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Abstract: Timothy grass (Phleum pratense L.) is one of the most important forage crops in temperate
regions. Forage production, however, faces many challenges, and new cultivars adapted to a changing
climate are needed. Wild populations and relatives of timothy may serve as valuable genetic resources
in the breeding of improved cultivars. The aim of our study is to provide knowledge about the
phenotypic diversity in domesticated (cultivars, breeding lines and landraces) and wild timothy
and two closely related species, P. nodosum (lowland species) and P. alpinum, (high altitude species)
to identify potential genetic resources. A total of 244 accessions of timothy and the two related
species were studied for growth (plant height, fresh and dry weight) and plant development (days
to stem elongation, days to booting and days to heading) in the field and in a greenhouse. We
found a large diversity in development and growth between the three Phleum species, as well as
between the accessions within each species. Timothy showed the highest growth, but no significant
difference was found between wild accessions and cultivars of timothy in fresh and dry weight.
However, these two groups of accessions showed significant differences in plant development, where
timothy cultivars as a group reached flowering earlier than the wild accessions. This suggests that
there has not been a strong directional selection towards increased yield during the domestication
and breeding of timothy; rather, timothy has been changed for other traits such as earlier heading.
Principal component analysis and cluster analysis based on all traits revealed distinct clusters.
Accessions falling within the same cluster showed similarities in the development and growth rather
than the type of accession. The large diversity found in this study shows the potential of using
timothy accessions as genetic resources in crosses with existing cultivars. Also, accessions of P.
nodosum with favorable traits can be candidates for the domestication of a novel forage crop, and
the high-altitude relative P. alpinum may be a source of genes for the development of more cold and
stresstolerant cultivars.

Keywords: biomass; development; forage crop; genetic resources; perennial; Phleum alpinum; Phleum
nodosum; Phleum pratense; wild relatives

1. Introduction

Timothy (Phleum pratense L. subsp. pratense) is one of the most important forage
crops in temperate regions. It is an outcrossing, short-lived perennial with shallow roots
and, due to its winter hardiness, it is the preferred species for forage grass cultivation at
higher latitudes in Northern Europe, East Asia and North America [1]. Timothy is a leafy
and tall-growing grass with high biomass production, as well as high nutritive value and
digestibility compared to many other forage grasses [2]. The forage quality of timothy is
regulated by the developmental stage of the plant and is usually highest during the early
growth of the crop when most of the tillers are in the vegetative stage [3,4].
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Biomass production increases with age when the tillers elongate and reach the flow-
ering stage. In contrast to some other forage crops such as Lolium perenne L. and Festuca
arundinacea Schreb., timothy can form elongated and heading tillers without vernalization
(cold treatment) [5,6]. However, flowering is stimulated by vernalization, especially in
northern accessions [6-9]. Flowering and stem elongation are also stimulated by a longer
photoperiod [5,8-10].

New tillers are formed from buds in leaf sheaths at the base of the stem. The stem
bases (corms) are swollen and can serve as energy reserves [11]. With its rapid growth
and formation of tillers, timothy can be harvested two to four times per season. However,
the buds and corms in the crown are sensitive to trampling and grazing by cattle, which
decreases the production of tillers. Another limitation for its persistence in pure stands or
in mixtures with perennial legumes and other forage grasses is its shallow root system and
its sensitivity to drought [12].

Timothy, together with fourteen perennial and annual species as well as several
subspecies, form the genus Phleum [13,14]. Besides timothy, several other of these species are
domesticated and cultivated as forage crops. The Phleum species vary in ploidy level from
diploid to octoploid [13,14]. Even different ploidy forms are described within the same taxa.
The polyploid forms are presumed to be the result of hybridization events and subsequent
polyploidizations. The most common form of timothy is hexaploid, with 42 chromosomes
(2n = 6x = 42). Hexaploid timothy is native to Europe, except for the Mediterranean areas,
and the cultivated crop was domesticated from hexaploid wild populations in Northern
Europe. Wild timothy populations grow in lowland areas throughout Europe.

The genetic relationship between the Phleum species and the origin of hexaploid
timothy have puzzled scientists over the years and are still not fully understood. Based
on genetic analysis, the similarity between hexaploid timothy and the diploid relative P.
nodosum (syn. P. pratense L. subsp. bertolonii (DC.) Bornm. and P. bertolonii (DC.) Bornm.,
2n = 2x = 14) was found in chloroplast trnL intron DNA sequences [14]. Genetic similarities
were also found between hexaploid timothy and the diploid P. alpinum subsp. rhaeticum
Humphries (2n = 2x = 14). A hybridization is suggested to have occurred between the
two diploid species P. nodosum and P. alpinum subsp. rhaeticum in the Italian Alps, which
resulted in an allotetraploid Phleum. Moreover, cytological studies suggest the presence
of two genomes of P. nodosum in hexaploid timothy [15,16]. Thus, the allotetraploid may
have hybridized with northern European populations of P. nodosum, and with subsequent
polyploidization, formed the hexaploid timothy, P. pratense subsp. pratense.

Wild populations of the different Phleum species originate from various geographical
regions and are adapted to different habitats such as meadows and grasslands. Hybridiza-
tion and polyploidy events in the evolution of Phleum are likely to have played an important
role in the geographical and ecological patterns as well as in the diversification of the species.
Also, variation in the direction and intensity of natural selection may have resulted in lo-
cally adapted populations within the species. Due to the strong human selection during
crop domestication, the species may have undergone large bottlenecks, leaving much of the
traits and genes behind in the wild populations [17-19]. These traits may be of large interest
for the improvement of crops [20]. The wild populations of timothy and the related Phleum
species are therefore potential genetic resources for the development of new high-yielding
timothy cultivars adapted to a changing climate.

In this study, we investigated the development and growth in domesticated and
wild hexaploid timothy and the two closely related species, the diploid P. nodosum and
the tetraploid P. alpinum (2n = 4x = 28), growing in the Nordic countries. Taxonomically,
the tetraploid P. alpinum belongs to the same species as the diploid P. alpinum subsp.
rhaeticum [13,14]. The wild populations of P. alpinum commonly grow on meadows, river-
banks, roadsides and in birch forests at high elevations. At northern latitudes P. alpinum
is found in Iceland, Norway, northern Sweden and northern Finland. Wild populations
of P. nodosum are commonly found on meadows at low elevations. At northern latitudes,
it has a more southern distribution than P. alpinum. Wild populations of timothy are
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found throughout the Nordic countries and grow at low elevations on meadows and in
human-impacted and disturbed soils. The wild and domesticated accessions were studied
both in the greenhouse and in the field to address the following questions: Do the three
Phleum species differ in growth and development? Does the pattern of phenotypic diversity
vary within and between the Phleum species? Do the wild and domesticated accessions of
timothy differ in growth and development? Do some accessions show traits of interest for
future breeding, and are therefore important genetic resources?

2. Results
2.1. Survival in the Field

The survival after the first winter was high in all groups of timothy accessions com-
prising wild, semi-wild, landraces, breeding lines and cultivars (100% of the accessions
and from 93% to 96% of the plants; Table 1). The survival was also high in the cultivars
and in the wild accessions of P. nodosum (100% of the accessions and from 92% to 96% of
the plants). However, in P. alpinum, only 67% of the wild accessions and 66% of the plants
survived the first winter.

