QTLs controlling alfalfa TOF and spring yield (SY),
(ii) to evaluate the phenotypic relationship between alfalfa crucial traits such as FD, WH, SY and
TOF in a bi-parental population, and (iii) to compare the physical location of SNPs under detected
QTLs to the Medicago reference genome for identifying the potential role of those loci in the

phenotypic variation of the traits.
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Materials and Methods

Mapping population development and phenotyping

Plant materials (F1, checks and parents), experimental design, and testing sites were
described previously [7]. A total of 184 F1 progeny obtained by hand crossing two alfalfa cultivars
(3010 2 x CW 1010 &) were confirmed for their parentage using five SSR markers. The plants were
established at two environments Watkinsville (JPC farm) and Blairsville (BVL), GA using a RCBD
design with three replications in August 2014. Four clones of each F1 genotypes and two parents
prepared through stem cuttings were transplanted in a single plot. The check cultivars for FD and
WH [35] were directly seeded in the field. Spring TOF was recorded every three days until the
appearance of at least onset flower in all the four clones. Flowering data was taken for the spring of
two years 2015 and 2017. In spring 2016, we did not record flowering data for Blairsville as we had
to replant the new clones because the prior plants were impacted by freezing and herbicide
application. Therefore, we analyzed data for only two years for both environments. The TOF was
estimated in Julian calendar days to at least one flower in all four clones in a plot.

Wet and dry weights of spring first harvest biomass (SY) were collected in 2017 and 2018
using a swift machine forage harvester (Swift Machine and Welding Ltd., Saskatchewan, Canada).
Additionally, three subsequent summer cuts after the first spring harvest were recorded in 2017 in
both environments. The cumulative summer biomass (CSB) data from three summer cuts, after
spring harvest, was analyzed. Because of frequent rainfall in Blairsville area, we could not harvest
biomass in 2018 on time. The dry weight was estimated from bulked samples selected randomly
from all three replications to observe to determine the moisture percentage at harvest. The
phenotypic data for both TOF and yield was fitted to the generalized linear model to obtain least

square (LS) means of traits [7]. Each dataset for the year and the environment was analyzed
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separately because of genotype by environmental and year (G x E x Y) interactions. Correlation
between various phenotypic traits were estimated using the Proc Corr procedure in SAS 9.4 [36].
Time of flowering recorded for two years (TOF015 and TOF017), SY recorded for two subsequent
years (SY017 and SY018), FD recorded for two years (FD015 and FD017), seasonal dormancy
assessed in a winter 2017 (WDO017), and WH data for two years (WH016 and WH017) were
analyzed and Pearson correlation coefficients (r) were determined (Table 3.2 and 3.3). The
correlation between CSB and other traits was also evaluated for 2017. To validate the correlations
obtained in the F1 population, the check cultivars were also compared to the same variables.

The effect of accumulated growing degree days (AGDD) on spring flowering time in alfalfa
was assessed at base temperature of five degree Celsius. Previous report also used 41 °F (5 °C) as a
base temperature for GDD calculation [37]. The GDD calculation for two seasons (2015 and 2017)
and two environments beginning from January 1 of the year to the spring flowering date was

summarized (Table 3.3). The AGDD was estimated using a formula by [38];

n .
AGDD = z (TmaX;Tmln) —Th
i=0

Where, Tmax, Tmin and Tb refer to maximum temperature (°C), minimum temperature (°C) and
base temperature (5 °C), respectively. The base temperature (Tb) is a minimum threshold
temperature where below which no growth occurs. Temperature data was obtained from the
University of Georgia (UGA) weather station at Watkinsville-UGA, Oconee County, Georgia [39].

OTL mapping and putative homolog identification

The methods used for linkage map construction and QTL mapping were described previously
[7]. The single dose allele (SDA) SNP markers that segregated in 1:1 (1/2 Aaaa:1/2 aaaa) and

polymorphic to either one of the parents were separated from the set of raw SNP markers discovered
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by GBS method. The parental linkage maps contained the SNPs polymorphic in CW 1010 parent
and the maternal linkage maps were constructed with the SDA SNPs polymorphic to 3010 parent.
The 32 linkage groups for each of the two parents were aligned with the Medicago reference genome
(Mt4.0v2) using BLAST search. Four alfalfa homologs were grouped and randomly assigned for
each Medicago chromosome. Then, the QTLs were mapped using LS means of TOF and SY as a
phenotypic value. QTL mapping was conducted using the composite interval mapping (CIM)
method in Windows QTL Cartographer version 2.5 [40].

Comparative analysis of genomic regions was performed using SNPs in the QTL peak and
flanking regions. The SNPs associated with QTLs for both TOF and SY were subjected to BLAST
search against M. truncatula genome (Mt4.0) (http://www.medicagohapmap.org/tools/blastform)
and the best BLAST hit outputs were viewed on GBrowse [41]. The putative homologous genes for
the QTL regions were identified and their relevant functions were searched in the literature (Table
3.7).

Results

Phenotypic assessment of TOF and vield

There were significant differences (P < 0.05) in TOF among F1 individuals in all
environments and years (Table 3.1). The F1 population exhibited near normal distribution for each
dataset. In 2015, the LS mean estimated for TOF in JPC population ranged from 112 to 130 days,
whereas in 2017 it varied from 85 to 110 days (Table 3.1). In Blairsville, the LS mean for TOF
varied from 146 to 163 days in 2015, and 118 to 136 days in 2017 (Table 3.1). The parent CW 1010
and 3010 did not show significant differences (P > 0.05) upon comparison of their TOF means by
two-sample t-test (SAS 9.4). The dormant parent 3010 had slightly shorter average flowering days

than the non-dormant parent CW 1010 (Table 3.1). However, we could not record TOF for CW 1010
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from all replications in all seasons as we lost some of them due to heavy winter injury. Abundant
transgressive segregants were present on both early and late flowering sides of the distribution.
Further, significant G x E for TOF were observed for both 2015 and 2017 flowering data.

Variations in F1 individuals were observed for the spring yield (SY) and for three subsequent
summer cuts (Table 3.1). The F1 progenies were significantly different (P < 0.05) for both SY and
summer cuts as revealed by the analysis of variance (ANOVA). In the JPC location, the F1 LS mean
estimated for SY in 2017 ranged from 0.33 to 1.9 kg/plant (Table 3.1). Similarly, in Blairsville the
F1 individuals SY in 2017 ranged from 0.25 to 2.05 kg/plant. The LS means of SY for F1 exhibited
near normal distribution for the datasets recorded for both environments. The dry weight estimated
for randomly selected F1 plant samples, after oven drying at 60 °C for three days, showed nearly 30
% dry matter percentage in spring biomass harvest at both environment, which was decreased to 25
% for summer biomass.

Phenotypic correlations

A weak negative correlation was observed between TOF and FD in the alfalfa F1 population,
indicating the genotypes with shorter days to flowering have possibly higher dormancy levels or
non-dormant (Table 3.2 and 3.3). The correlation coefficient (r) calculated for different dormancy
and flowering data is given in Table 3.2 and 3.3. In the JPC environment, the highest correlation
coefficient (r =-0.44, P < 0.01) between TOF and dormancy was observed for datasets TOF017 and
WDO017. However, FD recorded in the fall (FD015 and FD016) showed a weaker relationship with
TOF. Also, in Blairsville, the r calculated for TOF and FD exhibited a weak negative to non-
significant (P > 0.05) correlations (Table 3.3). The highest r between FD and TOF for this
environment was -0.13 (P < 0.05) (Table 3.3). We also analyzed the FD check cultivars for the TOF

and FD relationship (data not given), but we could not observe any strong correlations between these
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traits. Further, no significant difference (P > 0.05) was observed in TOF LS means estimated for
dormant and non-dormant parents (Table 3.1). This suggests that spring TOF is not an index to
predict FD in alfalfa. Nevertheless, the relationship may be specific to this mapping population,
which in fact derived from well adapted dormant and non-dormant cultivars.

TOF in alfalfa F1 population also exhibited a weak negative correlation with the WH score
assessed by visual rating in the field (Table 3.2 and 3.3). The negative correlation between TOF and
WH indicates that the winter-hardy plants (lower WH score) showed maximum flowering later in the
spring. The highest correlation value (r = - 0.43, P < 0.01) was observed between TOF017 and
WHO017 (Table 3.2) for the JPC population. However, in the Blairsville environment the correlation
between TOF and WH were mostly non-significant (P > 0.05). Although the correlation observed
between TOF and WH was weak, it seemed that the winter-hardy plants may need longer time to
reach maximum flowering stage.

Weak negative significant (P < 0.05) to non-significant (P > 0.05) correlations were observed
between TOF and spring yield (SY) in both environments (Table 3.2 and 3.3). Similar relationship
was also observed between TOF and CSB. Nevertheless, the correlation between TOF and SY
(SY018) were non-significant (P > 0.05) (Table 3.2). Unlike other perennial grasses, alfalfa showed
weaker negative correlation between TOF and spring biomass in F1 population.

Correlation between FD and SY

Dormancy assessed in the fall (FD015, FD016) and the winter (WDO017) displayed
significant positive correlation (P < 0.05) with SY (SY017 and SY018), suggesting that a fall non-
dormant alfalfa genotype has higher yield even in spring (Table 3.2 and 3.3). In JPC environment,
the significant correlation up to (r = 0.29, P < 0.01) was observed between WDO017 and SY017,

while in Blairsville the correlation coefficient up to (r = 0.30, P < 0.01) was obtained between
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FDO015 and SY017. The CSB obtained in three summer cuts did not display any significant
correlations with FD (Table 3.2 and 3.3). However, CSB and SY showed a weak positive correlation
in both environments and years.

Relationship between WH and SY

The direction of the phenotypic relationship between WH and SY altered according to the
growing environment. In JPC, a weak positive correlation was observed between WH and SY, which
means the winter-hardy plants (lower WH score) had a relatively low SY (Table 3.2). The
correlation between WH and SY for JPC population ranged from 0.13 to 0.20 (Table 3.2).
Nonetheless, in Blairsville, WH and SY exhibited a weak negative to non-significant (P < 0.05)
correlations. This indicates that in Blairsville environment, the impact of winter damage is higher
than in JPC, and the winter-hardy plants had relatively higher biomass in that environment.

TOF and GDD

Plants in Blairsville flowered approximately one month later than those at the JPC. The
delayed flowering in BVL is likely due to freezing winter. In 2015, minimum average temperature at
BVL was -12.6 °C compared to the -7 °C of JPC (Table 3.4). In 59 days of two winter months (Jan
and Feb) in 2015, the BVL plants faced < 5 °C (Tb) for 45 days. The winter of 2017 was milder,
which led plants to flower about four weeks earlier than 2015 at both sites (Table 3.4). Nevertheless,
flowering time difference between plants at BVL and JPC was not changed. Therefore, if winter is
severe, one should wait longer than usual for subsequent alfalfa spring regrowth harvest typically at
early bloom stage.

The alfalfa population at BVL required higher AGDD than the population at JPC to reach
flowering stage (Table 3.4) regardless of the severity of winter (Table 3.4). The higher AGDD

requirement for BVL plants was most likely due to the longer chilling period in winters with several
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days having below to near base temperature (Tb). Essentially, the temperatures that are not enough
to break dormancy and start spring regrowth, but still higher than Tb contribute to cumulative GDD.
Therefore, requirement of more AGDD and delayed flowering in BVL plants is more relevant to its
extreme winter temperatures.

QTL Mapping

QTLs of spring TOF in alfalfa

Within 32 homologs of maternal parent 3010, we mapped 13 significant QTLs (LOD > 3.0)
for flowering time. The QTLs were coded as Tof-d1, Tof-d2, ..., Tof-d13 to denote the QTLs of
TOF detected for the ‘dormant’ parent. Because of nearly one-month difference in TOF between
plants at JPC and BVL, we analyzed each environment and year data separately. The most important
flowering QTL for 3010 parent, Tof-d7 (R? = 0.15), was for early flowering (- allele direction) and
was detected on homolog 3B with a LOD value of 7.7 (Table 3.5). Out of the 13 flowering time
QTLs detected for 3010 parent, eight QTLs showed positive effects on the phenotypic value (+ allele
direction) and the remaining five QTLs had negative effects on phenotype or they are associated
with earlier flowering (Table 3.5). In both environments, for 3010 parents, we detected QTLs for
both (+ and -) phenotypic effect sides to control TOF. Most of the flowering QTLs were identified
on homologs of chromosome seven, three and one, for 3010 parent (Table 3.5). A QTL was also
identified on homolog 6D. There were two putative QTLs detected on homolog 7B with +ve allele
direction (late flowering) for 3010 parent; however, they were not reported here because they were
detected with slightly smaller LOD (LOD = 2.8) than the threshold (LOD > 3.0).

For CW 1010 parent, total 12 QTLs of TOF were identified on different homologs of
chromosome four, five, six, seven and eight (Table 3.5). The QTLs were coded as Tof-n1, Tof-n2,

..., Tof-n12 to denote the QTLs of TOF for the ‘non-dormant’ parent. Out of the 12 QTLs, the
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homologs of chromosome six (Figure 3.1) and seven harbored each four QTLs, two other QTLs
were located on homologs 8B and remaining two QTLs were identified each on homolog 4B and 5B
(Table 3.5). A QTL, Tof-n6, detected on homolog 7C for CW 1010 explained the highest percentage
of phenotypic variance (R? = 0.16). Three flowering QTLs Tof-n5, Tof-n6 and Tof-n7 were
identified as stable QTLs as they were detected in more than one environment and/or season. As in
3010, the flowering QTLs of CW 1010 carried both types of alleles (+ and -). Nine QTLs were
identified for early flowering (- allele direction) and other three QTLs were identified for delayed
flowering (+ allele direction) (Table 3.5). However, the QTLs for delayed flowering were detected
only on homolog 6D for this parent. The peak and flanking markers of relevant QTLs are given in
Table 3.5.

