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Abstract: Timothy (Phleum pratense) is a cool-season perennial forage grass widely grown for silage
and hay production in northern regions. Climate change scenarios predict an increase in extreme
weather events with fluctuating periods of high rainfall, requiring new varieties adapted to waterlog-
ging (WL). Wild accessions could serve as germplasm for breeding, and we evaluated the responses of
11 wild and 8 domesticated accessions of timothy, P. nodosum and P. alpinum from different locations
in northern Europe. Young plants at tillering stage were exposed to WL for 21 days in a greenhouse,
and responses in growth allocation and root anatomy were studied. All accessions produced adventi-
tious roots and changed allocation of growth between shoot and root as a response to WL, but the
magnitude of these responses varied among species and among accessions. P. pratense responded
less in these traits in response to WL than the other two species. The ability to form aerenchyma
in the root cortex in response to WL was found for all species and also varied among species and
among accessions, with the highest induction in P. pratense. Interestingly, some accessions were able
to maintain and even increase root growth, producing more leaves and tillers, while others showed
a reduction in the root system. Shoot dry weight (SDW) was not significantly affected by WL, but
some accessions showed different and significant responses in the rate of production of leaves and
tillers. Overall correlations between SDW and aerenchyma and between SDW and adventitious root
formation were found. This study identified two wild timothy accessions and one wild P. nodosum
accession based on shoot and root system growth, aerenchyma formation and having a root anatomy
considered to be favorable for WL tolerance. These accessions are interesting genetic resources and
candidates for development of climate-resilient timothy varieties.

Keywords: accessions; aerenchyma; anatomy; forage grass; perennial; root

1. Introduction

Phleum pratense L. is a perennial grass growing at higher latitudes in Northern Europe,
East Asia and North America [1]. Its domesticated form is known as timothy and is widely
cultivated for grazing and production of hay and silage. It is highly palatable for cattle
and horses, having a high nutritive value and digestibility [2,3]. In Scandinavia, timothy
is the dominant forage grass due to its winter hardiness, rapid growth and high biomass
production. It is grown in pure stands or in mixtures with other perennial forage grasses
such as Festuca pratensis, as well as perennial legumes such as red and white clover. Forage
crops are cultivated on about 40% (>1 million hectares) of the agricultural land in Sweden,
which is about the same size as the area used for the cultivation of annual cereal crops [4].

Timothy is an outcrossing species. High polymorphism and large genetic diversity
have been found within cultivars [5]. Although timothy is perennial, it is short-lived. It
has a shallow root system, and new tillers are formed from buds in the crown and swollen
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stem bases. These superficially lying meristems are easily damaged by cattle tramping and
grazing, particularly in wet soils. Timothy is cultivated in both mesic and drier meadows
but is considered to be sensitive to waterlogged soils, drought and heat [6–8].

The production of timothy is challenged by the ongoing climate change. Fluctuations
in precipitation intensity with longer extreme wet and dry periods are expected to be
more frequent [9–11], and increased rainfall and snowmelt in winter will cause stressful
conditions for overwintering perennial plants [12]. Intense precipitation increases the
risk of water saturation in the soil, leading to oxygen (O2) deficiency. The deficiency of
O2 limits root and microorganism respiration and nutrient cycling, leading to reduced
uptake of mineral nutrients by the plant roots [13–15], which negatively influences root and
shoot growth [16]. Due to reduced N uptake and photosynthetic capacity and degradation
of chlorophyll, responses by plants to waterlogging (WL) are also associated with leaf
chlorosis and senescence [17,18]. Some plants have the ability to form extended gas-filled
cavities in the shoots, called lacunae, and in the roots, called aerenchyma, under WL.
These anatomical structures facilitate the diffusion of oxygen to organs that suffer from O2
deficiency, as well as transport CO2 and toxic volatiles from the roots [19–22].

Aerenchyma is formed specifically in the root cortex, but not in other root tissues such
as the epidermis, hypodermis, endodermis or stele. It is formed through programmed
cell death and the degradation of cortical cells, particularly in adventitious roots. The
formation of adventitious roots increases the exchange of gases and absorption of nutrients
and is also an adaptation to WL stress [23]. Certain plant species form aerenchyma as
part of their normal development in drained soil [24], but its formation is particularly
promoted when plants are exposed to flooding conditions [25–27]. A greater and faster
capacity to form aerenchyma can enhance flooding tolerance [28,29]. Other anatomical root
traits, such as a narrow stele and a large root diameter, may also contribute to improving
WL tolerance [30,31]. The stele may be the first region at which hypoxia is sensed [22,32].
The stele of thin roots is the pathway of water movement into the central vascular tissues.
A narrower stele and larger cortex have been found to be associated with an increased
development of aerenchyma [31].