Table 1. Number of accessions and number of plants planted in the field and the survival of accessions
and plants after the first winter for different groups of accessions.

. Planted Survived Survival Rate
Category Species Group (Number) (Number) (%)
Cultivar 56 56 100.0
Breeding line 10 10 100.0
P. pratense Landrace 55 55 100.0
Wild 61 61 100.0
Accessions Semi-wild 30 30 100.0
P nod Cultivar 7 7 100.0
. nodosum Wild 7 7 100.0
P. alpinum Wild 18 12 66.6
Cultivar 823 769 934
Breeding line 151 145 96.0
P. pratense Landrace 779 741 95.1
Wild 928 876 944
Plants Semi-wild 440 415 94.3
P 1od Cultivar 90 86 95.6
- fodostim wild 106 97 915
P. alpinum Wild 29 19 65.5

2.2. Phenotypic Differences between Species

The ANOVA results demonstrated significant differences between the three Phleum
species for all the studied growth traits and developmental stages under both field and
greenhouse conditions (Tables S1 and S2). In the field, we observed significant block effects
but failed to detect such effects in the greenhouse experiment. P. nodosum and P. alpinum
showed similar days to booting (DTB) and days to heading (DTH) in the field, while
timothy reached booting and heading later (Tukey HSD, p < 0.05; Table S3). However, in
the greenhouse, P. alpinum and timothy showed similar development and reached booting
and heading later than P. nodosum (Tukey HSD, p < 0.05; Table S4). In the field, the highest
fresh weight (FW), dry weight (DW) and plant height (PH) were found in timothy (Tukey
HSD, p < 0.05; Table S3), while in the greenhouse P. nodosum had the highest means of FW,
DW and PH (Tukey HSD, p < 0.05; Table S4).

2.3. Variation in Growth Traits among Accessions
2.3.1. Field Trial

The mean FW and DW were about one-third higher in almost all groups of accessions
of timothy compared to the cultivars and wild accessions of P. nodosum, and almost twice as
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high compared to the wild accessions of P. alpinum (Figure 1a,b). Interestingly, no significant
difference was found between cultivars and wild accessions of timothy in FW or in DW
(Tukey HSD, p > 0.05), while the semi-wild accessions had a significantly lower FW and DW.
Similarly, no significant difference was observed between cultivars and wild accessions of
P. nodosum (Student’s t-test, p > 0.05).
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Figure 1. Mean and SD of fresh weight (FW), dry weight (DW) and plant height (PH) in different
groups of accessions of P. pratense, P. nodosum and P. alpinum in the field (a—c) and in the greenhouse
(d—f). Mean values that do not share the same letter are significantly different among accessions
according to Student’s t-test, p < 0.05 for comparing two groups of accessions, and Tukey HSD,
p < 0.05 for comparing more than two groups. Letters inside the bars show comparisons between
groups of accessions within each species and capital letters outside the bars show comparisons
between the groups of wild accessions of the three species, and Roman letters show comparisons
between groups of cultivars of P. pratense and P. nodosum.



Plants 2023, 12, 3494

50f21

A similar pattern was also found for PH. All groups of timothy accessions showed
about one-third higher mean than the P. nodosum cultivars and wild accessions, and more
than twice the mean of P. alpinum (Figure 1c). There was no significant difference in PH
between wild and cultivated accessions of P. nodosum (Student’s t-test, p > 0.05). How-
ever, within timothy the wild and semi-wild accessions as well as the landraces showed
significantly lower PH than the breeding lines and cultivars (Tukey HSD, p < 0.05).

2.3.2. Greenhouse Trial

The mean FW and DW of all groups of accessions in all species were significantly
lower in the greenhouse than in the field (Figure 1d,e). For timothy, the FW and DW were
about one-fourth of the yield in the field, and for P. alpinum they were only one-fifth of
the yield in the field. However, in P. nodosum the yield was only reduced by half in the
greenhouse compared to the field.

Even though the FW and DW were lower in the greenhouse, the pattern of variation
among groups of timothy accessions was similar to the pattern found in the field, where
no significant difference was found between the cultivars and the wild accessions (Tukey
HSD, p > 0.05). In contrast to the field trial, the DW was significantly higher in the cultivars
than in the wild accessions of P. nodosum (Student’s t-test, p < 0.05).

The mean PH was higher in the greenhouse than in the field for all groups of timothy
accessions, except for the semi-wilds (Figure 1f), but the pattern of variation was similar to
that found in the field.

2.4. Variation in Development among Accessions
2.4.1. Field Trial

A partially deviant pattern of variation was found when comparing the development
within and between the three Phleum species compared to the pattern of variation for the
growth traits. In timothy, the mean of DTB and DTH was significantly lower in the cultivars
compared to the other groups of accessions, while for days to stem elongation (DTS) it was
only significantly different from the landraces (Tukey HSD, p < 0.05; Figure 2a—c). In P.
nodosum, the cultivars showed a significantly lower mean than the wild accessions for all
developmental stages. In other words, the cultivars of both timothy and P. nodosum reached
the three developmental stages earlier than their wild accessions did. Moreover, the P.
nodosum cultivars reached these developmental stages earlier than the timothy cultivars.
The wild accessions of timothy and P. nodosum did not differ significantly in DTB or DTH,
while the wild accessions of P. alpinum reached booting earlier than timothy and P. nodosum,
and reached heading earlier than the wild timothy accessions.

2.4.2. Greenhouse Trial

In timothy, two wild accessions, four semi-wild accessions, four landraces, one breed-
ing line and two cultivars only formed vegetative tillers at the end of the greenhouse trial
about six months after the vernalization treatment. In addition, twelve wild accessions,
nine semi-wild accessions, nine landraces, two breeding lines and four cultivars remained
in the elongated stage at the end of the trial. For the plants that reached heading, the results
from the greenhouse trial showed a pattern similar to what was found in the field for the
developmental traits (Figure 2d,f), where cultivars had a significantly lower mean of DTS
compared to the other groups of timothy accessions (Tukey HSD, p < 0.05). The cultivars
also showed a significantly lower DTB and DTH compared to the landraces and the wild
accessions of timothy (Tukey HSD, p < 0.05).

The pattern of variation was, however, different for P. nodosum. In contrast to the field
trial, the cultivars reached booting and heading later than the wild accessions. Moreover,
the development of the wild accessions of P. alpinum was rather different in the greenhouse
than in the field since 12 out of the 18 accessions (86%) did not form elongated or heading
tillers in the greenhouse.
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Figure 2. Mean and SD of days to stem elongation (DTS), days to booting (DTB) and days to heading
(DTH) in different groups of accessions of P. pratense, P. nodosum and P. alpinum in the field based on
growing degree days (GDD, a—c) and in the greenhouse based on days after emergence (DAE, d—f).
Mean values that do not share the same letter are significantly different among accessions according
to Student’s f-test, p < 0.05 for comparing two groups of accessions, and Tukey HSD, p < 0.05 for

comparing more than two groups. Letters inside the bars show comparisons between groups of

accessions within each species and capital letters outside the bars show comparisons between the

groups of wild accessions of three species, and Roman letters show comparisons between groups of

cultivars of P. pratense and P. nodosum.