QTLs of SY and CSB in alfalfa

We detected 10 QTLs of SY within the homologs of 3010 parent, and named as SY-d1, SY-
d2, ..., SY-d10 (Table 3.6). All QTLs detected for 3010 parent had negative allele effects on the
phenotype, suggesting that fall dormant progeny would have reduced biomass yield in the spring
harvest. A QTL, SY-d1, detected with LOD = 5.8 and the R? = 0.11 was the most important QTL
detected for SY in the 3010 parent, it had a negative effect on SY though. Also, SY associated QTLSs
were detected, however with negative effects, on homologs of chromosomes: 1, 3, 4 and 7 of 3010
parent (Table 3.6). On the genetic linkage maps of CW 1010, we mapped seven different QTLs (SY-
nl, SY-n2, ...., SY-n7) associated with SY (Table 3.6). The QTLs for CW 1010 spring yield were
located on homologs 8A, 8B, 8C, 7A and 3D. All QTLs detected within the CW 1010 homologs
possessed positive effects on SY, indicating that non fall-dormant parent also carries QTLs for
higher spring yield. The markers in a QTL, SY-n5, explained the highest percentage of phenotypic

variance (R? = 0.13) on SY for the CW 1010 parent.
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Three QTLs (CSB-d1, CSB-d2, CSB-d3) associated with cumulative summer biomass (CSB)
were mapped on the maternal linkage map. The QTLs were detected on homologs 3A, 4D and 8C,
and each three QTLs detected for 3010 parent had a negative effect on phenotype. The QTL CSB-d1
explained the highest phenotypic variance (R? = 0.10) (Table 3.6). Similarly, three QTLs associated
with CSB were also detected on homologs: 1C, 4D and 5B for CW 1010 parent. The QTLs CSB-n1
and CSB-n2 displayed positive effects on trait value, whereas a QTL CSB-n3 showed a negative
effect. The QTL CSB-n1 of CW 1010 contributed the highest variance to the phenotype (R? = 0.07).

Identification of putative homologous genes

Several putative homologous genes and corresponding proteins were identified for SNP
sequences of QTLs associated with TOF and SY using BLAST, search against Mt4.0, A17 reference
genotype pseudomolecules database (Table 3.7) [41]. Putative homologs were declared if sequences
were aligned with > 95% identity as described previously [42]. We found 12 putative homologs
associated with nine different flowering QTLs of 3010. Also, seven putative homologs associated
with five different flowering QTLs for CW 1010 were identified (Table 3.7). Similarly, 10 homologs
were identified for SNPs of eight different SY QTLs for 3010, and eight homologs were identified
for six SY QTLs for CW 1010. For CSB, we found three homologs associated with two QTLs for
3010 and obtained six homologs of SNPs of three CSB QTLs for CW 1010. The putative
homologous genes could be a target for crop improvement through MAS.

Discussion

F1 progeny segregation for TOF

Although mean flowering time of the two parents with contrasted dormancy were not
significantly different (P > 0.05), segregation in the F1 mapping population was observed with a

nearly normal distribution of their trait values. Segregated F1 individuals allowed us to map the trait.
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Since the trait was mapped in an F1 population, we essentially mapped the variation within each of
the parents, not between the two parents. Therefore, whether the two parents vary in the trait is not
very relevant. Moreover, the QTLs for early and delayed flowering were detected in both parents,
which most likely suggests the intermediate type of flowering time for both parents. Interestingly,
the maternal parent 3010 flowered slightly earlier than the CW 1010 parent, but still the parent
carried higher numbers of QTLs (8/13) for delayed flowering than early flowering (5/13).
Nonetheless, very important flowering QTLs detected on 3010 genome were for early flowering,
such as Tof-d7 (R? = 0.15) and Tof-d11 (R? = 0.09) (Table 3.5). Similarly, in CW 1010 genome, we
found the early flowering QTLs, such as Tof-n6 (R? = 0.16) and Tof-n2 (R? = 0.14) as well as
delayed flowering QTLs, such as Tof-n3 (R? = 0.09) and Tof-n4 (R? = 0.10). The non-dormant
parent CW 1010 carried higher numbers of early flowering QTLs. Therefore, both parents could pass
any kind of QTLs for TOF to their progeny. Nevertheless, early flowering is most likely present in
non-dormant progeny compared to the dormant progeny because the chance of inheritance of early
flowering QTLs from the non-dormant parent was higher. The weak phenotypic correlation, between
non-dormancy and early flowering could be partly because of the same reason. Nevertheless,
predicting FD based on TOF on alfalfa seems unrealistic, at least in this population, because of the
lack of strong phenotypic correlation between the traits, and the presence of both early, and delayed
flowering loci in both parents.

The presence of transgressive segregants on either side of flowering time could have
different explanations. Since both parents carried QTLs for TOF and the QTLs were different, early
flowering, intermediate and delayed flowering progeny were expected regardless of the variation in
their parents. Assuming each parent carries a single QTL for TOF that delays flowering and the

QTLs have similar effect, progeny that carry both QTLs could be very late flowering (additive), and
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progeny that carry neither of the two QTLs could be early flowering. The parents, however, would

have similar flowering times. Likewise, if a progeny carries an early flowering QTL from a parent

and a delayed flowering QTL with similar effect from another parent, then that progeny could have
intermediate TOF.

Correlation among agronomic and adaptation traits

Phenotypic correlations among agronomic and adaptation traits in alfalfa, such as SY, TOF,
seasonal dormancy and WH reported in the study can be valuable for crop management and trait
manipulation for crop improvement. For instance, developing a winter-hardy non-dormant alfalfa
cultivar with early spring regrowth and flowering would be ideal to extend the growing period up to
early winter, and to harvest fresh forage earlier in the spring. Previously, we described the possibility
of simultaneous improvement of FD and WH [7]. This study revealed that the manipulation of
flowering time, which means the harvest period, is likely in both dormant and non-dormant alfalfa.
Furthermore, environment specific performance of the F1 population for their AGDD requirement,
winter WH and SY correlation added useful information for future research.

Detection of evolutionarily conserved and novel TOF QTLs

We detected 25 flowering QTLs, 13 for 3010 parent and 12 for CW 1010 parent, and some of
them were constantly expressed in multiple locations and/or years (Tof-n5, Tof-n6, and Tof-n7).
Some flowering QTLs detected on both parental linkage maps were consistent with previously
reported QTLs of flowering in Medicago. This indicates that these QTLs are evolutionarily
conserved, and they enhance the validity of QTL detection. For instance, a flowering QTL Tof-n10
(19.3 — 31.5 cM) detected on 8B homolog relative genomic location with a Medicago QTL on
chromosome 8 (12 — 23 cM) for LR4 population [9], and both induced early flowering. A flowering

QTL Tof-d5 on sub-genome 7A for 3010 parent, which spanned 37.5 — 38.7 cM at 1-LOD support
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interval (LSI) and 36.8 — 39.0 cM at 2-LSI detected in corresponding genomic region with a
flowering QTL of Medicago on chromosome 7 reported previously in a recombinant inbred line
population (LR1) [9]. These two flowering QTLs also exhibited similar function of inducing delayed
flowering. Similarly, a stable alfalfa flowering QTL Tof-n7 (48.4 - 54.7 cM) on 7C for CW 1010
parent was identified in a relative genomic position of a Medicago flowering QTL (47-65 cM) on
corresponding chromosome 7 detected previously in LR5 RIL population [9], both conferring early
flowering. The QTL Tof-n6 also detected in corresponding genomic region with a flowering QTL of
Medicago on chromosome 7 for LR1 population, but with opposite effect. Moreover, we identified
other novel QTLs on different homologs of chromosome 7 for 3010 and CW 1010, such as Tof-d4,
Tof-d8, Tof-d9, Tof-n8 and Tof-n9 (Table 3.5). Therefore, chromosome 7 and its homologs in
alfalfa are very important genomic sites for flowering QTLs as in M. truncatula [13]. This
chromosome 7 of Medicago also recognized for the presence of copies of flowering locus T (FT) in
previous reports [9,13]. Nonetheless, several other novel QTLs of TOF detected in this study on sub-
genomes of various alfalfa chromosomes added valuable genomic resources for MAS. Since we
observed QTLs for both early flowering and delayed flowering, either trait can be improved.
However, improving flowering time trait in alfalfa is purpose specific. Early flowering may be
desirable for early spring cutting or delayed flowering may be a choice in the regions where early
spring frost compromises plant regrowth.

Novel QTLs for SY and CSB

Total 17 SY associated alfalfa QTLs, ten for 3010 and seven for CW 1010 were detected in
this study. There is limited information regarding alfalfa SY QTLs, and the QTLs mapped
previously were mostly based on unsaturated and incomplete sets of genetic linkage maps. Robins et

al. (2007) mapped alfalfa biomass production on genetic linkage maps constructed using restriction
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fragment length polymorphism (RFLP) and simple sequence repeat (SSR) markers using single
marker analysis [43]. They further mapped forage yield, plant height, and regrowth on the same
genetic maps [44]. However, both mapping studies were carried on only eight alfalfa linkage groups,
unlike the sub-genome level mapping in this study. Nevertheless, they detected markers associated
with yield mainly on linkage groups 3, 4, 7 and 8, we also detected QTLs of SY in some homologs
of these chromosomes for either parent (Table 3.6). The markers with positive effects on spring
biomass, especially detected in the non-dormant parent, would be an essential target for enhancing
alfalfa biomass. Further, the potential QTLs obtained for CSB such as CSB-n1 and CSB-n2, which
have positive effects on biomass would be useful to enhance the cool season alfalfa yield in summer
months.

Putative homologs as genomic resources

We identified 19 putative homologs associated with flowering, 18 homologs for SY and 9
homologs for CBS within genetic maps of 3010 and CW 1010 (Table 3.7). We also found a common
Medicago homolog ‘Medtr4g090600° for SNPs of a QTL of flowering (Tof-n11) as well as SY (SY-
n3), which suggests the involvement of common pathways for TOF and SY in alfalfa. The number
of Medicago putative homologous genes could be increased if we had scanned all SNPs under the
QTL regions. This is because the genetic maps used in this study are dense and mostly consist of
several SNPs under QTL regions. Relaxing stringency of LOD support interval (LSI), such as using
2-LSlI instead of 1-LSlI, could also enhance the numbers of SNPs associated with the traits. Functions
of the putative homologs identified in this study on Medicago reference genome can also be
searched in other model plant species. For instance, a putative homolog identified for TOF QTL Tof-
d9 in this study, known as a bZIP transcription factor (Table 3.7), was previously reported as a

candidate gene for flowering time in Medicago [9] and Arabidopsis [45]. Also, searching homologs
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in updated databases of Medicago and alfalfa, such as M. sativa CADL v1.0, using the newer
genomic tool box, for example, Alfalfa Breeder’s Toolbox [46], would be helpful to enhance
putative homologs search. Therefore, detailed study of putative homologs for their roles in biological
pathways relevant to phenotypic variations is recommended. The genomic region with putative
homologs could be focused for candidate gene search for the corresponding traits.
Conclusion

In this study, we mapped stable, novel and potential QTLs of important agronomic and
adaptation traits on saturated genetic maps, which added valuable genomic resources for alfalfa
improvement. The phenotypic correlations we reported for alfalfa traits under different environments
would be valuable for crop management. As the QTLs identified in this study cover a set of GBS
SNPs in their sub-genomes, homologous gene search can be expanded to other database of
Medicago and alfalfa genomes available at the diploid level. The trait associated QTLs and SNPs
can be used in accelerating alfalfa breeding to achieve higher genetic gain. Nonetheless, validation
of the reported QTLs in sets of diverse genetic backgrounds and multiple environments is

recommended.
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Tables and Figures

Table 3.1. Range of LS means in F1 population for TOF, SY and CSB for three cuts. The LS means

of both parents for respective traits are also given.

Trait Environment F1 (y) 3010 ($) CW 1010 ($)
TOFO015 JPC 112 - 130 117 119

TOF17 JPC 85-110 101 102

TOF015 BVL 146 - 163 149 151

TOF17 BVL 118 - 136 118 121

SY017 JPC 0.33-1.9 0.64 1.05

CSB JPC 0.11-148 0.347 0.34

SY018 JPC 0.10-1.35 0.83 0.86

SY017 BVL 0.25-2.05 1.08 0.7

CSB BVL 0.05-0.75 0.37 0.25

y = Range of LS means of trait in F1 progeny; $ = Parental mean for traits under given environment

and year
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Table 3.2. Correlations between different phenotypic traits in a F1 mapping population at JPC, GA research site.

TOF015  TOF017  SY017 CSB SY018 FDO015 FDO16 WDO017 WHO016 WHO017
TOFO015 0.33** -0.04Ns -0.06Ns -0.04Ns -0.19**  -0.11* -0.28** -0.22** -0.21**
TOFO017 -0.17** -0.12** -0.02Ns -0.16**  -0.28** -0.44** -0.33** -0.43**
SY017 0.35** 0.36** 0.18** 0.18** 0.29** 0.13** 0.20**
CSB 0.18** 0.05NS 0.0.01Ns  0.07™s 0.06Ns 0.04Ns
SY018 0.24** 0.17** 0.26** 0.15*% 0.14**

* P < (.05, ** P < 0.01, NSnon-signifiant
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Table 3.3. Correlations between different phenotypic traits in an F1lmapping population at Blairsville, GA research plot. The variables

TOF, FD, WD, WH and yield were compared.

TOFO015 TOFO017 SY017 CSB FDO015 FDO016 WwDO017 WHO016 WHO017
TOF015 -0.05Ns -0.03Ns -0.03Ns -0.010* -0.11* -0.05N8 -0.11* -0.02Ns
TOFO017 -0.24** -0.26** -0.13* -0.06Ns -0.07Ns -0.06NS -0.06Ns
SY017 0.37** 0.30** 0.15* 0.12* -0.13* -0.06Ns
CSB 0.11* 0.01Ns -0.01Ns -0.01Ns -0.16**

*P<0.05 **P<0.01,

NS non-signifiant
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Table 3.4. Alfalfa AGDD requirement to reach flowering in spring. This was estimated from the first day of the year, based on two

locations (BVL and JPC). It seems that more AGDD is required for the BVL population than JPC is due to BVL harsh winter

condition with frequent low-freezing temperature.

Environment Year Flowering Date TOF (Days) Days(t) T-max (=) T-min (v) Days < Tb (y) AGDD (¥)
JPC 2015 13" April 112 84 125 -7 28 641.1
JPC 2017 27" March 85 75 18.9 -2.5 6 587.6
BVL 2015 27" May 146 98 11.4 -12.6 45 876.1
BVL 2017 29" April 118 93 15.5 -8.8 18 729.6

t = Effective days to flowering with temperature > Tb (5 °C); @ = Maximum average temperature (°C) in two winter months (Jan. and

Feb.); v = Minimum average temperature in (°C) two winter months (Jan. and Feb.); ¥ = AGDD from 1% January to the day of early

flowering record, the AGDD was obtained by adding GDD of the effective days; and y = Total chilling days in two winter months

with temperature < Th.
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Table 3.5. QTLs for TOF in alfalfa identified in an F1 (3010 x CW 1010) population using pseudo-testcross strategy and phenotypic
data assessed in two years for TOF at two environments (JPC and BVL). The QTL code ‘Tof-d” was given to flowering QTLS
detected on linkage maps of dormant parent 3010, and the code ‘Tof-n” was provided to flowering QTLs detected on linkage maps of

the non-dormant parent CW 1010.

Parent QTL code  Chr. Location/Year Peak Marker Peak R? Allele  LSI (cM) Flanking Markers
LOD Dir.

3010 Tof-d1 1D JPC/ T MRG_14469273 4.4 0.08 - 34.9-36.9 TP56677-TP66486
3010 Tof-d2 1D JPC/I TP60376 33 0.06 - 30.6-31.1 TP60376-TP41436
3010 Tof-d3 3C JPC/TI TP52465 35 0.06 + 38.1-44.0 TP37583-TP72054
3010 Tof-d4 7A JPC/II TP58371 33 0.06 + 27.3-304 TP58371-TP2134
3010 Tof-d5 7A JPC/TI TP24733 3.8 0.07 + 37.5-38.7 TP55743-TP34483
3010 Tof-d6 1A JPC/B TP85729 33 0.06 + 95.1-96.6 TP5699-TP36877
3010 Tof-d7 3B JPC/B TP68861 7.7 0.15 - 42.5-45.9 TP60221-TP68861
3010 Tof-d8 7A JPC/B TP28256 5.1 0.09 + 24-6.1 TP28256-TP80202
3010 Tof-d9 7B JPC/B TP3421 4.8 0.09 + 23-27.2 TP9376-TP3421
3010 Tof-d10 1A BVL/I TP35274 33 0.07 + 88.9-91.3 TP52576-TP995
3010 Tof-d11 1B BVL/II TP23433 3.8 0.09 - 45-49.7 TP23433-TP66714
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3010

3010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

Tof-d12
Tofd13
Tof-nl
Tof-n2
Tof-n3
Tof-n4
Tof-n5
Tof-n6
Tof-n7
Tof-n8
Tof-n9
Tof-n10
Tof-n11

Tof-n12

3D

6D

5B

6B

6D

6D

6D

7C

7C

B

B

8B

8B

4B

BVL/I
BVL/B
JPC/TI
JPC/TI
JPC/TI
JPC/TI
JPC/TI, BVL/ B
JPC/TL, JPC/B
JPC/TL, JPC/B
JPC/B

JPC/B
BVL/I
BVL/I

BVL/B

TP18933
MRG_2402742
TP11856
TP3310
TP48161
TP49028
TP24444
TP44666
TP54614
TP9019
TP36500
TP76596
TP75547

TP66329

4.1

7.1

4.8

5.5

3.8

8.0

41

4.0

4.7

3.6

3.1

4.6

0.07

0.08

0.07

0.14

0.09

0.10

0.08

0.16

0.07

0.07

0.09

0.08

0.07

0.09

19.3-24.4

16.2-23.0

75.3-79.4

17.2-21.2

54.8 -56.4

60.1 -60.5

65.9 - 66.8

42.9-44.7

48.4 - 54.7

23.7-26.1

30.8-31.6

19.3-315

31.5-38.9

5.5-12.8

MRG_22559848-TP66479
TP16313-TP18699
TP80448-TP80460
TP3310-TP71145
MRG_5981048-TP6188
TP70280-TP66860
TP64001- TP32647
TP45002- TP4972
TP38417- TP54614
TP14107- MRG_9345022
TP36500-MRG_25777286
TP76596-TP75547
TP75547-TP25170

TP88701-TP57672

IT=Year 2015; B = Year 2017; Chr. = Chromosome; Dir. = Direction; LS|l = 1-LOD support interval in cM unit

115



Table 3.6. QTLs for SY and CBS in alfalfa mapped on 3010 and CW 1010 genetic linkage maps using pseudo-testcross strategy

Parent QTL code  Chr. Location/Year ~ Peak Marker Peak R? Allele  LSI (cM) Flanking Markers
LOD Dir.
3010 SY-d1 3A JPC/B TP2592 5.8 0.11 - 56.5-57.1 TP2592-TP37840
3010 SY-d2 3A JPC/B TP83334 4.1 0.08 - 63.5-64.9 TP59541-TP83334
3010 SY-d3 4D JPC/B MRG_4464574 51 0.10 - 67.1-70.5 MRG_4464482-TP43038
3010 SY-d4 TA JPC/B TP51377 4.9 0.10 - 76.2-83.2 TP51377- TP47813
3010 SY-d5 7A JPC/d MRG_10667023 4.1 0.08 - 40.9-43.2 TP30610- MRG_10666968
3010 SY-dé 7C JPC/d TP66942 3.1 0.06 - 88.8-91.4 TP87634-TP66942
3010 SY-d7 7D JPC/d TP34947 45 0.09 - 33.7-35.8 TP14368-TP40888
3010 SY-d8 1A BVL/B TP46942 3.7 0.07 - 72-72.9 TP72089-TP46942
3010 SY-d9 1B BVL/p MRG_25771949 3.2 0.06 - 76.7-79.7 TP6511-TP34670
3010 SY-d10 1D BVL/B TP1567 3.7 0.07 - 26.4-26.9 TP89308-TP1567
3010 CSB-d1 3A JPC/B TP16385 4.2 0.10 - 0-5.5 TP16385-TP32175
3010 CSB-d2 4D JPC/B TP32956 3.1 0.06 - 103.5-106.8 TP83938-TP55849
3010 CSB-d3 8C JPC/B TP27142 3.5 0.07 - 43.7-46.3 TP66239-TP27142
Cw 1010 SY-nl 3D JPC/B TP85451 34 0.10 + 5.3-7.6 TP11255-TP85451
CW 1010 SY-n2 8A JPC/B TP45400 3.0 0.06 + 24.7-25.8 TP9008-TP41903
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CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

SY-n3

SY-n4

SY-n5

SY-n6

SY-n7

CSB-nl

CSB-n2

CSB-n3

8B

8C

8C

TA

TA

1C

4D

5B

IPC/B
IPC/dy
TPC/jp
BVL/B
BVL/B
IPC/B

IPC/B

IPC/B

TP25170
TP27703
TP77807
MRG_28464923
TP50516
TP10914
TP83595

TP26255

3.0

4.9

4.0

4.0

4.7

3.5

3.3

3.2

0.06

0.12

0.13

0.07

0.08

0.07

0.06

0.06

34.5-44.8

33.3-35.9

51.4-52.5

32.4-34

40.1-44.2

13.4-17.4

23.2-26.1

34.9-37.5

TP25170-TP86491
TP31047-TP27703
TP40142-TP77807
TP57427-MRG_12020287
TP13897-MRG_4633212
TP11572-TP42278
TP83595-TP70955

TP26255-TP18857

B=Year2017; ¢ = Year 2018
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Table 3.7. Putative homologs identified using sequences of SNPs under peak and flanking regions of QTLs for TOF, SY and CSB in

both parents.

Parent QTL Markers Putative Homologs and Functions % E-value M. truncatula
code Identity Homologs

3010 Tof-d1 TP66486 Myosin motor domain protein and Dil domain protein 98.36 4e-23 Medtr1g070400
3010 Tof-d2 TP60376 P-loop nucleoside triphosphate hydrolase superfamily protein 98.44 9e-25 Medtr1g075200
3010 Tof-d5 TP34483 Pre-mRNA splicing factor-like protein 100.00 2e-26 Medtr7g068630
3010 Tof-d6 TP36877 Chitinase 100.00 2e-26 Medtr1g099320
3010 Tof-d7 TP60221 Hypothetical protein 96.88 4e-23 Medtr8g064300
3010 Tof-d8 TP28256 U6 snRNA-associated-like-Smprotein 100.00 2e-26 Medtr8g058537
3010 Tof-d8 TP80202 Translational activator GCN1-like protein 100.00 2e-26 Medtr7g116425
3010 Tof-d9 TP3421 bZIP transcription factor 100.00 2e-26 Medtr7g088090
3010 Tof-d9 TP9376 Pre-mRNA-splicing factor SLU7-like protein 100.00 2e-26 Medtr7g096940
3010 Tof-d10 TP35274 Carbohydrate-binding X8 domain protein 96.88 4e-23 Medtr1g084820
3010 Tof-d10 TP995 Importin-like protein 96.43 le-18 Medtr7g021500
3010 Tof-d11 TP23433 Exocyst complex component sec15B 98.44 9e-25 Medtr1g050505
3010 SY-di TP2592 LOB domain protein 96.88 4e-23 Medtr3g452660
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3010

3010

3010

3010

3010

3010

3010

3010

3010

3010

3010

3010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

SY-d2

SY-d4

SY-d4

SY-d6

SY-d7

SY-d8

SY-d9

SY-d9

SY-d10

CSB-d2

CSB-d2

CSB-d3

Tof-n5

Tof-n5

Tof-n5

Tof-n6

Tof-n7

Tof-n8

Tof-n1l

TP83334

TP51377

TP47813

TP66942

TP14368

TP46942

TP6511

TP34670

TP89308

TP32956

TP83938

TP27142

TP24444

TP64001

TP32647

TP45002

TP54614

TP14107

TP25170

Nudix hydrolase-like protein

RS2-interacting KH protein, putative

Peptide/nitrate transporter

Transcription factor

RING/U-box protein

Succinyl-CoA ligase [ADP-forming] subunit beta
Plastid transcriptionally active protein

Alpha/beta hydrolase family protein

Lon protease S16 carboxy-terminal proteolytic domain protein
1-aminocyclopropane-1-carboxylate oxidase-like protein
Phosphatase 2C family protein

C2H2-type zinc finger protein, putative

Cytochrome P450 family protein

Granule bound starch synthase

Pentatricopeptide (PPR) repeat protein

Group 1 family glycosyltransferase

Pre-mRNA splicing factor-like protein

Detl1 complexing ubiquitin ligase

Polyol/monosaccharide transporter 1
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98.44

100.00

98.44

95.31

96.88

100.00

100.00

96.72

95.24

100.00

98.39

96.88

96.88

98.39

95.31

100.00

98.44

95.31

100.00

9e-25

2e-26

9e-25

7e-21

4e-23

2e-26

2e-26

2e-21

Te-21

2e-26

le-23

4e-23

4e-23

le-23

2e-21

2e-26

9e-25

2e-21

2e-26

Medtr3g437740
Medtr7g013700
Medtr7g010820
Medtr7g092510
Medtr7g056183
Medtr1g069645
Medtr1g079525
Medtr1g088470
Medtr1g083990
Medtr4g099390
Medtr4g118340
Medtr4g057230
Medtr1g116890
Medtr6g012380
Medtr6g022140
Medtr7g067340
Medtr7g068630
Medtr7g091260

Medtr4g090600*



CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

CW 1010

SY-nl

SY-n2

SY-n3

SY-n3

SY-n4

SY-n5

SY-n7

SY-n7

CSB-nl

CSB-nl

CSB-nl

CSB-n2

CSB-n3

CSB-n3

TP11255

TP41903

TP25170

TP86491

TP27703

TP77807

TP50516

TP13897

TP10914

TP11572

TP42278

TP70955

TP26255

TP18857

CCCH-type zinc finger protein, putative
Armadillo repeat only protein
Polyol/monosaccharide transporter 1
Pentatricopeptide (PPR) repeat protein
ATP-dependent helicase BRM