Plants 2023, 12, 3494

7 of 21

2.5. Correlation between Traits
2.5.1. Field Trial

A strong positive correlation was found between the variation in all developmental
stages (DTS, DTB and DTH) in all three species in the field (Figure 3a—). FW and DW
were also strongly correlated in all three species, while FW and PH, as well as DW and PH,
showed a weaker correlation in both timothy and P. nodosum. The variation in the growth
traits was not strongly correlated with the variation in DTS, DTB and DTH in all three
species. In fact, we found no correlation between most of the growth and developmental
traits in P. nodosum and P. alpinum. In timothy, no correlations or weak correlations were
found between the two types of traits.
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Figure 3. Correlation analysis between the studied traits, days to stem elongation (DTS), days to
booting (DTB), days to heading (DTH), fresh weight (FW), dry weight (DW) and plant height (PH) in
the field (brown) and in the greenhouse (blue). (a) P. pratense, (b) P. nodosum and (c) P. alpinum in the
field and (d) P. alpinum in the greenhouse.

2.5.2. Greenhouse Trial

Only the accessions that developed stem elongation, booting or heading in the green-
house trial were included in the correlation studies. In timothy, a similar pattern of
correlation between traits as seen in the field was also found in the greenhouse (Figure 3a).
This was also true for P. nodosum, except for the weaker correlation between DTS and
DTB, and between DTS and DTH, and the stronger correlation between FW and PH found
in the greenhouse (Figure 3b). Moreover, P. alpinum plants showed a weaker correlation
between FW and PH, and between DW and PH in the greenhouse (Figure 3d). Due to the
low number of P. alpinum plants that formed elongated and flowering tillers, we did not
perform a correlation test between the three developmental stages or between them and
the growth traits.
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2.6. Patterns of Phenotypic Diversity
2.6.1. Field Trial

The distribution of the studied traits varied between species and between groups of
accessions within the species (Figure 4a—f). Coefficient of variation (CV) was calculated for
each trait to evaluate the phenotypic diversity among the species and groups of accessions.
P. alpinum showed a much higher CV than timothy and P. nodosum for all growth traits
in the field (Figure 4g). In timothy, the wild accessions and cultivars showed a similar
diversity and the highest CV for FW and DW, while the breeding lines had the highest
CV for PH. However, in P. nodosum, the wild accessions had a much higher CV than the
cultivars for all growth traits. The highest diversity in the developmental traits was found
in P. alpinum and the wild accessions of P. nodosum (Figure 4h). In timothy, the cultivars
and breeding lines showed larger diversity in DTS, DTB and DTH than the other groups
of accessions.
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Figure 4. Distribution of studied traits in different groups of accessions of P. pratense, P. nodosum and
P. alpinum in the field. (a) Fresh weight (FW), (b) dry weight (DW), (c) plant height (PH), (d) days
to stem elongation (DTS), (e) days to booting (DTB), (f) days to heading (DTH), (g) coefficient of
variation (CV) of growth traits, (h) CV of developmental stages.

A principal component analysis (PCA) based on the variation in all growth traits and
the developmental stages studied in the field showed a large phenotypic diversity among
timothy accessions and formed six clusters (Figure 5a). In general, the accessions did not
cluster according to the type of accessions (cultivar, breeding line, landrace, semi-wild
and wild).
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Figure 5. Principal component analysis (PCA) and cluster analysis based on all studied traits, days to
stem elongation (DTS), days to booting (DTB), days to heading (DTH), fresh weight (FW), dry weight
(DW) and plant height (PH) in the field for (a) P. pratense, (b) P. nodosum and (c) P. alpinum. Different
colors in the PCA correspond to the clusters of accessions defined in the cluster analysis.
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Timothy accessions falling within the same cluster in the PCA showed similarities
in the development and growth traits rather than the type of accession. Accessions in
cluster I (highlighted in red) had on average the highest PH, FW and DW, and reached the
three developmental stages (DTS, DTB and DTH) earlier than the accessions in the other
clusters (Figure 5a and Table 2). On the contrary, the accessions in cluster VI (highlighted
in purple) showed on average the lowest yield and PH, and reached elongation, booting
and heading later than any of the other clusters. The accessions in cluster II (highlighted in
light green) and cluster III (highlighted in blue) had similar and relatively high FW and
DW, but accessions in cluster Il reached the three developmental stages earlier than those in
cluster III. Both cluster IV (highlighted in brown) and cluster V (highlighted in dark green)
consisted of relatively low-yielding accessions. The two clusters differed, however, in DTS,
DTB and DTH. The total number of accessions of each group of accessions is shown in
Table S5.

Table 2. Mean of each cluster for each studied trait in P. pratense, P. nodosum and P. alpinum in
the field.

Trait
. Number of

S
pecies Cluster Accessions DTS DTB DTH FW DW PH
(GDD) (GDD) (GDD) (g per Plant) (g per Plant) (cm)
1 19 170.1 239.1 291.9 480.9 196.9 94.0
I 46 182.1 252.0 302.1 448.2 176.7 85.6
P pratense 1T 28 190.8 266.0 3144 4429 173.7 81.8
P v 43 176.7 243.1 293.9 364.8 148.4 86.7
\% 43 187.5 255.5 305.7 364.0 142.4 78.7
VI 33 201.4 270.6 318.5 339.3 133.2 71.1
I 5 173.0 233.9 285.6 309.8 121.5 64.5
P. nodosum I 8 1771 239.0 288.2 2219 87.2 58.7
III 1 234.1 300.1 340.0 212.3 86.6 442
1 5 188.9 2324 279.5 69.0 254 27.0
P. alpinum 1I 3 164.2 205.9 268.5 168.3 80.7 46.0
1T 4 187.0 252.7 307.0 386.5 136.9 59.6

For P. nodosum, two clusters were formed with wild accessions and cultivars in both
clusters (Figure 5b). In addition, a single wild accession did not cluster with any other
accession. Cluster I (highlighted in red) consisted of accessions with, on average, the
tallest plants as well as the highest FW and DW (Table 2). In contrast, the single accession
(highlighted in blue) reached heading very late and had the lowest PH, FW and DW. The
accessions in cluster II (highlighted in green) showed a phenotype in between the accessions
in cluster I and the single accession.

The wild accessions of P. alpinum were divided into three clusters (Figure 5¢). Cluster I
(highlighted in red) was represented by accessions with very low PH, FW and DW, while
cluster III (highlighted in blue) showed the highest yield (Table 2). Cluster II (highlighted
in green) consisted of very early booting and heading accessions.

2.6.2. Greenhouse Trial

Differences in the distribution of the growth traits and the developmental stages
were also found between species and between groups of accessions within species in the
greenhouse trial (Figure 6a—f). However, the distribution pattern in the greenhouse differed
partly from the pattern found in the field. For example, the variation in the distribution of
PH was larger between groups of timothy accessions in the greenhouse than in the field
(Figures 4c and 6¢) and the variation in the developmental traits was larger between the
wild accessions and the cultivars of P. nodosum in the field (Figures 4d—f and 6d—f).
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Figure 6. Distribution of studied traits in different groups of accessions of P. pratense, P. nodosum
and P. alpinum in the greenhouse. (a) Fresh weight (FW), (b) dry weight (DW), (c) plant height (PH),
(d) days to stem elongation (DTS), (e) days to booting (DTB), (f) days to heading (DTH), (g) coefficient
of variation (CV) of growth traits, (h) CV of developmental stages.