Trafficking protein particle complex subunit-like protein
Pyruvate decarboxylase

ARM repeat protein

XS domain protein
Octicosapeptide/phox/Bem1p family protein
Hypothetical protein

60 kDa inner membrane protein
Endoribonuclease E-like protein

Homeobox domain protein

98.44

100.00

100.00

100.00

100.00

100.00

95.31

96.88

98.44

98.44

96.88

98.44

96.88

96.88

9e-25

2e-26

2e-26

2e-26

2e-26

2e-26

7e-21

4e-23

9e-25

9e-25

4e-23

9e-25

4e-23

4e-23

Medtr3g464260
Medtr4g073830
Medtr4g090600*
Medtr8g106950
Medtr8g030550
Medtr8g027700
Medtr7g069500
Medtr7g075940
Medtr1g492940
Medtr1g109470
Medtr1g079830
Medtr4g107330
Medtr5g030900

Medtr29014490

* M. truncatula homolog identified for corresponding SNP sequence of two QTLs (Tof-n11 and SY-n3). The Tof-n11 is a flowering

QTL and SY-n3 is a QTL for summer yield in the same CW 1010 parent
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Figure 3.1. QTL peak for the flowering QTL Tof-n2 detected on chromosome 6B at LOD = 7.1
for the parent CW 1010. Since the Tof-n2 has an effect in negative direction, the QTL induces

early flowering (shorter days to flowering).
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CHAPTER 4
QUANTITATIVE TRAIT LOCI MAPPING OF LEAF RUST RESISTANCE IN

TETRAPLOID ALFALFA

Adhikari L, Missaoui AM (2018). Submitted to Physiological and Molecular Plant Pathology.
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Highlights

e Eight QTLs associated with alfalfa rust resistance were detected using GBS of a pseudo-
testcross mapping population.

e In this population, the inheritance of rust resistance caused by Uromyces striatus was
polygenic and incomplete.

e The sequences of single nucleotide polymorphisms (SNPs) in the QTL regions exhibited
homology with some genes that were associated with plant defense mechanism against
fungal diseases in M. truncatula.

e In this study, phenotypic and genotypic correlations of rust severity with seasonal
dormancy and winter hardiness were observed. However, the relation could be specific to
the F1 population under consideration.

Abstract

Alfalfa leaf rust caused by the fungal pathogen Uromyces striatus results in substantial
yield loss when harvesting is delayed. In Georgia, alfalfa leaf rust has been reported for the first
time in 1960’s. However, no additional research has been documented on pathogenesis and
resistance mechanisms present in the host. In November 2016, we noticed a massive rust
outbreak in an alfalfa population with an extensive coverage of rust spores on plants. The parents
showed different reactions to rust infection as well as the progeny. F1 mapping population,
designed to study fall dormancy (FD) and winter hardiness (WH) study, allowed us to investigate
the genetic basis of leaf rust resistance in alfalfa. The objective of this work is to map
quantitative trait loci (QTL) associated with alfalfa leaf rust resistance using genotyping-by-
sequencing (GBS) SNP markers in a biparental F1 mapping population. The population was

developed by crossing alfalfa cultivars, 3010 (Q) and CW 1010 (). The female parent 3010
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displaying high susceptibility to rust while the male parent CW 1010 was moderately resistant.
The mapping population consisted of 184 F1 that were cloned into 3 replications of 4 plants in
each row and planted at Watkinsville and Blairsville, GA in a randomized complete block design
(RCBD). Phenotyping rust severity (RS) was based on the NAAIC visual rating scores of 1 to 5.
GBS library were prepared with a single digestion of DNA using ApeKI enzyme and SNP
discovery was based on alignment with M. truncatula genome sequence. As the two parents
represent are contrasting for FD and WH, we also estimated the correlations of RS with FD and
WH scores. A weaker negative correlation (r = -0.26) between FD level and RS score were
observed. Similarly, RS showed a weak negative correlation (r = -0.27) with WH. The dormant
and winter-hardy plants appeared more susceptible to alfalfa leaf rust than the dormant and cold
sensitive parent. Five alfalfa rust QTLs were identified in the CW 1010 genetic map and three
QTLs were identified in the 3010 parent. The most important QTL Us-RustR1 explained 13%
(R? = 0.13) of the variance. Altogether, the five QTLs detected for CW 1010 explained 38% of
total phenotypic variation. While the three QTLs detected for the susceptible 3010 parent
explained 21% of total phenotypic variation with the highest R? = 0.08 for Us-RustS1 on
homolog 1A. This study clearly suggests the polygenic inheritance and incomplete rust
resistance in alfalfa. Comparative genome analysis of QTL regions using sequences of causal
SNPs revealed homology to M. truncatula sequences that were previously reported for their role
in plant defense mechanism in other plants. Validation of the QTLs in larger population for
multi-year data as well as fine mapping of the QTL regions could be the next step of this
research. The markers presented in this study would be valuable resources for alfalfa genetic
improvement via marker-assisted selection (MAS).

Keywords: Alfalfa, GBS, Rust, Uromyces, QTL Mapping, SNPs
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Abbreviations

BLAST = Basic local alignment search tool
FD = Fall dormancy

FDR = Fall dormancy rating

GBS = Genotyping-by-sequencing
LS = Least square

LSI = LOD support interval

MAS = Marker-assisted selection
PKG = Phosphoglycerate kinase
QTL = Quantitative trait loci

RS = Rust severity

SDA = Single dose allele

SRA = Sequence read archive
WH = Winter hardiness

Introduction

Alfalfa (Medicago sativa L.) is a perennial, allogamous, and autotetraploid (2n = 4x = 32)
legume grown for forage and animal feed [1,2]. Leaf rust caused by Uromyces striatus, a fungus
species of the Pucciniaceae family, impedes alfalfa growth and development leading to
substantial yield loss [3]. Leaves, petioles and sometimes stems of rust infected alfalfa display
masses of reddish brown spores from circular pustules [4,5], and the spores can be scrubbed and
collected easily from infected alfalfa. The spores overwinter and when the environment becomes
favorable, they spread to alfalfa fields causing disease outbreaks [4,6]. Leaf shriveling,
premature defoliation, biomass quality deterioration, and yield reduction are visible impacts of
severe rust in alfalfa. Rust also reduces the persistence of established alfalfa and the disease
pressure on newly planted seedlings results in plant death and stand thinning. Alfalfa leaf rust
was reported in Georgia for the first time in 1960°s [7,8]. However, limited information is

available on the rust impact on forage and seed yield of alfalfa in Georgia and the southeastern
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US. Because of the hot and humid summer and fall, the Georgia weather seems favorable for the
alfalfa rust pathogen.

Environmental factors such as temperature, leaf wetness, humidity and light are crucial
conditions for rust infection and outbreak in alfalfa. Temperature and leaf wetness affect initial
pathogen invasion efficiency, their latent period, and rates of pustule appearance on alfalfa
leaves [3]. Aggressive growth of U. striatus was observed at temperatures ranging from 21 to 29
°C and high humidity conditions [9]. Together with growing environment, the rate of rust
infection on alfalfa may also fluctuate with the host cellular properties. Moderate to a weak
relationship was reported between acid detergent lignin (ADL) content in alfalfa leaves and rust
resistance [10]. Resistance to U. striatus resistance in M. truncatula (here and after called only
Medicago) was believed to be due to the ability of some accessions to restrict haustorium
formation by aborting fungal colonies in earlier stages [11] Alfalfa rust can be controlled by
agronomic practices or using resistant cultivars. Controlling U. striatus alternate hosts such as
cypress spurge (Euphorbia cyparissias) and leafy spurge (Euphorbia esula)) was suggested to
reduce the pathogen load in the field [12,4]. The application of commercial fungicides and timely
clipping are other useful ways to effectively control alfalfa rust. Moreover, applying glyphosate
was suggested as another method for controlling U. striatus in glyphosate resistant alfalfa[13].
Nevertheless, planting rust resistant cultivars is the most sustainable way to protect alfalfa
against rust.

With the advent of next-generation sequencing and increasing options of genomic tools
and resources, marker-assisted selection (MAS) has become a popular approach for developing
plant cultivars with desired characteristics. Detecting causal alleles or quantitative trait loci

(QTL) and associated molecular markers for rust resistance requires a standard set of phenotypic
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data with sufficient markers. Because alfalfa is an autotetraploid, mapping QTL in F1 progenies
using single dose allele (SDA) markers with the pseudo-testcross mapping strategy is common
[14]. Identifying genes or QTLs underlying rust resistance and dissection of the genetic loci to
understand the resistance mechanism have been done in a wide range of crops, including wheat
(Triticum aestivum L.) [15], soybean (Glycine max L.) [16], barley (Hordeum vulgare L.) [17],
maize (Zea mays L.), and sorghum (Sorghum bicolor L.) [18]. Rust resistance mechanisms in
Medicago, a closer alfalfa relative, has also been reported [19,20]. The synteny between alfalfa
and Medicago genes facilitates finding physical locations and homology information of alfalfa
rust related SNPs in the Medicago genome. Moreover, U. striatus infects both Medicago and
alfalfa, therefore similar genetic and genomic mechanisms may be underlying rust resistance in
both species. Nevertheless, there is no information available on the genetic and genomic basis of
rust resistance in alfalfa. Therefore, the objectives of this study are; i) to map QTL associated
with alfalfa leaf rust resistance using genotyping-by-sequencing (GBS) SNPs; and ii) to identify
putative homologs of the causal SNPs and QTLs sequences on the Medicago reference genome
via comparative genome analysis.

Materials and Methods

In late fall 2016, we had an outbreak of leaf rust in an alfalfa field where an F1 alfalfa
mapping population was planted in Watkinsville, GA [14]. The infection quickly spread over the
entire field (Figure 4.1), which allowed for the ability to score the lesions on every progeny of
the population. The rust invasion occurred when the higher temperature was slightly above 26.5
°C and the lower temperature was about 14 °C with no rain and low humidity [21]. Details of the
F1 mapping population used in this study were described previously [14]. Briefly, an F1

population of 184 was progenies was developed by crossing two alfalfa cultivars, 3010 and CW
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1010. The progeny plants were named as suffix “ALF” followed by their plant number, such as,
ALF104. The female parent 3010 is dormant and winter-hardy, while the male parent CW 1010
is non-dormant and winter susceptible. The true hybrid status of each F1 plant was confirmed
using SSR markers. The parents and progenies were grown at two locations, Watkinsville and
Blairsville, Georgia using a RCBD design with 3 replications.

Rust severity (RS) rating was assigned based on visible signs of disease presence and
intensity (Table 4.1), which was a slight modification of the North American Alfalfa
Improvement Conference (NAAIC) protocol [22]. To improve the accuracy of the rating, the
mapping population was scored twice with different people for two consecutive days. The
average rust scores were estimated from the two datasets. Magnified images of rust infected
leaves from each parent were taken using a microscope to aid in the scoring. Phenotypic data of
rust scores was analyzed using SAS 9.4 (SAS Institute, 2004). The least square (LS) means for
all genotypes was estimated using PROC GLM [14]. The LS means were used as the trait value
in QTL analysis.

DNA extraction, GBS library preparation, sequencing and raw sequence data processing
as well as single nucleotide polymorphisms (SNP) marker discovery and genetic map
construction were described previously [14]. The DNA raw reads from Next Seq (150 Cycles)
PE75 High Output flow cell were deposited to NCBI SRA

(https://mwww.ncbi.nlm.nih.gov/sra/SRP150116). We used GBS for SNP discovery, since it is a

high throughput and robust method even for species with complex genome and without reference
genome [23]. The GBS method has already been used in alfalfa effectively [24]. The genetic

linkage maps for each parent, 3010 and CW 1010 were constructed using JoinMap 5.0
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[25].Linkage groups were assigned to each homologous chromosome using Medicago reference
genome for both parental maps as described in [14,24].

The rust QTLs were detected for each parent using composite interval mapping (CIM)
algorithm with Windows QTL Cartographer version 2.5 (Statistical Genetics, NC State
University) as described previously [14]. A QTL was declared significant when the peak LOD
value is > 3.0. The QTLs detected from the resistant parent CW 1010 were named Us-RustR1,
Us-RustR2 etc. to represent U. striatus resistant QTLs. The QTLs mapped on the linkage map of
the susceptible parent 3010 were referred to as Us-RustS1, Us-RustS2 and so on. The QTLs,
their genomic locations and flanking markers were given (Table 4.3) with the sequences of the
relevant peak markers of the QTLs (Table 4.4). The relationship between FD levels and RS as
well as WH and RS of the F1 individuals were determined by estimating Pearson’s correlation
coefficient (r) (Table 4.2). We used dormancy and WH data taken over two consecutive years
2015/2016 and in winter of 2016/2017. The position of the QTLs detected with the highest R?
value for each parental map were shown on the genetic maps using MapChart 2.3 (Figure 4.4)
[26,14].