Similar to what was found in the field trial, P. alpinum showed a much higher diversity
for the growth traits than the other two species in the greenhouse (Figure 6g). Also, the
wild accessions of P. nodosum had a higher CV than the P. nodosum cultivars for FW, DW
and PH. While the wild accessions and cultivars had the highest diversity for FW and DW
in the field, the breeding lines of timothy showed the highest CV for the growth traits in
the greenhouse. The highest diversity for the developmental traits was found in the wild
accessions of timothy, while the wild accessions of P. nodosum showed the lowest CV for
DTB and DTH (Figure 6h).

A PCA based on all studied traits in the greenhouse also showed a large diversity
among accessions in all the three Phleum species (Figure 7). Among the timothy accessions
that reached heading, five clusters were formed. Both domesticated and wild accessions
were found in all clusters. Accessions in cluster V (highlighted in dark green) had the
highest yield and PH and reached the three developmental stages early (Figure 7a and
Table 3). Cluster II (highlighted in light green) and III (highlighted in blue) included both
low-yielding accessions, but the accessions in cluster III reached heading much later than
the accessions in cluster II. Mid-early accessions were found in cluster IV (highlighted in
brown). These accessions showed high FW and DW. The total number of accessions of each
group of accessions is shown in Table Sé.
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Figure 7. Principal component analysis (PCA) and cluster analysis based on all studied traits, days to
stem elongation (DTS), days to booting (DTB), days to heading (DTH), fresh weight (FW), dry weight
(DW) and plant height (PH) in the greenhouse for (a) P. nodosum, (b) P. alpinum and (c) P. pratense.
Different colors in the PCA correspond to the clusters of accessions defined in the cluster analysis.
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Table 3. Mean of each cluster for each studied trait in P. pratense, P. nodosum and P. alpinum in
the greenhouse.

Trait
: Number of
S

pecies Cluster Accessions DTS DTB DTH FW DW PH
(DAE) (DAE) (DAE) (g per Plant) (g per Plant) (cm)
1 55 159.4 170.2 183.4 92.6 34.2 103.2

I 37 169.3 180.9 195.6 70.0 25.1 80.2

P. pratense 111 12 183.7 224.2 252.3 71.4 249 87.6
v 17 175.1 196.1 217.1 123.1 46.0 96.6
\ 38 160.2 174.5 184.9 143.9 56.9 125.7
I 3 154.7 177.4 193.2 108.3 46.2 105.2
P nod 11 4 156.7 167.5 179.6 141.5 60.1 128.0
- fodosuim il 1 161.3 200.0 220.0 100.7 43.8 92.1
I\Y 5 161.9 170.0 179.9 65.4 274 88.8

1 3 161.2 174.7 187.2 3.1 1.6 44.1

P. alpinum 11 1 173.0 198.0 214.0 33.8 12.8 67.1
11T 1 154.0 163.5 176.5 223.6 87.5 132.0

The accessions of P. nodosum were grouped into three clusters (one more cluster than
in the field) and a single cultivar that did not cluster with any other accession (Figure 7b).
Cluster I (highlighted in red), which comprised only cultivars, cluster II (highlighted in
green) and cluster III (highlighted in blue) had all high and similar mean FW and DW,
while cluster IV (highlighted in brown) showed a low yield (Table 3). All clusters reached
stem elongation early, but differed in DTB and DTH, where accessions in cluster III were
very late.

P. alpinum formed one cluster with three accessions (highlighted in red, Figure 7c).
The other two accessions did not cluster with each other or any other P. alpinum accession.
The mean FW and DW in the accessions were very low in cluster I and one of the single
accessions (highlighted in green) compared to P. nodosum and timothy (Table 3). Cluster
I and this single accession (highlighted in green) also showed late booting and heading,
while the other single accession (highlighted in blue) was early and high yielding.

2.7. Heritability

The broad-sense heritability (H?) was lower in the field than in the greenhouse for all
traits, except for PH which showed similar H? in both trials (Table 4). The largest difference
was found for the developmental stages where H? was as high as 0.95 for both DTB and
DTH in the greenhouse, while it was 0.37 for both traits in the field. In the greenhouse,
the growth traits showed much lower H?> compared to the developmental stages. How-
evert, in the field, the heritability for the growth traits and the developmental stages was
more similar.

Table 4. Genotypic variance (Vy), environmental variance (V,), phenotypic variance (V) and broad-
sense heritability (H?) of days to stem elongation (DTS), days to booting (DTB), days to heading
(DTH), fresh weight (FW), dry weight (DW) and plant height (PH) in the field and in the greenhouse
for P. pratense.

Trial Trait Vg Ve Vp H?
DTS 0.9 5.6 23 0.40

DTB 0.6 3.8 15 0.37

, DTH 0.5 3.2 1.3 0.37
Field FW 24495 24289.1 8521.7 0.29
DW 401.0 3708.0 1328.0 0.30

PH 48.7 160.6 88.9 0.55
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Table 4. Cont.

Trial Trait Vg Ve Vp H?
DTS 99.2 111.6 127.1 0.78
DTB 286.4 60.1 301.5 0.95
DTH 505.0 98.9 529.7 0.95
Greenhouse 745.9 3204.1 1546.9 0.48
DW 125.2 559.9 265.1 0.47
PH 315.3 1092.8 588.4 0.54

3. Discussion

Agriculture is challenged by an increased demand for food for a growing human
population and thereby an increased demand for animal feed during a changing climate.
To respond to this challenge, high-yielding cultivars adapted to grow in a changing envi-
ronment need to be developed. In this context, wild populations and closely related species
to the crop may serve as valuable genetic resources for the development of improved
cultivars. The aim of our study was to provide knowledge about the phenotypic diversity
in the forage crop timothy and two of its closely related species, P. nodosum and P. alpinum.
We studied different growth and plant developmental traits in domesticated and wild
accessions and identified potential genetic resources for timothy breeding.

The three Phleum species showed variation in growth. All groups of timothy accessions
had a significantly higher FW, DW and PH than P. nodosum and P. alpinum in the field.
Moreover, P. nodosum formed taller tillers than P. alpinum. The greater growth of timothy
was expected as it is one of the most important forage crops in temperate regions and
cultivated for its high biomass production. Cultivars of P. nodosum and P. alpinum are
developed, but to the best of our knowledge not used in mixtures with other forage crops.
However, in the greenhouse P. nodosum showed similar growth to timothy, while the plants
of P. alpinum were very small and most of them did not produce elongated tillers. The
cultivation of plants under different growing conditions in the greenhouse compared to in
the field, such as differences in temperature, photoperiod and water and nutrient content
in the soil, most likely contributed to the overall lower FW and DW in the greenhouse.
For example, a longer photoperiod has been shown to stimulate growth and biomass
production in P. alpinum [21]. The variation in the growing conditions seems to have also
affected the heritability of the studied traits in timothy, where the heritability was higher in
the greenhouse than in the field for almost all traits.

P. nodosum was, however, less affected by the different growing conditions in the
field and the greenhouse than timothy and P. alpinum. The adaptation to different habitats
may explain the difference in performance among the species in the two trials. P. nodosum
is characterized as a lowland species with rapid growth and spread, while P. alpinum
is primarily found at higher altitudes adapted to harsh mountainous environments [22].
The diploid P. nodosum and the tetraploid P. alpinum carry different genomes [13,14]. The
genomic form of P. nodosum is described as BBy and the genomic form of P. alpinum
as RERgXX. Our result suggests that the By genome carries genes for good and robust
growth in different growing environments. In addition, cytological studies indicate that
the hexaploid timothy carries two genomes of P. nodosum [15,16]. The polyploidization and
duplication of the By genome in timothy is likely to have contributed to its large growth
and biomass production. In fact, polyploidy has been shown to increase plant growth in
wild plants and domesticated crops [23-25]. Polyploidization is an important tool in forage
crop breeding, and the effect of genome duplication on biomass production and other traits
would be of interest to explore.

A large phenotypic diversity was found within each Phleum species and the different
groups of accessions. However, even though the diversity was high within the wild
accessions and the cultivars of timothy, these two groups did not differ significantly in
FW and DW in the field or in the greenhouse. Moreover, we did not find significant
difference in spring growth between wild accessions and cultivars of P. nodosum. The
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similarity in the phenotype of wild accessions and cultivars as well as the large diversity
among cultivars found in this study suggest that there has not been a strong directional
selection towards increased yield during the domestication and breeding of timothy and P.
nodosum. A strong directional selection towards a higher seed yield and other domestication
traits such as resistance to seed shattering and apical dominance is found in annual grain
crops [17-19,26], while in perennial forage crops, a high biomass production and forage
quality are desirable [27-30]. The large changes in phenotypic traits in seed crops are a
result of strong selection during many breeding cycles, while most of the forage crops have
gone through relatively few cycles of selection. The human selection may also have been
counteracted by cross-pollination in self-incompatible grasses such as timothy, increasing
the diversity within the species.

In timothy, the undomesticated wild accessions showed a vigorous growth and high
FW and DW, which are desirable traits for a forage crop. Our results suggest that the
timothy cultivars have rather been selected and improved for other traits. We found a
significant difference in plant development between the wild accessions and the cultivars
of timothy both in the field and in the greenhouse. The group of timothy cultivars reached
stem elongation, booting and heading earlier than the wild accessions. This shows that
the breeding has favored a rapid plant development in spring growth, and thereby made
repeated harvests of timothy possible during the same season. Also, in P. nodosum, the
cultivars showed earlier stem elongation, booting and heading than the wild accessions in
the field. The difference between the wild accessions and the cultivars in plant development
was more pronounced in P. nodosum than in timothy, and in the field the P. nodosum cultivars
reached heading much earlier than the timothy cultivars. The contrary was, however, found
in the greenhouse, where the P. nodosum cultivars showed booting and heading later than
the wild accessions, and reached heading at about the same time as the timothy cultivars.
Differences in performance in the two growing environments were also found in timothy
and P. alpinum accessions. Many domesticated and undomesticated accessions of timothy
and a majority of the wild P. alpinum accessions did not flower in the greenhouse. The
difference in the ability to flower in P. alpinum and timothy, and the opposite performance
of the P. nodosum cultivars and wild accessions in the two growing environments, may be
influenced by the difference in photoperiod. Also, the difference in length of vernalization
between the six-week cold treatment in the greenhouse and the longer cold period in the
field may have affected the development and ability to flower. Plants differ in their need
for vernalization to flower, and winter-type plants of annual cereals and some perennial
grasses such as ryegrass and tall fescue require vernalization [5,31,32].

The transition to the reproductive stage may also be affected by the photoperiod. In
timothy, an increasing temperature and a longer photoperiod stimulate stem elongation
during spring growth [5,8-10]. The need for vernalization for the transition to reproductive
tillers differs between timothy accessions from different geographical origin [6-9]. While
accessions in northern Scandinavia require vernalization to flower, more southern-growing
accessions are not affected by the vernalization. This adaptation to the climate (e.g.,
photoperiod and temperature) at the cultivation and growing sites may explain the variation
in heading time that we have found among accessions, and the different performance of
some accessions in the field and the greenhouse. A weak correlation was found between
the latitude of the geographical origin of the wild accessions of timothy and the heading
time (Figure S1). A correlation between heading time and geographical origin in timothy
has also been shown in other studies [7,10].

The large diversity that we have found in this study is of value for further pre-
breeding studies. It also shows the potential to identify genetic resources for developing
new improved timothy cultivars. The variation in days to stem elongation and flowering
indicates the difference in response to photoperiod, where some accessions required a
shorter photoperiod to reach flowering compared to other accessions. These accessions
may therefore serve as important germplasm for development of improved cultivars for
cultivation at lower latitudes. Accessions that respond to longer days for flowering could be
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used as germplasm for the development of new cultivars for northern latitudes. However,
early cultivars having a vigorous growth and a high biomass production may have a
lower nutritional value and forage quality than cultivars flowering later due to their faster
production of elongated tillers [3,4]. This negative relationship between high yield and
high forage quality is challenging in the breeding of forage grasses. Deviant accessions
with high yield and delayed and suppressed flowering would therefore be of great interest
for breeding. Interestingly, no strong correlation was found between the growth and
plant developmental traits in our study, which indicates that these traits can be selected
independently of each other. Timothy accessions with favorable traits could either be
crossed with existing cultivars to transfer these traits into the crop or domesticated to make
them adapted to grow on agricultural land.

Moreover, the relatively high yield of P. nodosum and its adaptation to low altitudes
make this species an interesting candidate for the development of new forage crops. Se-
lected accessions could be domesticated as a forage crop or crossed with already domesti-
cated P. nodosum cultivars. On the other hand, P. alpinum may also be a potential source of
genes for adaptation to colder and more stressful growing conditions. Genes from the wild
relatives may also be transferred into the timothy forage crop through wide hybridization
since Nordenskiold [33] found that crosses between P. nodosum and P. pratense, and between
P. pratense and P. alpinum, could give fertile hybrids.

4. Materials and Methods
4.1. Plant Material

Clonal plants from 212 accessions of timothy (P. pratense), 14 accessions of P. nodosum
and 18 accessions of P. alpinum originating from the Nordic countries, UK, Germany, the
Netherlands and Russia were planted in the field (Table S7 and Figure 8). The same clonal
plants, except four accessions (two timothy, one P. nodosum and one P. alpinum), were
also studied in a greenhouse at the Plant Cultivation Facility, Uppsala BioCenter, Swedish
University of Agricultural Sciences, Uppsala, Sweden. The seeds were provided by the
genebank NordGen, Alnarp, Sweden. In the Nordic Baltic Genebanks Information System,
Phleum accessions are described as wild, semi-wild (from populations nearby cultivated
fields with potential gene flow between populations), landrace (from a cultivated variety
adapted to a certain ecogeographical area), breeding line (group of related genotypes under
evaluation in a breeding program) or cultivar (Table S7).