We conducted comparative analysis using the BLAST search of sequences of rust
associated SNP alleles obtained from Tassel UNEAK (3.0) [27]. Sequences of the SNPs in the
QTLs peak (Table 4.4) and flanking regions (not given) were used. The SNP sequences were
searched against Medicago A17 reference genotype pseudomolecule assembly (Mt4.0) with
BLASTN [28]. The best hit of BLASTn was opened using the genome browser (GBrowse) [29]
to discern the alignment of alfalfa chromosome regions with the physical locations of putative

homologs in M. truncatula.
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Results

Phenotypic data analysis

The two parents showed different responses to the rust pathogen infection. The female
parent 3010 had an average rust severity (RS) score of 4.0 (susceptible) while the male parent
CW 1010 showed better resistance with a RS score of 2.3 (moderately resistant). Occurrence of
pustules on the abaxial (Figure 4.2 left) and adaxial (Figure 4.2 right) surfaces of the rust
infected leaves of both resistant and susceptible parents displayed clearly their response pattern.
The pseudo-testcross F1 mapping population showed variable responses to rust and exhibited a
nearly normal distribution (Figure 4.3), suggesting that the trait is most likely quantitative
involving multiple loci that control resistance in alfalfa. The overall model was significant (P <
0.01) with a coefficient of determination (R?) value of 0.65, which indicates a good fit of data to
the linear model. There were significant differences among genotypes (P < 0.01) in their
response to rust resistance. The mean rust score for the population was 3.2 and the LS means for
the 184 F1 progenies ranged from 1.5 to 4.9. Transgressive segregants were present on both
susceptible and resistant tails of the distribution (Figure 4.3).

Relationships between rust, dormancy, and winter hardiness

The two parents differ significantly in their FD with the resistant parent being non-
dormant (FDR = 10) and the susceptible parent being very dormant (FDR = 2) and their progeny
was segregating for dormancy [13]. Estimating the correlation of rust resistance with FD and
WH of this population alfalfa would be valuable for the understanding of the disease incidence
as well as the potential factors favoring it. The Pearson correlation coefficient (r) calculated for
RS and FD was -0.26 (P < 0.05) and the coefficient (r) for RS and WH was -0.27 (P < 0.05), a

possible indication that the more dormant (lower FD level) and winter-hardy (lower WH score)
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alfalfa genotypes are more susceptible (higher rust score) to rust. This is the first report where
dormancy, winter hardiness and alfalfa rust resistance were compared. Overlapping positions of
QTLs detected for rust, dormancy and winter hardiness also indicated some relationship between
these traits at least in this population.

QTL mapping of rust resistance

Five significant (LOD > 3.0) QTLs (Us-RustR1, ...... , Us-RustR5) associated with rust
resistance were mapped on homologs 1B, 7A, 8A, 7C and 2C of the CW 1010 paternal linkage
map, indicating that the inheritance of rust resistance in alfalfa is most likely polygenic (Table
4.3). The most important QTL identified on homolog 1B was detected at the LOD = 8.1 and had
an R? = 0.13. The QTL peak of Us-RustR1 was located at the one LOD support interval (1-LSI)
from 21.4 — 23.6 cM in WinQTL Cartographer. However, a larger segment of nearly 15 cM was
covered by the entire QTL region, which was above the threshold LOD (> 3), indicating the
genome region is important for rust resistance in alfalfa. This QTL Us-RustR1 shared the
genomic location with a stable dormancy QTL ndorm8 reported previously [14] supporting the
correlation between rust resistance and non-dormancy within the F1 (3010 x CW 1010) mapping
population. Out of five rust QTLs detected for CW 1010, four had positive effects on rust
resistance. An exception was the QTL Us-RustR2 with (R? = 0.11) (detected on homolog 7A of
the resistant parent CW 1010, which had a negative effect on disease resistance (Table 4.3). The
Us-RustR2 also overlaps in its genomic location with a potential dormancy QTL ndorm13 with
negative effect [14]. Therefore, the QTL Us-RustR2 may represent an allele with negative effect
on rust resistance and non-dormancy, although it was detected in the non-dormant and rust
resistant parent CW 1010. Three rust QTLs that were mapped on homologs 8A, 7C and 2C of the

CW 1010 genetic map had minor effect (R?= 0.05) on the rust phenotypic value (Table 4.3). The
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QTL Us-RustR4 on homolog 7C also shares genomic location at 2-LSI with a stable dormancy
QTL, ndorm2, reported previously [14]. The rust QTLs detected in this study are depicted on the
genetic linkage maps with their one LSI and two LSI (Figure 4.4).

All rust QTLs mapped on the maternal (3010) genetic map showed negative effects on
rust resistance. The QTL Us-RustS1 contributed the highest variation in the trait value with (R?=
0.08) and was detected at the LOD = 4.5 (Table 4.3). Similarly, other QTLs, Us-RustS2 and Us-
RustS3 detected on homologs 8B and 3D accounted for 7% and 6% of the phenotypic variation,
respectively. The 3010 QTL Us-RustS1 that was located on homolog 1A (91.7 — 94.2 cM) also
co-localized with a stable dormancy QTL, dorm1, described in a previous report [14]. Therefore,
in the F1 population (3010 x CW 1010), phenotypic and genetic relationship between dormancy
and rust resistance were observed at least partly.

Furthermore, the QTLs for rust resistance also share genomic regions with WH QTLs
reported before [14]. For instance, the rust QTL Us-RustR1 shares genomic regions with the
QTL ws13 for WH QTL at 2-LSI [14]. The QTL Us-RustR2 on homolog 7A also resided very
close to WH QTL ws4. Both Us-RustR2 and ws4 showed divergent effects (opposite direction)
on rust (Table 4.3) and WH unlike other QTLs detected for CW 1010. Partial or complete
overlapping of genomic regions of QTLs for RS and WH scores also was observed between Us-
RustR3 and ws14, Us-RustR4 and ws1, and Us-RustS1 and wh1 [14], suggesting a potential
genetic relationship between the biotic RS and abiotic WH in this alfalfa population.

Comparative analysis of rust OTL regions

Most of the SNP sequences subjected to BLASTn exhibited high similarities (~ 100 %
identity) with segments of the Medicago genome. The output of BLASTn search was

summarized in Table 4.5. The sequence of a flanking marker ‘TP83000” of Us-RustR1 was
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located in the proximity of a gene for cytidine/deoxycytidylate deaminase family protein in the
Medicago truncatula reference genome. The other flanking marker ‘TP7086° of the same QTL
displayed homology with a Medicago gene for eukaryotic aspartyl protease family protein (Table
4.5). The peak and flanking markers ‘TP27424” and ‘TP51544’ of Us-RustR2 best matched with
a Medicago gene known as leucine zipper transcription factor. Similarly, a flanking marker
‘“TP46925’ of Us-RustR3 showed homology to a gene for WEB family plant protein on
Medicago genome. However, the marker TP46925 was mapped on the homolog 8A of alfalfa
whereas the gene for WEB family plant protein is located on chromosome four of Medicago,
evidencing a translocation between Medicago chromosome four and alfalfa chromosome eight as
described previously [14]. Similarly, the sequence of a flanking marker ‘TP54614° of Us-RustR4
displayed putative homology with the gene for pre-mRNA splicing factor-like protein, whereas
the peak marker “TP40466’ of Us-RustR5 exhibited homology with a Medicago gene that codes
for a cytosolic phosphoglycerate kinase (PGK) (Table 4.5).

The sequence of peak SNP ‘TP78651° of Us-RustS1 detected in the susceptible parent
3010 displayed homology with a gene for phosphoglucomutase/phosphomannomutase family
protein. The flanking marker ‘TP15998’ of Us-RustS1 revealed homology with Medicago
glycerol-3-phosphate dehydrogenase gene (Table 4.5). Similarly, the peak marker ‘TP75477 of
Us-RustS2 QTL exhibited homology with a gene for a putative protein proton pump-interactor.
The sequences of SNPs ‘“TP42683” and ‘“TP7327’ in the flanking position of Us-RustS2 revealed
homology with the gene for non-lysosomal glucosylceramidase and DUF630 family protein,
respectively. Because of the reciprocal translocation between chromosome eight of alfalfa and
four of Medicago [14], the SNP of Us-RustS2 were mapped on alfalfa chromosome 8B whereas

the homologous segment in Medicago exists on chromosome four. The peak marker ‘TP74002’
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of QTL Us-RustS3 exhibited putative homology with a Medicago gene for Smad/FHA domain
protein.
Discussion

This study reports the first QTL mapping effort for alfalfa rust resistance along with
establishing homology between the sets of rust associated QTLs and putative homologous genes
in the Medicago truncatula genome. A complex inheritance and incomplete resistance to rust in
alfalfa was observed. In this study, five QTL mapped in the CW 1010 parent explained up to
38% (R? = 0.38) of the total phenotypic variation and the three QTLs detected in the 3010 parent
accounted 21% (R? = 0.21) of the phenotypic variation. Although, relatively lower R? for disease
QTL, yet enhancing up to 38% variation is important. The incomplete resistance to rust caused
by various species of Uromyces was also reported for other cool season legume crops such as pea
(Pisum sativum L.), faba bean (Vicia faba L.), chick pea (Cicer arietinum L.) and lentil (Lens
culinaris Medik.) [30]. However, in other legumes such as soybean (G. max L.) and common
bean (Phaseolus vulgaris) rust resistance is often controlled by one or a few major gene(s)
[30,31]. Rubiales et al. (2013) described sources of incomplete or partial resistance to rust in
lentil (L. culinaris Medik.) [32]. In the present study, we detected multiple QTLs with low to
medium effects (Table 4.3) for both parental maps, which corroborates the polygenic inheritance
of alfalfa rust resistance. Because of the use of only one specific type of GBS SNPs (single dose
alleles) in the pseudo-testcross mapping, incomplete genome coverage or unsaturated maps
might limit the detection of the whole set of loci controlling rust resistance. However, the
average higher marker densities of both parental genetic linkage maps (1.5 cM/SNP) indicate
that they were saturated enough for QTL detection [14]. Therefore, the probability of incomplete

resistance to rust in alfalfa is very likely as is the case in some other cool season legumes.
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Nevertheless, the need for extensive studies to characterize more sources of resistance to rust in
alfalfa is suggested. The QTLs identified here may have potential for use in MAS to pyramid and
increase the frequency of resistance alleles that could provide at least partial resistance to rust in
alfalfa populations. Cloning QTLs with larger to smaller effects and pyramiding related genes
may be the ideal way to enhance rust resistance in alfalfa [33]. Fine mapping of these QTLs may
be essential to facilitate map-based cloning [34].

The moderate negative correlation between the phenotypic values of FD, WH, and alfalfa
rust resistance/susceptibility observed in this study are a possible indication that dormant and
winter-hardy germplasm might be more susceptible to rust. However, the relationship we
observed here between traits could only be specific to the germplasm used rather than FD and
WH in general. To draw a solid conclusion, this requires a more detailed investigation in a set of
diverse alfalfa germplasm with different genetic backgrounds including dormant and non-
dormant with different levels of winter hardiness. Nevertheless, some previous studies have
shown that several common pathways such as signaling pathways take part in crosstalk between
abiotic and biotic stresses [35]. For instance, previous research on rice reported that the Mitogen-
activated protein kinase (MAPK) has positive effects on cold and other abiotic tolerance genes
expression and subsequently the enzyme showed a negative effect on pathogenesis related gene
expression [36]. This study also reported leucine zipper transcription factor as one of the
homologs of rust related SNPs of alfalfa, which has also been reported as a regulatory gene for
several biotic and abiotic stresses. For instance, the leucine zipper transcription factor regulates
ABA-mediated stress response, salt and drought stress in tomato [37], lipid metabolism and
cuticle biosynthesis in maize [38] and pathogen stress response in Arabidopsis [39]. Thus,

molecules responding for one stress in plants may influence the pathways active for other
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stresses. Therefore, the mechanisms of resistance to rust in alfalfa may be impacted by factors
that also affect FD and WH. Furthermore, the cultivar 3010 which is adapted to winter hardiness
zones in northern latitudes could have suffered more with U. striatus because of prevailing hot
and humid weather of the Southeast, and the issue could be acclimation or adaptation. Further,
rust infection that occurred in early November might have impacted the dormant but winter-
hardy genotypes more as their foliage parts have been already weaker because of the
translocation of carbohydrates and other reserves to their roots and crown parts for cold
acclimation [40]. Since the resistance we observed was incomplete, it is possible that other
physiological and cellular factors are at play in the variable response to U. striatus infections by
the F1 individuals and their parents.

The best matches in sequence alignments of SNP sequences and the Medicago genome
must be due to the evolutionary relationship between alfalfa and Medicago. This study identified
several putative homologs for the SNPs under rust QTL which indicates the involvement of
multiple molecular pathways in alfalfa resistance to rust. Furthermore, some of the Medicago
genes/proteins identified here have previously been reported for their response to rust or other
biotic and abiotic stresses. For instance, the eukaryotic aspartyl protease family proteins (Table
4.5) has been reported as an essential protein for defense against the fungal pathogen Botrytis in
Arabidopsis [41]. Similarly, the homologs leucine zipper transcription factor, PGK, and FHA
were previously recognized for their response to disease stresses in plants [39,42,43]. For
example, the expression level of PGK changes in poplar leaf when it is infected with
Melampsora rust fungus [44]. Therefore, the homologs reported in this study could be putative

candidate genes for alfalfa breeding for Uromyces resistance.
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In this study, we took advantage of evolutionary relatedness and synteny between alfalfa
and Medicago genomes to locate putative homologs of rust SNPs and once again corroborate the
importance of the model species Medicago truncatula for alfalfa genomic studies. However, U.
striatus being a common pathogen, the results of this study would also be useful in searching for
genomic regions underlying rust resistance in Medicago. The genetic maps of both species are
highly syntenous [24] and have several conserved regions in both genomes. For instance, the
CBF gene and its homologs for freezing tolerance are conserved between alfalfa and Medicago.
However, the incomplete annotation of genes in the Medicago reference genome and the lack of
a reference genome for M. sativa could hinder the identification of complete sets of candidate
homologs. Moreover, a single QTL may have hundreds of genes [45] and here we BLAST
searched only SNPs in peak and flanking regions, which would limit identifying some key rust
regulating Medicago homologs.