4.2. Pre-Cultivation and Cloning

Eight seeds of each accession were sown in low nutrient commercial potting soil
(S-jord, Hasselfors Garden, Orebro, Sweden, Figure S2) in a climate chamber at the Plant
Cultivation Facility, BioCenter, Swedish University of Agricultural Sciences, Uppsala,
Sweden, with 16/8 h day/night photoperiod (350 pmol m~2 s~ ! light), 22/17 °C day/night
temperature and 65 percent humidity. After two months of growth, four randomly selected
plants (genotypes) of each accession were cloned. Since the Phleum species are outcrossing,
we considered each of the four plants within an accession genetically different. Vegetative
tillers were gently separated from each other, and six of the tillers from each plant were
individually transplanted into pots (15 cm X 15 cm x 20 cm) with commercial potting
soil (P-jord, Hasselfors Garden, Orebro, Sweden). The cloned plants (totally six plants per
genotype) were then cultivated in the greenhouse with a 16/8 h day/night photoperiod.
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Figure 8. (a) Collection sites of wild and semi-wild accessions, landraces and breeding lines of
P. pratense, P. nodosum and P. alpinum, and (b) country of origin of developed cultivars based on
passport data from the genebank NordGen, Alnarp, Sweden. Two months old plants of (c) P. pratense,
(d) P. nodosum and (e) P. alpinum grown in a greenhouse.

4.3. Field Trial

In July 2020, four plants of each genotype were transplanted in clay soil in a farmer’s
field north of Uppsala, Central Sweden (60°00" N, 17°42" E). The field was located at an
organic farm, and a low level of animal manure fertilizer was added. Manual weeding
was carried out, and no herbicides were applied. In total, 244 Phleum accessions with
4 genotypes of each accession and 4 plants of each genotype were planted in a randomized
complete block design with one plant of each genotype in each of the 4 blocks. The distance
between the plants was 1 m within and between rows. The development and growth
were studied during the season 2021, one year after planting, until the harvest in June the
same year.

4.4. Greenhouse Trial

The other two plants of each genotype were grown in the greenhouse for two weeks
and then given a vernalization treatment for six weeks at 4 °C under an 8 h photoperiod
at 100 umol m~2 s~ !, to stimulate flowering. After the vernalization, the plants were
transferred back to the greenhouse (16/8 h; 22/17 °C) and placed in two blocks with one
replicate of each genotype randomized within each block. In total, 240 Phleum accessions
with 4 genotypes of each accession and 2 plants of each genotype were evaluated from
September 2020 until the last plant was harvested in March 2021. During the experiment,
the plants were given nutrient solution (N: 102 mg/L (NHy4: 40 mg/L, NOs: 62 mg/L), P:
20mg/L, K: 86 mg/L,S: 8 mg/L, Ca: 6 mg/L, Mg: 8 mg/L, Fe: 0.34 mg/L, Mn: 0.4 mg/L,
B:0.2mg/L, Zn: 0.06 mg/L, Cu: 0.03 mg/L, Mo: 0.08 mg/L; Wallco Miljocenter AB, Arlov,
Sweden) twice a month.
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4.5. Evaluated Traits

The clonal plants grown in the greenhouse and in the field were individually studied
for the same growth traits and developmental stages (Table 5). Development was evaluated
by recording the number of days to stem elongation (DTS), days to booting (DTB) and
days to heading (DTH). We considered a plant to have reached stem elongation when the
first tiller internode started to elongate, and the inflorescence was palpable at least 1 cm
above the stem base [34] in about one-fourth of the total number of tillers (vegetative and
elongated tillers). A plant was considered to have reached booting when the tip of the
inflorescence was palpable in the flag leaf sheath and heading when the tip of the head
was visible above the flag leaf in about one-fourth of the total number of tillers (vegetative,
elongated and heading tillers). In the greenhouse, DTS, DTB and DTH were measured
by recording the number of days after emergence of the coleoptile, including the time
of vernalization.

Table 5. Studied traits in individual plants of P. pratense, P. nodosum and P. alpinum in the field and in
the greenhouse.

Trait Abbreviation Description

Fresh weight (g) of tillers cut at 3 cm above

the soil surface

Dry weight (g) of tillers cut at 3 cm above the

soil surface

The average length of 5 tillers (cm) in the

Plant height PH field and the average length of 9 tillers (cm)
in the greenhouse
Number of days from emergence of
coleoptile until the first tiller internode

Days to stem elongation DTS started to elongate, and the inflorescence was
palpable at least 1 cm above the stem base in
about one-fourth of the total number of tillers
Number of days from emergence of
coleoptile until the tip of the inflorescence

Days to booting DTB was palpable in the flag leaf sheath below the

flag leaf base in about one fourth of the total

number of tillers

Number of days from emergence of

coleoptile until the head was visible above

the flag leaf base in about one-fourth of the

total number of tillers

Fresh weight FW

Dry weight DW

Days to heading DTH

In the field, the number of days to reach a specific developmental stage was recorded
according to the day-of-year calendar. Based on that, DTS, DTB and DTH were calculated
as accumulated growing degree days (GDD)

T Ti
GDD — 1Ty, 1)

where T,y is the daily maximum temperature, Ty, is the daily minimum temperature
and Ty, (the base temperature) is the minimum temperature at which growth can occur
for a plant species. The base temperature of 5 °C is used for timothy. Daily temperatures
were recorded from January 2021 to December 2021 at the Swedish Metrological and
Hydrological Institute’s weather station 458, Uppsala, 59°90’ N, 17°59" E. The accumulated
growing degree days was calculated from the start of the meteorological growth that is
defined as the first five consecutive days with a daily mean temperature above 5 °C in
spring 2021 (Figure S3).
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The plants in the greenhouse were harvested when the peduncle turned yellow below
at least one head of the plant. However, 14 accessions of timothy and 12 accessions of
P. alpinum remained in the vegetative stage in the greenhouse and did not form elongated
or heading tillers. In addition, 36 accessions of timothy reached only the stem elongation
stage. The 26 accessions with only vegetative tillers and the 36 accessions with elongated
tillers were harvested at the end of the experiment, about 6 months after the vernalization
treatment. All tillers were cut 3 cm above the soil surface. The length of 3 randomly selected
vegetative tillers, 3 elongated tillers and 3 tillers with heads were then evaluated and the
plant height (PH) was estimated as the average of the 9 tillers. For the plants that did not
form elongated and heading tillers, the length of 9 vegetative tillers were measured. In
addition, the fresh weight (FW) of all tillers was weighed. The plant material was then
dried at 60 °C for 48 h and the dry weight (DW) was measured.

In the field, the plants were harvested when 30-50 percent of the tillers on a plant
had reached the booting to heading stage. At harvest, the height of five elongated tillers
(2 tall, 1 medium height and 2 short tillers) of each plant was measured from soil surface
and PH was estimated as the average of these tillers. The tillers were cut 3 cm above the
soil surface, and the FW and DW of the plants were recorded. Plants within the same block
were harvested within 3 days and the whole experiment was harvested within 12 days.

4.6. Data Analysis

Datasets were analyzed using the software RStudio [35] and JMP ver. 15 SAS Institute
Inc., Cary, NC, USA. All traits showed normally distributed residuals and were therefore
analyzed with parametric Analysis of Variance (ANOVA) tests. Since the number of
accessions differed among the three Phleum species, and the number of accessions differed
within each group of timothy accessions (wild, semi-wild, landraces, breeding lines and
cultivars), an unbalanced nested design was used in the ANOVA to compare species
initially. In this model, genotype was nested within accession, and accession was nested
within species. Genotypes within accession and species were considered as random effect
in the nested model. A normal ANOVA was then used for comparisons of different types of
accessions within each species. In addition, the LSMeans Differences Tukey HSD test was
performed to study the relationship among groups of accessions within species. Student’s
t-test was used for pairwise comparisons. Phenotypic diversity within each group of
accessions was evaluated by calculating the coefficient of variation (CV)

CcV = ft x 100 @)

where ¢ is the standard deviation and y is the mean of the trait within the group.

To analyze and display relations among accessions based on all studied growth and
developmental traits, we used the multivariate analyses principal component analysis
(PCA) and cluster analysis. Moreover, Pearson correlation was used to evaluate and
estimate the pattern and level of association between traits. The broad-sense heritability
(H?) was estimated for each trait using the R packages “inti” and “variability” in RStudio

H? =23 3)

2
where, (5?, is the genotypic variance, 5%, is the phenotypic variance and (5?, = 5§ + 57“ in which

r is the number of replicates.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants12193494 /s1. Figure S1: Correlation between days to heading (DTH)
in the field and latitude coordinate of the collection site of wild P. pratense accessions. Figure S2:
Cloning of Phleum genotypes planted in the field and in the greenhouse. Figure S3: Accumulated
growing degree days (GDD) calculated from meteorological growth start (defined as the first of five
consecutive days with daily mean temperature above 5 °C) for 2021 in Uppsala, Sweden based on
the climate data from the Swedish Meteorological and Hydrological Institute, Norrkoping, Sweden.
Table S1: Unbalanced-nested analysis of variance (ANOVA) for the components block, species,
accession and genotype for the studied traits days to stem elongation (DTS), days to booting (DTB),
days to heading (DTH), fresh weight (FW), dry weight (DW) and plant height (PH) in the field. DF:
degrees of freedom, ns: non-significant, *: p < 0.05, **: p < 0.01. Table S2: Unbalanced-nested analysis
of variance (ANOVA) for the components block, species, accession and genotype for the studied traits
days to stem elongation (DTS), days to booting (DTB), days to heading (DTH), fresh weight (FW), dry
weight (DW) and plant height (PH) in the greenhouse. DF: degrees of freedom, ns: non-significant,
*1 p <0.05, **: p < 0.01. Table S3: Mean and SD of days to stem elongation (DTS), days to booting
(DTB), days to heading (DTH), fresh weight (FW), dry weight (DW) and plant height (PH) in P.
pratense, P. nodosum and P. alpinum in the field. GDD: Growing degree days. Mean values that do
not share the same letter are significantly different among species according to Tukey HSD, p < 0.05.
Table S4: Mean and SD of days to stem elongation (DTS), days to booting (DTB), days to heading
(DTH)), fresh weight (FW), dry weight (DW) and plant height (PH) in P. pratense, P. nodosum and P.
alpinum in the greenhouse. DAE: days after coleoptile emergence. Mean values that do not share the
same letter are significantly different among species accessions according to Tukey HSD, p < 0.05.
Table S5: Number of accessions of each group in each cluster in P. pratense, P. nodosum and P. alpinum
in the field. Table S6: Number of accessions of each group in each cluster in P. pratense, P. nodosum
and P. alpinum in the greenhouse. Table S7: Information of the studied accessions of P. pratense, P.
nodosum and P. alpinum from the genebank NordGen, Alnarp, Sweden.

Author Contributions: Conceptualization, Y.R., G.B., PK.I. and A.W.; Data curation, Y.R.; Formal
analysis, Y.R. and A.W,; Funding acquisition, PK.L; Investigation, Y.R. and S.M.; Supervision, A.W.;
Visualization, Y.R., G.B., A.-M.G. and A.W.; Writing—original draft, Y.R. and A.W.; Writing—review
and editing, Y.R., G.B,, SM., A-M.G., PK.I1. and A.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by SLU Grogrund, Centre for Breeding of Food Crops,
Swedish University of Agricultural Sciences.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: Authors would like to thank Alf Ceplitis and Linda Ohlund, Lantménnen, Svalov,
Sweden, and Per-Olof Lundquist, Swedish University of Agricultural Sciences, Uppsala, Sweden, for
valuable discussions, and NordGen, Alnarp, Sweden, for providing seeds and information about
the accessions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Berg, C.C.; McElroy, A.R.; Kunelius, H.T. Timothy. In Cool-Season Forage Grasses; Moser, L.E., Buxton, D.R., Casler, M.D., Eds.;
American Society of Agronomy: Madison, WI, USA, 1996; Volume 34, pp. 643-664.

2. Helgadottir, A Frankow-Lindberg, B.; Seppanen, M.; Seegaard, K.; Ostrem, L. European grasslands overview: Nordic region.
Grassl. Sci. Eur. 2014, 19, 15-28.

3.  Bélanger, G.; Michaud, R,; Jefferson, P.; Tremblay, G.; Brégard, A. Improving the nutritive value of timothy through management
and breeding. Can. J. Plant Sci. 2001, 81, 577-585. [CrossRef]

4. Gustavsson, A.-M.; Martinsson, K. Seasonal variation in biochemical composition of cell walls, digestibility, morphology, growth
and phenology in timothy. Eur. |. Agron. 2004, 20, 293-312. [CrossRef]

5. Heide, O. Control of flowering and reproduction in temperate grasses. New Phytol. 1994, 128, 347-362. [CrossRef] [PubMed]

6. Seppdnen, M.M.; Pakarinen, K.; Jokela, V.; Andersen, ].R; Fiil, A.; Santanen, A.; Virkajarvi, P. Vernalization response of Phleum
pratense and its relationships to stem lignification and floral transition. Ann. Bot. 2010, 106, 697-707. [CrossRef]

7.  Fiil, A,; Jensen, L.B.; Fjellheim, S.; Liibberstedt, T.; Andersen, ].R. Variation in the vernalization response of a geographically

diverse collection of timothy genotypes. Crop Sci. 2011, 51, 2689-2697. [CrossRef]


https://www.mdpi.com/article/10.3390/plants12193494/s1
https://www.mdpi.com/article/10.3390/plants12193494/s1
https://doi.org/10.4141/P00-143
https://doi.org/10.1016/S1161-0301(03)00041-8
https://doi.org/10.1111/j.1469-8137.1994.tb04019.x
https://www.ncbi.nlm.nih.gov/pubmed/33874362
https://doi.org/10.1093/aob/mcq174
https://doi.org/10.2135/cropsci2010.12.0677

Plants 2023, 12, 3494 21 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

Jokela, V.; Virkajdrvi, P.; Tanskanen, J.; Seppanen, M.M. Vernalization, gibberellic acid and photo period are important signals of
yield formation in timothy (Phleum pratense). Physiol. Plant. 2014, 152, 152-163. [CrossRef] [PubMed]

Jokela, V.; Trevaskis, B.; Seppanen, M.M. Genetic variation in the flowering and yield formation of timothy (Phleum pratense L.)
accessions after different photoperiod and vernalization treatments. Front. Plant Sci. 2015, 6, 465. [CrossRef]

Heide, O.M. Effects of photoperiod and temperature on growth and flowering in Norwegian and British timothy cultivars (Phleum
pratense L.). Acta Agric. Scand. 1982, 32, 241-252. [CrossRef]

Casler, M.D.; Undersander, D.J. Identification of temperate pasture grasses and legumes. In Horse Pasture Management; Sharpe, P,
Ed.; Academic Press: London, UK, 2019; pp. 11-35.