Conclusion

In this study, a total of eight QTLs associated with leaf rust in alfalfa were detected that
together explain up to 38% (R?) variation in the phenotypic values. Since this is the first QTL
work on alfalfa rust and the mapping was done in an F1 pseudo-testcross population, more
investigations are required to explore the entire set of genetic factors involved in alfalfa rust
resistance. This study suggests a polygenic inheritance and incomplete resistance to leaf rust in
alfalfa. A negative correlation was observed between rust severity and FD levels, suggesting a
possible genetic relationship between the dormancy state and leaf rust resistance, even though it
is hard to rule out that the relationship may be cultivar specific. Similarly, a weaker negative
correlation was also observed between rust and WH. The sequences of peak and flanking

markers under QTL regions that aligned properly with Medicago reference genome Mt 4.0 A17
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corresponded to putative homologs that may have an impact on regulating rust in alfalfa. The
markers in QTL regions would be a valuable genomic resource to develop rust resistant alfalfa

via MAS.
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Tables and Figures

Table 4.1. Rating of rust severity (RS) on alfalfa mapping population infected with leaf rust in

the field. Rating scores of 1-5 were assigned based on the NAAIC system.

Score  Severity Level Disease signs and intensity

1 No disease infection No visible infection and sign of disease on leaflet

2 Resistant Flecks and closed pustules, 0-25% affected foliage

3 Moderately resistant Some flecks closed and open pustules, 25-50% foliage affected
4 Susceptible Several small open pustules, 50-75% foliage affected

5 Highly susceptible Several large open pustules, 75-100% foliage get infected
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Table 4.2. Relationships between fall dormancy (FD) and leaf rust severity (RS) score as well as
winter hardiness (WH) and RS estimated using correlation analysis. The Pearson’s correlation
coefficient (r) of two compared variables were given. All correlations between the variables are

statistically significant (P < 0.01).

Variables compared Correlation coefficient (r)
FD assessed in Fall 2015 and RS score -0.23
FD assessed in Fall 2016 and RS score -0.25
Dormancy assessed in Winter 2016/2017 and RS score -0.26
WH recorded in Winter 2015/2016 and RS score -0.35
WH recorded in Winter 2016/2017 and RS score -0.27
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Table 4.3. Alfalfa leaf rust QTLs mapped in a resistant parent (CW 1010) and a susceptible parent (3010). The chromosome positions

with relevant peaks and flanking markers along with their LOD and R?are indicated.

Parent QTL code  Chr. Peak Marker Peak LOD R? Allele Dir.  1-LSI (cM) Flanking Markers

CW 1010 Us-RustRl1 1B TP41786 8.1 013 (+) 21.4-23.6 TP83000 - TP7086

CW 1010 Us-RustR2 7A TP27424 7.5 011 ()* 29.3-30.7 TP87998 - TP51544

CW 1010 Us-RustR3 8A TP63006 5.6 0.05 (+) 19.3-19.7 TP68653 - TP46925

CW 1010 Us-RustR4 7C TP38417 3.2 0.05 (+) 43.6-49.3 TP4972 - TP54614

CW 1010 Us-RustRS 2C TP40466 3.0 0.04 (+) 29.8-38.7 TP40466 - TP70925

3010 Us-RustS1 1A TP78651 45 0.08 () 91.7-94.2 TP995 - TP15998

3010 Us-RustS2 8B TP75477 3.6 007 () 21.5-225 TP42683 - TP7327

3010 Us-RustS3 3D TP74002 3.4 0.06 (-) 37.8—-40.5 MRG_16533948 - TP1280

* Indicates a QTL with negative effect but detected in the rust resistant parent
Chr. = Chromosome

Dir. = Direction
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Table 4.4. Alfalfa rust QTLs and the sequences of markers under QTL peaks. Two variant alleles for each SNP were denoted as

‘query’ and ‘hit’. The SNP loci in the sequences are given in bold letters within a rectangle.

Parent QTLs Sequences for the SNPs indicated with bold letter
>TP41786_query CAGCTTCATAAATCTTTGAAGAAGTAGTAAAATCAGAATATTACTCAACAAAACCAGAAAGG
CWI010 - Us-RustRl >TP41786_hit CAGCTTCATAAATCTTTGAAGAAGTAGTAAAATCAGAATATTACTCAACAAAACCAGAAAGG
>TP27424 query CAGCTGAAAGGGGGGAATCCAGTGAAAGATCAAAAGACAAATCGGATCAAAAGGTTATATAAT
CW1010 - Us-RustR2 >TP27424 hit CAGCTGAAAGGGGGGAATCCAGTGAAAGATCAAAAGACAAATCGGATCAAAAGGTTATATAAT
>TP63006_query CTGCATTTAAATATGGGTTTTTCTATTT IGTACCCATGCTAATCCEIGCGCTAATTCAGTGTTAG
CWHOI0 - Us-Rusts >TP63006_hit CTGCATTTAAATATGGGTTTTTCTATTI IGTACCCATGCTAATCCGCGCTAATTCAGTGTTAG
>TP38417_query CAGCTGAAGGACCTTCCAAAAAATGGAGGTAATACATTTTATGAGAACATTCAATAATCAGC
CWI010 - Us-RustRa >TP38417_hit CAGCTGAAGGACCTTCCAAAAAATGGAGGTAATACATTTTATGAGAACATTCAATAATCAGC
>TP40466_query C@GCTGTTGAGAAGGTTGGACTAGCAGACAAGATGAGTCACATCTCAACTGGTGGAGGTGCCAG
CWI010" - Us-RustRS >TP40466_hit CGCTGTTGAGAAGGTTGGACTAGCAGACAAGATGAGTCACATCTCAACTGGTGGAGGTGCCAG
>TP78651_query CTGCTATGTTAATAGAACCTCTTTGTATAATGCAGAAATAG@AG CGAAAGCATCAAATTATGAT
3010 UsRustSt >TP78651 hit CTGCTATGTTAATAGAACCTCTTTGTATAATGCAGAAATAGGCGAAAGCATCAAATTATGAT
>TP75477_query CTGCTAAATCCTTATTATCGATTTAGTTTTCAAATCTTTACCTTTGGI TTTGGTTTGTTTTTG
3010 UsRusts2 >TP75477_hit CTGCTAAATCCTTATTATCGATTTAGTTTTCAAATCTTTACCTTTGGTTTTGGTTTGTTTTTG
30100 US-RUSLS3 >TP74002_query CTGCGGCGACTGAGACCTATGTGTGCCCCTTCC@TTGTGACGGTGCTCCGGCGACCTATCATGC

>TP74002_hit CTGCGGCGACTGAGACCTATGTGTGCCCCTTCCTTGTGACGGTGCTCCGGCGACCTATCATGC
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Table 4.5. Peak and flanking markers under one LSI of rust QTLs and their corresponding homologous genes in Medicago truncatula

identified using BLAST search against Mt4.0 genome assembly.

Parent Peak/Flanking Corresponding candidate homolog genes in M. truncatula E-value M. truncatula
Markers Homologs

CW 1010 TP83000 Cytidine/deoxycytidylate deaminase family protein 1e® Medtr1g081550
CW 1010 TP7086 Eukaryotic aspartyl protease family protein 4e28 Medtr1g078240
CWw 1010 TP27424 Leucine zipper transcription factor 9e?® Medtr7g089800
CWw 1010 TP51544 Leucine zipper transcription factor 9e?® Medtr7g089800
Cw 1010 TP46925 WEB family plant protein 9e?® Medtr4g478190
CW 1010 TP54614 Pre-mRNA splicing factor-like protein 9e?® Medtr7g068630
Cw 1010 TP40466 Phosphoglycerate kinase-like protein 3e?® Medtr2g066130
3010 TP78651 Phosphoglucomutase/phosphomannomutase family protein 9e?® Medtr1g094980
3010 TP15998 Glycerol-3-phosphate dehydrogenase, putative 3e4 Medtr1g094185
3010 TP75477 Proton pump interactor, putative 2e2t Medtr4g132200
3010 TP42683 Non-lysosomal glucosylceramidase 726 Medtr4g134760
3010 TP7327 DUF630 family protein 4 Medtr4g127620
3010 TP74002 Smad/FHA domain protein 9e?® Medtr3g049440
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Figure 4.1. A highly infected rust plant in the field at Watkinsville, Georgia. The mass of

reddish-brown spores was clearly visible on foliage parts.
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CW 1010 p - CW 1010

Figure 4.2. Magnified images showing abundance and sizes of rust pustules on the abaxial (left)
and adaxial (right) surfaces of leaflets from the susceptible parent (3010) and the resistant parent

(CW 1010).
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Figure 4.3. Distribution of rust infection scores of alfalfa F1 individuals rated from one (no
infection) to five (highly susceptible). The bars represent the percentage of total plants with

corresponding least square mean estimated for F1 rust scores at the X-axis.
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Figure 4.4. Linkage maps of homolog 1B of the paternal parent (CW 1010) (left), and homolog
1A of the maternal parent (3010) (right). The QTLs associated with rust (black bar) and their co-
localization with previously identified dormancy QTL (red bar) are displayed. Since the two
parents have contrasting dormancy levels, some rust QTLs mapped to the same genomic regions

where dormancy QTLs were detected.
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CHAPTER 5
RELEVANCE OF INDOOR FREEZING TOLERANCE TESTING TO PREDICT ALFALFA
WINTER HARDINESS
Introduction
Low-temperature in winter affects alfalfa (Medicago sativa L.) growth and development
leading to reduced biomass yield and stand persistence [1]. Severe winter damage in alfalfa is
frequent in northern climate [2,3]. Improvement of alfalfa for winter hardiness (WH) has
traditionally been achieved via mass and recurrent selection of superior genotypes in field
nurseries [4]. However, selection for cold hardiness in nurseries is often low efficient because
of the winter seasonal variations and requirement for data from multiple years in multiple
locations. [4]. In addition, accurate cold hardiness characterization in plants necessitates data
records for several dates in a season, thereby making the process costly and laborious [5]. The
NAAIC protocol for winter survival rating recommends data for a minimum of two locations and
years to overcome possible year/location variation in the nature of winter injury [6]. NAAIC also
recommends some precautions that should be considered in the collection and interpretation of
alfalfa winter survival data. For instance, the winter survival ratings recorded too early can
underestimate the WH of dormant genotypes. Therefore, assessment of WH in the field is
relatively tedious and a long process. Further, alfalfa selection against winter damage using
conventional breeding is very slow as the trait has quantitative inheritance and experiences

substantial interaction with the environment [7].
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Freezing tolerance is an important factor for predicting winter hardiness in a field as
freezing injury (FI) and winter injury (WI) are positively correlated [8]. Evaluation of plant’s
ability to tolerate freezing temperatures in the lab with simulated environment has been
considered an efficient and rapid technique to identify superior cold hardy genotypes for
breeding. Such lab tests can be performed using a traditional temperature bath [9], freezer
chambers with programmed temperatures [4], as electrolytic leakage, and as chlorophyll
fluorescence assays. Nevertheless, a critical question arises; does the lab tested alfalfa
outperform winter susceptible alfalfa during harsh winters in the field? Several studies have tried
to explain the relationship between laboratory tests and nursery performance of plants against
cold stress. Adkins et al. (2002) evaluated cold hardiness of ten species of the genus Hydrangea
in the lab, where they observed the performances of H. macrophylla cultivars corresponding to
their landscape performance reported in earlier studies [10]. A strong positive correlation
between freeze test and plant cold hardiness visual ratings were reported for St. Augustinegrass
[Stenotaphrum secundatum (Walt.) Kuntze] [11]. Stable performance of plants in the nursery and
artificial environment of indoor cold selection is likely due to common physiological,
biochemical and cellular variables.

Low-temperature induces several genes and cold signal transduction pathways generating
required biomolecules (proteins, soluble sugars, osmo-protectants) for cold acclimation. For
instance, the CBF (C-repeat binding factor) gene family, the most important genes controlling
cold acclimation in plants, is induced under cold environment regardless of the source of
temperatures [12]. In fact, cold sensitive plants often lack the signaling molecules or associated
genes or regulatory molecules by mutation or by gene inactivation and fail to be cold acclimated.

Other factors such as water stress, pesticide application, fertilizer treatment, bacterial
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colonization, and planting date [9] also affect plant hardiness against cold in the field.
Nevertheless, the major cellular changes in plants arise only as a result of low-temperature.
Therefore, regardless of the experimental sites and source of temperature, sensitive plants exhibit
cold injuries under low temperatures.

In the Southeast USA, winters have occasional frost and fluctuating temperatures. This
kind of environment can be damaging to non-dormant alfalfa. When winters are warm with
temperature near 13 °C, over-wintering alfalfa break dormancy and start new growth with
elongated crown buds [1]. The process depletes alfalfa root reserves, which eventually makes the
plant cold susceptible to low-temperature [1]. Therefore, cold hardy alfalfa genotypes are
desirable in the region to protect alfalfa from winter damage. In alfalfa, freezing tolerance was
enhanced by up to 5 °C in progeny of indoor selected superior parents, which eventually
increased WH of the population [4]. Indoor low-temperature selection also enables screening a
large number of germplasms in a relatively shorter period [4]. This method may also be cheaper
and faster to enhance alfalfa winter hardiness and expedite cultivar improvement. Therefore, the
objectives of this experiment were i) to optimize a protocol for alfalfa freezing tolerance test in a
freezing chamber for indoor screening, and ii) to estimate the relationship between alfalfa indoor
freezing tolerance and winter hardiness assessed in the field.

Materials and Methods

This experiment was conducted to test freezing tolerance of alfalfa pseudo-testcross F1
progeny (3010 () x CW 1010 (3)) developed for QTL mapping of various adaptations and
agronomic traits. The QTL mapping population development and experimental design in the
field were described previously [13]. We were able to complete freeze testing in 78 genotypes

out of the 184 F1 population. The research will be resumed with a new ESPEC (ESPEC North
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America, Inc.) freezer. Ten clones generated by stem-cuttings from each genotype were tested
for freezing tolerance.

Before testing the F1 plants, we optimized a protocol for freezing test using alfalfa
standard check cultivars for winter survival (WS). There are six WS checks recommended by
NAAIC, including ZG 9830 (WS = 1), 5262 (WS = 2), WL325HQ (WS = 3), G-2852 (WS = 4),
Archer (WS =5), and Cuf 101 (WS = 6) [6]. The checks seed/clones were sown/transplanted in
14 cm cone-tainers filled with farm soil and 5 cm depth of the germ mix at the top of the cone.
The cones were placed in RL98 trays.

The clones were grown in the greenhouse for 6-8 weeks. Then, the plants were
transferred to an acclimation chamber at a temperature of 4 °C for 3 weeks. The chamber was
adjusted to eight hours of light/16 hours dark period, and 70% relative humidity (RH). The plants
were watered weekly, and Hoagland’s nutrient solution was applied once during the acclimation
period. The treatment and control sets, each on a separate RL98 tray, were acclimated as a single
test. Various combinations of cold temperature and time of exposure were tested to optimize the
freezing trial until significant differences, using chi-square test (P = 0.95), were observed
between samples of the checks 5262 (WS=2) and G-2852 (WS = 4), as described previously [6].
After the cold treatment, the plants were moved to normal greenhouse conditions. The top
portion of the plants for both the control and the treatment group samples were then clipped,
leaving two nodes above the crown to allow regrowth. After two weeks of treatment, the data
was recorded as survival percentage, regrowth height, and visual rating of injury on a scale 1-5.
The visual rating procedure was described in our previous study [13]. Biomass of plants in both
treatment and control groups were taken after three weeks of the freezing test. The data from the

indoor freezing test was compared with WH data recorded in the field at two locations,
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Watkinsville (JPC farm) and Blairsville (BVL), GA using Pearson’s correlation coefficient (r).
The PROC CORR procedure in SAS 9.4 (SAS Institute Inc.) was used to estimate the
correlation. In 2017, WH data in the field was collected after late season frost in early March,
where winter injury was very obvious [13]. We analyzed the correlation between indoor freezing
test data and 2017 WH field data. The indoor freezing test data was also compared with overall
WH data from three years at both field-testing locations.
Results

Control and treatment sets of the standard check cultivars 5262 (WS = 2) and G-2852
(WS = 4) showed significant differences (P < 0.05) when the plants were exposed to freezing
temperature of -8 °C (Figure 5.1). The optimized protocol included a series of combinations of
temperatures and durations of exposure. Both treatment and control plant sets were maintained at
0 °C for 8 hours. Then, the control set was removed from the freezing chamber and transferred to
normal growing conditions at 14 hr. of light (23 °C) and 10 hr. of dark (15 °C). Plants in the
treatment sets were maintained at below freezing temperature in a way that the temperature was
decreased by 2 °C/hr until it reached -8 °C. The plants were maintained at the temperature -8 °C
for 90 min, then the temperature was raised gradually by 2 °C/hr until it reached 2 °C. The plants
from both control and treatment were then transferred to the normal greenhouse condition as
mentioned above and kept for 3 weeks for regrowth and biomass data.

Segregation in the F1 progeny and phenotypic correlations

We observed variation in the 78 F1 genotypes tested for cold temperature tolerance. The
percentage of survival (PS) of cold treated genotypes ranged from 7% to 100%. Mean regrowth
height ratio (RHR) of surviving plants in treatment and control ranged from completely sensitive

genotypes (near 0) to almost completely tolerant genotypes (near 1). Similarly, the mean biomass
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ratio (BR) of surviving plants in treatment and control sets ranged from 0.01 to 0.97. The
average visual rating (VR) of freezing tested genotypes varied from 1 to 4.9, while the ratio of
VR of treatment and control (VRR) ranged from 1 to 4.8 indicating that variability is present in
the F1 genotypes for low temperature sensitivity. The genotypes with higher regrowth height
ratio (RHR) and biomass ratio were considered tolerant to freezing temperature.

The PS showed strong negative correlations (r = -0.91, P <0.01) with mean VR, which
means higher % of the surviving clones indicating better cold tolerance (low VR) (Table 5.1).
The VRR also had similar strong negative correlation with the mean PS. The significant positive
correlations (P < 0.01) between PS and RHR, and PS and BR indicated that the genotypes with
higher survival percentage produced higher regrowth and subsequently higher biomass. Strong
negative correlations were also observed between the variables VR and RHR as well as between
VRR and RHR, suggesting that the more cold sensitive genotypes (high VR and VRR) had a low
regrowth. Similarly, significant negative correlations (P < 0.01) were obtained between BR and
VR as well as between BR and BRR with moderate r values (Table 5.1).

We found significant positive correlations (r = 0.36, P < 0.01) between mean VR and the
LS means of WH scores collected at the JPC field location in 2017 (WH017JPC). A significant
positive correlation (r = 0.26, P < 0.01) was also observed between VR and WH data from the
Blairsville location in 2017 (WH017BVL). The VRR of indoor screened samples also exhibited
positive correlations with WH data of both environments overall years (WH-JPC, and WH-BVL)
(Table 5.1). This study reveals that indoor screening of alfalfa plants for cold temperature
tolerance is relevant to the selection of alfalfa accessions for WH. Besides VR, other variables,
such as PS, RHR and BR, from indoor testing also displayed significant correlations (P < 0.05)

with WH data from the field at the JPC location (Table 5.1). However, we could not find
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significant correlations (P < 0.05) between field data for BVL and the variables PS, RHR and
BR. But, the direction of the relationship between them was similar to that exhibited by the JPC
field data.

Discussion

In this experiment, we optimized a protocol for indoor screening of alfalfa in below
freezing-temperature tolerance, which could be useful to select alfalfa for enhanced cold
hardiness. Nevertheless, WH is a broader term that refers to plant’s ability to withstand harsh
winters, which is often encompass freezing temperature, diseases, high moisture level, ice
formation, and frost-heaving [14]. In a study performed to determine the differences between
winter hardy and non-winter hardy alfalfa in terms of carbohydrate accumulation in the crown,
artificial freezing and natural hardening found different levels of carbohydrate accumulations in
crowns [15]. Alfalfa freezing tolerance was more relevant to accumulation of sucrose, stachyose
and raffinose and decreased levels of glucose, fructose and starch, whereas in natural hardening
(maximum freezing tolerance) the crowns accumulate more raffinose and stachyose, and less
relevant to sucrose accumulation [15]. Freezing tolerance is one of the predictors of alfalfa WH
[8].

Brouwer et al. (2000) found a positive correlation (r = 0.34 to 0.58) between freezing
injury and winter injury in the field condition, suggesting that freezing tolerance and WH are
potentially controlled by the same genetic mechanism [8]. Castonguay et al. (2009) used cold
tolerant alfalfa from indoor selection to develop breeding populations, which accelerated the
breeding process [4]. In alfalfa, recurrent phenotypic selection is still a widely accepted method
for WH selection [4]. For instance, superior freeze tolerant cultivars like Apica (ATF0) and

(ATF5) were developed using recurrent selection for up to five cycles [16]. In our indoor cold
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tolerance test, we found a positive correlation (up to r = 0.36, P < 0.05) between alfalfa freezing
tolerance rating (VR) and WH scores recorded in the field. As young clonal seedlings were
tested in a cold chamber while plants in the field were already rooted for years, the differences in
the age of the plants tested in the two conditions may be the reason for the lower correlation
between VR and WH than expected. The results indicate that indoor cold tolerance testing of
alfalfa can be used in selecting for alfalfa winter hardiness, but selection solely based on indoor
cold tolerance may not be sufficient. Testing indoor selected plants in the field is recommended
because freezing tolerance is only a component of WH, and no perfect simulation environment
can be created in an indoor chamber, which essentially controls just the temperature.

Furthermore, winter injury in the field is more noticeable under fluctuating temperatures,
and the data were collected in the field after frost occurrence. While in the indoor chamber, we
constantly decreased and subsequently increased the temperature with no fluctuations. In other
words, alfalfa becomes cold sensitive either by not exhibiting cold acclimation initially or by
losing the originally attained acclimation through de-acclimation. Past reports indicated that
when temperature in winter rises to a mild range (~ 13 °C), the alfalfa plants begin
deacclimation, loss/reduce hardiness attained via acclimation, and initiates new buds [1]. When
the mild temperature goes down, winter hardy plants exhibit re-acclimatization. The genotypes
that fail to exhibit re-acclimation (winter susceptible) will suffer from winter injury [12].
Therefore, our indoor screening method could be more effective, if we created the conditions of
acclimation, deacclimation and reacclimation.

One of the challenges we encountered in the alfalfa indoor cold test was to prepare
identical stem cutting-clones. The clonal variation is not unusual and such variation among

cuttings of the same genotype were commonly experienced in alfalfa. Perhaps the uncontrolled
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source of variability is attributable to the vigor of establishment and the interaction with the
environment (watering, location in the growth chamber, etc.) (Yves Castonguay, personnel
communication, 2016). This effect can be minimized by making multiple clonal propagules for
each genotype and using the vigorous clones of uniform size for cold treatment. When resources
are not limited, producing a large number of cuttings and testing more uniform clones could be
effective to avoid the uncontrolled source of variability among clones. However, the phenotypic
variation present in clones, which is also known as somaclonal variation, could be the result of
other factors such as epigenetic changes [17].
Conclusion

Plants growing under natural conditions must cope with several environmental challenges
to ensure survival. For alfalfa, winter damage is one of the environmental factors limiting its
production, especially in cold climates. Low and non-freezing temperatures and occasional frost
can injure alfalfa plants and impact their productivity, survival, and ecological adaptation.
Therefore, improvement of alfalfa for cold tolerance is essential to minimize winter damage. In
this study, we observed that alfalfa WH can be enhanced using surrogate phenotype selected for
cold hardy genotypes under artificial cold environment. This indirect selection can be
recommended to supplement the direct field selection for WH because we observed a significant
positive correlation (P < 0.05) between cold tolerance and WH rating. Therefore, the indoor cold

selection method can be useful to accelerate the breeding process of improving alfalfa for WH.
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Tables and Figures

Table 5.1. Correlations between different variables from indoor freezing tolerance testing and

winter hardiness data recorded under field conditions.

PS RHR BR VR VRR WHO017JPC WH-JPC WHO017BVL WH-BVL
PS 0.55™" 0.40™ -0.91" -0.70™ -0.33™ -0.26" -0.23%\8 -0.19Ns
RHR 0.78"  -0.65™" -0.75™ 0.19Ms -0.25" -0.22Ns -0.25Ns
BR -0.46™" -0.64™ -0.25" -0.28" -0.20M8 -0.13%\s
VR 0.80™ 0.36™ 0.25" 0.23" 0.24"
VRR 0.36™ 0.26" 0.16Ns 0.15Ns

* P <0.05, **P <0.01, *** P < 0.001, NS non-significant

PS = Percentage survival

RHR = Mean regrowth height ratio of surviving plants (treatment/control)

BR = Ratio of mean wet biomass of surviving plants (treatment/control)

Table abbreviations

VR = Mean visual rating of low-temperature tolerance of a cold treated genotype

VRR = VR ratio of treatment and control groups

WHO017JPC = Winter hardiness least square mean, data collected in year 2017 at JPC

WH-JPC = Winter hardiness least square mean, overall (3 years) data at JPC

WHO017BVL = Winter hardiness least square mean, data collected in 2017 at Blairsville

WH-BVL = Winter hardiness least square mean, overall (3 years) data at location Blairsville
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Figure 5.1. Regrowth pattern of indoor freeze tested alfalfa plants from the treatment group (left)

and the control group (right) after two weeks of treatment.
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CHAPTER 6
SUMMARY

Dissecting the genetic basis of alfalfa major adaptation and agronomic traits is valuable
for understanding the adaptation mechanisms and improving these traits to increase yield and
persistence. The presence of phenotypic variation for two important adaptation traits, fall
dormancy (FD) and winter hardiness (WH) in alfalfa germplasm provides opportunity for
breeders to integrate these important attributes for improving alfalfa to overcome production
limitations associated with environmental changes. Incorporation of WH in non-dormant alfalfa
germplasm requires understanding of the genetic basis of both WH and FD. Winter-hardy non-
dormant alfalfa cultivars would fit in a wider adaptation range and have extended growing
season with additional harvests that would reduce seasonal forage gaps. Seasonal forage gaps
exist because of partial to complete growth cessation of warm-season species when cool-season
forages are not productive yet. Winters in Georgia and the southeast USA are overall mild but
experience a few freezing days per season depending on the latitude and elevation. These regions
with mild winters can be cultivated with winter-hardy non-dormant alfalfa germplasms that
provide additional cuttings and extend the forage production season. Furthermore, if the selected
winter-hardy and non-dormant alfalfa cultivars carry favorable alleles for other important
agronomic traits such as early spring yield (SY), timing of flowering (TOF), late summer yield
and disease resistance, they will ensure year-round alfalfa production with high-quality biomass.
Therefore, this project was carried out with the objective to understand the genetic basis of the

variations present in an alfalfa population for the traits of interests (FD, WH, TOF, SY, summer
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yield and rust resistance) using quantitative trait loci (QTL) mapping in a pseudo-testcross
population. Another objective of the project was to optimize a protocol for alfalfa cold tolerance
in an indoor freezer and to test the protocol in an alfalfa mapping population.