Medl, A.; Florineth, F,; Kikuta, S.B.; Mayr, S. Irrigation of ‘Green walls’ is necessary to avoid drought stress of grass vegetation
(Phleum pratense L.). Ecol. Eng. 2018, 113, 21-26. [CrossRef]

Stewart, A.V.; Joachimiak, A.; Ellison, N. Genomic and geographic origins of timothy (Phleum sp.) based on ITS and chloroplast
sequences. In Molecular Breeding of Forage and Turf; Yamada, T., Spangenberg, G., Eds.; Springer: New York, NY, USA, 2009;
pp- 71-82.

Stewart, A.V.; Joachimiak, A.].; Ellison, N.W. Phleum. In Wild Crop Relatives: Genomic and Breeding Resources. Millets and Grasses;
Kole, C., Ed.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 257-274.

Cai, Q.; Bullen, M. Analysis of genome-specific sequences in Phleum species: Identification and use for study of genomic
relationships. Theor. Appl. Genet. 1994, 88, 831-837. [CrossRef] [PubMed]

Joachimiak, A. Heterochromatin and microevolution in Phleum. In Plant Genome: Biodiversity and Evolution, Part B: Phanerogams;
Sharma, A.K.,, Sharma, A., Eds.; Science Publishers Inc.: Enfield, NH, USA; Plymouth, UK, 2005; Volume 1, pp. 89-117.
Doebley, J.F,; Gaut, B.S.; Smith, B.D. The molecular genetics of crop domestication. Cell 2006, 127, 1309-1321. [CrossRef] [PubMed]
Gepts, P. Crop domestication as a long-term selection experiment. Plant Breed. Rev. 2010, 24, 1-44.

Olsen, K.M.; Wendel, J.F. A bountiful harvest: Genomic insights into crop domestication phenotypes. Annu. Rev. Plant Biol. 2013,
64, 47-70. [CrossRef] [PubMed]

Dempewolf, H.; Baute, G.; Anderson, J.; Kilian, B.; Smith, C.; Guarino, L. Past and future use of wild relatives in crop breeding.
Crop Sci. 2017, 57, 1070-1082. [CrossRef]

Heide, O.; Solhaug, K. Growth and reproduction capacities of two bipolar Phleum alpinum populations from Norway and South
Georgia. Arct. Antarct. Alp. Res. 2001, 33, 173-180. [CrossRef]

Hultén, E.; Fries, M. Atlas of North European Vascular Plants: North of the Tropic of Cancer; Koeltz Scientific Books: Konigstein,
Germany, 1986.

Sattler, M.C.; Carvalho, C.R.; Clarindo, W.R. The polyploidy and its key role in plant breeding. Planta 2016, 243, 281-296.
[CrossRef] [PubMed]

Rauf, S.; Ortiz, R.; Malinowski, D.P,; Clarindo, W.R.; Kainat, W.; Shehzad, M.; Waheed, U.; Hassan, S.W. Induced polyploidy: A
tool for forage species improvement. Agriculture 2021, 11, 210. [CrossRef]

Cheng, A.; Mohd Hanafiah, N.; Harikrishna, J.A.; Eem, L.P,; Baisakh, N.; Mispan, M.S. A reappraisal of polyploidy events in
grasses (Poaceae) in a rapidly changing world. Biology 2022, 11, 636. [CrossRef]

Gross, B.L.; Olsen, K.M. Genetic perspectives on crop domestication. Trends Plant Sci. 2010, 15, 529-537. [CrossRef]

Casler, M. Breeding forage crops for increased nutritional value. Adv. Agron. 2001, 71, 51-107.

Chand, S.; Indu; Singhal, R.K.; Govindasamy, P. Agronomical and breeding approaches to improve the nutritional status of forage
crops for better livestock productivity. Grass Forage Sci. 2022, 77, 11-32. [CrossRef]

Capstaff, N.M.; Miller, A.J. Improving the yield and nutritional quality of forage crops. Front. Plant Sci. 2018, 9, 535. [CrossRef]
[PubMed]

Humphreys, M.O. Genetic improvement of forage crops—Past, present and future. J. Agric. Sci. 2005, 143, 441-448. [CrossRef]
MacMillan, C.P; Blundell, C.A.; King, R.W. Flowering of the grass Lolium perenne. Effects of vernalization and long days on
gibberellin biosynthesis and signaling. Plant Physiol. 2005, 138, 1794-1806. [CrossRef]

Fjellheim, S.; Boden, S.; Trevaskis, B. The role of seasonal flowering responses in adaptation of grasses to temperate climates.
Front. Plant Sci. 2014, 5, 431. [CrossRef]

Nordenskiold, H. Intra- and interspecific hybrids of Phleum pratense and P. alpinum. Hereditas 1937, 23, 304-316. [CrossRef]
Gustavsson, A.M. A developmental scale for perennial forage grasses based on the decimal code framework. Grass Forage Sci.
2011, 66, 93-108. [CrossRef]

RStudio Team. RStudio: Integrated Development for R. Rstudio; PBC: Boston, MA, USA, 2020. Available online: http:/ /www.rstudio.
com (accessed on 15 June 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/ppl.12141
https://www.ncbi.nlm.nih.gov/pubmed/24329752
https://doi.org/10.3389/fpls.2015.00465
https://doi.org/10.1080/00015128209435320
https://doi.org/10.1016/j.ecoleng.2018.01.007
https://doi.org/10.1007/BF01253993
https://www.ncbi.nlm.nih.gov/pubmed/24186185
https://doi.org/10.1016/j.cell.2006.12.006
https://www.ncbi.nlm.nih.gov/pubmed/17190597
https://doi.org/10.1146/annurev-arplant-050312-120048
https://www.ncbi.nlm.nih.gov/pubmed/23451788
https://doi.org/10.2135/cropsci2016.10.0885
https://doi.org/10.1080/15230430.2001.12003420
https://doi.org/10.1007/s00425-015-2450-x
https://www.ncbi.nlm.nih.gov/pubmed/26715561
https://doi.org/10.3390/agriculture11030210
https://doi.org/10.3390/biology11050636
https://doi.org/10.1016/j.tplants.2010.05.008
https://doi.org/10.1111/gfs.12557
https://doi.org/10.3389/fpls.2018.00535
https://www.ncbi.nlm.nih.gov/pubmed/29740468
https://doi.org/10.1017/S0021859605005599
https://doi.org/10.1104/pp.105.062190
https://doi.org/10.3389/fpls.2014.00431
https://doi.org/10.1111/j.1601-5223.1937.tb02670.x
https://doi.org/10.1111/j.1365-2494.2010.00767.x
http://www.rstudio.com
http://www.rstudio.com

	Introduction 
	Results 
	Survival in the Field 
	Phenotypic Differences between Species 
	Variation in Growth Traits among Accessions 
	Field Trial 
	Greenhouse Trial 

	Variation in Development among Accessions 
	Field Trial 
	Greenhouse Trial 

	Correlation between Traits 
	Field Trial 
	Greenhouse Trial 

	Patterns of Phenotypic Diversity 
	Field Trial 
	Greenhouse Trial 

	Heritability 

	Discussion 
	Materials and Methods 
	Plant Material 
	Pre-Cultivation and Cloning 
	Field Trial 
	Greenhouse Trial 
	Evaluated Traits 
	Data Analysis 

	References