In alfalfa, identifying genomic regions controlling important phenotypes is hindered by
the lack of a physical genome map and limited availability of polyploid friendly genomic tools.
With the advent of Next Generation Sequencing (NGS) and cost effective NGS library
preparation approaches, such as genotyping-by-sequencing (GBS), discovery of SNP markers
has become easier in species even without reference genomes. However, alfalfa exhibits
tetrasomic inheritance and only markers segregating in specific patterns can be used for genetic
mapping with the available genetic mapping tools. We used single dose allele (SDA) markers
unique to each parent for genetic mapping. Markers segregating in a single parent are also known
as testcross markers, and the genetic mapping strategy using such markers is known as pseudo-
testcross strategy, which was used for this project. This is a common approach for genetic
mapping of a population derived from two out-crossing parents.

This study utilized the GBS method for SNP identification and genotyping of an F1
mapping population derived by crossing two alfalfa cultivars, 3010 (?) x CW 1010 (&). The two
parents had contrasting FD and WH, with 3010 being dormant, winter-hardy and CW 1010 being
non-dormant, winter susceptible. A total of 184 F1 population was developed and replicated
using stem cuttings. The F1 clones, two parents, and check cultivars were transplanted at two
locations, Watkinsville and Blairsville, GA. The Blairsville location was selected because the
winters in this location are often harsh with freezing temperature and frequent snow. The two

locations were also different from each other in other climatic variables, such as the year-round

170



temperature and rainfall, which allowed us to understand the environmental interaction of the
traits of interests.

For FD phenotyping, regrowth height of F1 progeny, standard checks, and parents was
measured at four weeks after clipping on 21% September. As sufficient regrowth was observed in
the winter (2016-2017), early winter and late winter height data were also recorded to see if it is
necessary to adjust the North American Alfalfa Improvement Conference (NAAIC) dormancy
protocol for the mild winters of the southeast environments. We established regression equations,
for each season dataset, using regrowth heights of FD standard checks and their dormancy rating
in the field. Then, the FD of mapping population were estimated using their height data in the
equation as the independent (predictor) variable. WH was assessed using visual rating scores (0-
5), with zero being no winter effect, one being the most winter-hardy and 5 being the most
winter susceptible. Data for WH was recorded in the winter months. Visual rating of winter
damage was recorded after each freezing occurrence or monthly basis (in the case of a mild-
winter). Alfalfa TOF was assessed after the onset of spring by estimating days to flowering when
all four clones within a plot have at least one flower using the Julian calendar days. The F1
plants were clipped after completion of flowering in spring and the wet biomass was recorded as
SY. After the first spring harvest, we also recorded biomass yield from three subsequent summer
cuts and analyzed it as cumulative summer biomass (CSB). Segregation of the mapping
population for its response to rust infection allowed for the evaluation of alfalfa rust severity
using a visual rating scale 1 to 5. We set up a protocol for testing alfalfa clones in an artificial
freezing environment in an ESPEC chamber using WH checks. The freezer tested alfalfa plants

were phenotyped using regrowth height and biomass ratios of treated vs. control groups and
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visual ratings. The phenotypic correlations between the various traits considered in this study
were estimated using Pearson’s correlation coefficient (r).

The molecular data was generated using genotyping-by-sequencing (GBS). Raw reads
from GBS were processed using two pipelines, UNEAK and GBS-SNP-CROP that helped us to
discover 5322 single dose allele (SDA) markers unique to the maternal parent (3010) and 2327
SDA SNPs for paternal parent (CW 1010). The SDA SNPs from each parent were mapped using
the pseudo-testcross method and JoinMap 5.0. The 32 linkage groups of each parent were
assigned to eight chromosomes, each with four sub-genomes, using reference genome (Mt4.0) of
M. truncatula. The constructed genetic linkage maps were used for QTL detection using
composite interval mapping algorithm in Windows QTL cartographer (2.5). The least square
(LS) means of the phenotypic data of each trait for each genotype were estimated using PROC
GLM in SAS 9.4, and the LS means of F1 were used as the trait value for QTL mapping.

In this study, we observed important phenotypic correlations among several alfalfa traits.
A moderate positive (0.22 - 0.57) correlation was observed between FD and WH rating, whereas
the correlation magnitude varied greatly with FD assessment time. FD assessed based on
regrowth data after clipping alfalfa on 21% September showed weaker correlation with WH,
whereas the dormancy assessed in winter exhibited stronger relationships with WH. The effect of
dormancy in the alfalfa population was more visible in mild winters. Therefore, we recommend
to clip alfalfa later in late fall or early winter to obtain reliable regrowth height data to assess FD
dormancy effectively in regions like Georgia with warm late fall temperatures.

We also observed phenotypic correlations between traits such as TOF and FD, WH and
SY, and rust severity with FD and WH. These correlations suggest potential cross-talk between

various alfalfa traits. However, the relationship may be specific to the particular population and
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further studies in diverse alfalfa populations may be needed. Nonetheless, the study reveals the
direction of relationship between traits. Understanding the phenotypic relationship among traits
is important for developing more plastic alfalfa cultivars with expanded adaptability, higher
yield, and other essential characteristics. The moderate positive correlations observed between
indoor cold screening and field WH rating indicated that WH selection in the field can be
accelerated by screening alfalfa initially in freezing chambers.

To our knowledge, this is the first report on QTL mapping in alfalfa at sub-genome level
using dense genetic linkage maps. The genetic maps for both parents had an average marker
density of 1.5 cM/SNP. Several novel QTLs including stable QTLs and evolutionarily conserved
QTLs were identified for the important alfalfa traits in this study. Forty-five QTLs for FD and 35
for WH were detected on both male and female linkage maps. The QTLs were identified mostly
in the separate genomic regions, which indicates that the two traits are genetically separate, and
their independent improvement is possible. We also detected few overlapping (matched) QTLs
for these two traits. The overlapping QTLs and the positive phenotypic correlations observed
between FD and WH could be due to the presence of pseudo-linkages because of long-term
simultaneous selection for those two adaptation traits. This study provides insights into the
relationship between seasonal dormancy and WH, which can also be applied to other perennials.

In this study, a total 25 QTLs for TOF, 17 for SY and six QTLs for CBS biomass were
detected. Three TOF related QTLs were found stable and four TOF QTLs were detected at the
position relative to the flowering QTLs of M. truncatula identified previously. Several putative
homologous genes for the SNP sequences of QTLs peak and flanking regions were observed for
TOF, SY and CBS. This study provides the first QTL mapping analysis for rust resistance in

alfalfa. We detected eight alfalfa QTLs of rust resistance and the QTLs that explained maximum
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variation in phenotype had R? = 0.13. The experiment clearly showed that leaf rust resistance in
alfalfa is polygenic.

Further, the QTLs and molecular markers associated with the variation in alfalfa
phenotypes investigated in the study will add genomic resources and enable marker-assisted
selection (MAS) to speed up the development of non-dormant alfalfa cultivars with enhanced
WH. The non-dormant, winter-hardy and widely adapted alfalfa cultivars with an extended
growing season can enhance overall forage production and fill seasonal gaps. Being the most
widely grown forage crop species in the world, improved cultivars in alfalfa will certainly have a
high economic impact.

Limitations and future directions

Despite the popularity and importance of the crop, genetic and genomic resources for
tetraploid alfalfa are meager which limits advanced analyses. For instance, there are few
sequence data processing pipelines that support de novo SNP calling. Since the species does not
have a genome reference, we have to align the tag sequences to the M. truncatula (diploid
relative) genome for chromosome assignment, but only about 60% of the SNPs were aligned to
Medicago genome and we were unable to pinpoint the physical locations of the rest of the SNPs
markers. The presence of SNPs with no information about the physical location poses challenges
when distinguishing between sequencing errors from the true variants in alfalfa.

Being an autotetraploid exhibiting tetrasomic inheritance, genetic linkage mapping in
alfalfa is cumbersome and limited to markers segregating in certain patterns. There are currently
no mapping programs or software packages designed specifically for autotetraploid that can
handle thousands of markers. In this study, the single dose alleles (SDA) SNPs (Aaaa x aaaa)

specific to one parent were used for genetic linkage mapping which represent only a portion of
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the entire genome. Moreover, mapping QTLs in an F1 population, captures variation within each
parent rather than variation between parents. Therefore, the QTLs we identified in this study may
not represent the entire set of causal loci for the traits we mapped. Furthermore, the QTLs
reported in these studies for different alfalfa traits explained relatively lower portions of the total
on phenotypic variations (R? < 0.20) and increasing the precision with increasing the number of
locations may be warranted.

The phenotyping process, especially the visual rating methods we used in this research
could generate some bias in the data. Although, the same individuals recorded visual scores, yet
the data collected between environments and between seasons could bear some human bias. The
visual rating method was also time consuming. Therefore, switching to newer technology for
high-throughput field phenotyping of alfalfa traits such as winter killing and fall regrowth height
could be more effective. Generating uniform alfalfa clones from stem cutting for the indoor
freeze test is labor intensive because only a part of clones showed uniformity due to
environmental or possible epigenetic variations. Therefore, we grew several clones in the
greenhouse to select only the uniform ones for freezing test. In addition, the clones varied in
growth depending on the vigor of the source plant, indicating that environmental variation must
be addressed while cloning alfalfa.

Despite the limitations associated with alfalfa genome complexity, genomic resources
and tools, phenotyping methods and alfalfa clonal uniformity, this study provides a foundation
for further investigations and buildup of genomic resources for future alfalfa improvement
programs. The genetic linkage maps are one of the most saturated alfalfa genetic maps published
so far and may offer a framework for the future linkage mapping and allow comparative marker

analysis with respect to grouping and positions within the linkage groups. Moreover, other traits
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segregating in the population can also be mapped on the same genetic linkage map. For instance,
we have a plan to map QTL for freezing tolerance after completion of the freezing tests. This
will allow comparing the genetic relationship between the QTLs detected for winter hardiness
phenotypes in the field and indoor freezing tolerance phenotype. The sequences of SNP markers
identified for traits of interest can be used for putative homolog detection using the BLAST
search either on M. truncatula genome or on the genome of CADL (cultivated alfalfa at diploid
level). In this study, we have provided putative homologous genes related to flowering time,
yield and leaf rust, but not for fall dormancy and winter hardiness. Relationships between the
markers identified in the study and putative candidate genes for the traits of interest can be
searched. For example, a search for CBF (C-repeat binding factor) gene which has been
identified as the most important genes encoding proteins for cold acclimation can be initiated in
alfalfa with the SNPs we identified for winter hardiness QTLs.

Improvement of alfalfa via heterotic hybrid breeding method is almost impossible
because of self-incompatibility and inbreeding depression. However, exploiting partial heterosis
by developing limited generations of synthetic cultivars is a common breeding method that can
be applied in such forage species. By far, the most explored alfalfa improvement method is
recurrent selection (RS), which is used to develop alfalfa synthetic cultivars by increasing the
frequency of desired alleles for the target traits. Marker-assisted selection (MAS) is important to
improve alfalfa traits like fall growth, winter hardiness and biomass by shortening breeding
cycles and reducing their numbers compared to the RS. Marker-assisted backcrossing (MAB) is
often performed to incorporate one or few major genes or QTLs into elite lines while marker-
assisted pyramiding (MAP) can be done to combine several genes in an individual genotype. In

the next step of this project we can incorporate the QTLs with relatively higher effects on
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phenotypes such as dormancy QTL (ndorm1) and winter hardiness QTL (wh1) using MAP to
enhance fall regrowth and winter hardiness of elite germplasm.

However, the validation of these QTLs will be essential before adopting them in MAS to
ensure the loci are stable and repeatable across populations and environments. The non-dormant
and winter-hardy F1 plants can be selected and polycrossed to develop F2 validation populations.
If the QTLs identified for higher fall regrowth and winter hardiness are present in the segregating
F2 progeny, these QTL markers can be used in MAB or MAP. The identified QTLs can also be
verified with genome-wide association studies (GWAS) using diverse germplasm. We have
access to a GWAS panel in the forage breeding program that was established in 2013 and has
been evaluated for several traits including fall dormancy and winter hardiness. The panel will be
genotyped and used for further linkage analysis and validation of the QTLs identified in bi-
parental mapping. If GWAS shows the trait associated SNPs in the corresponding regions where
QTLs were identified, then we can narrow down the candidate genomic regions and confirm the
markers for breeding programs. The stable QTL markers for the traits of interest will be valuable

genomic resources for future alfalfa improvement initiatives.
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