Tolerant plants can develop additional morphological changes, such as barriers to
radial O2 loss (ROL), created by suberization and/or lignification of the cell walls in
the outer cell layers of the roots [33–37]. Physiological adaptations, such as changes in
photosynthesis and biochemical mechanisms involving endogenous hormone signals, play
a central role in WL tolerance [38–41]. Knowledge about adaptations and mechanisms
in WL tolerance in monocots is mostly known from studies of annual cereals and less
from perennial forage grasses. For timothy, waterlogging tolerance has been addressed in
relation to hardening and freezing tolerance [42,43], but there are no studies to date on the
phenotypic diversity among accessions and possible tolerance mechanisms.

Although changes in crop and soil management may help to reduce yield losses
caused by WL, the development of tolerant crops is urgently needed to achieve a highly
stable crop production and sustainable agriculture. Wild relatives of crops make up a
potential gene pool of traits and genes that are important for the development of climate-
resilient cultivars. While crops are shaped by human selection to produce high yields in
homogenous agricultural environments, their wild relatives are adapted to various habitats
and geographical regions across the species range. Possible fluctuations in the intensity
and direction of natural selection over time and across habitats and geographical sites have
shaped the genetic structure of wild populations, and large genetic and phenotypic diversity
may be found within wild crop relatives [44–47]. Moreover, intense directional selection
during the domestication process has reduced the genetic diversity in domesticated crops,
and traits and genes have been left behind in the wild relatives [48,49]. We hypothesize that
there is variation in response to WL among wild and among domesticated accessions of
P. pratense and related species, and that tolerant accessions can be found in wild populations
and serve as genetic resources for improving WL tolerance in timothy.
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P. pratense and its related species turf timothy, P. nodosum (syn. P. pratense L. subsp.
bertolonii (DC.) Bornm. and P. bertolonii (DC.) Bornm.), and alpine timothy, P. alpinum
L., commonly grow in the Nordic countries. Wild P. pratense is adapted to meadows and
human-impacted and disturbed soils at low elevations throughout the Nordic countries.
P. alpinum is commonly found at high elevations on meadows, riverbanks and roadsides,
and in birch forests in Iceland, Norway, northern Sweden and northern Finland. P. nodosum
has a more restricted and southern distribution than P. alpinum and is found in human-
impacted habitats at low elevations. These species differ in ploidy level. P. pratense is
hexaploid (2n = 6x = 42), P. nodosum is diploid (2n = 2x = 14) and P. alpinum L. is tetraploid
(2n = 4x = 28). The phylogenetic relationships between these three species and other Phleum
species are not yet fully understood. However, similarities have been found between two
of the genomes of P. pratense and the diploid P. nodosum genome. Genetic similarities
have also been found between P. pratense and P. alpinum [50,51]. P. nodosum and P. alpinum
may therefore have had a direct or indirect role in the evolution of P. pratense, and it is
therefore relevant to study the diversity of phenotypic responses among accessions of these
related species.

We investigated the response to WL in domesticated and wild accessions from different
habitats and latitudes. To identify tolerant accessions, we compared the performance of the
same accessions in WL and non-waterlogging (NWL) cultivation by studying their shoot
and root growth, their root anatomy and their ability to form aerenchyma.

2. Results
2.1. Plant Morphology and Growth among Phleum Species in NWL

An overall comparison of the three species in NWL showed that P. pratense and P. no-
dosum had higher growth than P. alpinum. P. pratense had a similar shoot dry weight (SDW)
to P. nodosum but a significantly higher SDW than P. alpinum at the end of the experiment
(p < 0.05, ANOVA, Table 1). The morphology/growth habit differed significantly among
the species since, for both tiller number (TN) and leaf number (LN) per plant, P. nodosum
showed the highest values, followed by P. pratense and P. alpinum (Figure S1). To further
investigate the morphology and growth habit, several ratios between SDW, TN and LN as
well as the exponential growth rate constants for the relative growth rates of TN and LN
(RGR-TN, RGR-LN) were calculated.

Table 1. Shoot traits in P. pratense, P. nodosum and P. alpinum in non-waterlogging (NWL) and water-
logging (WL) treatment. Values are means of plants within each species and standard error (±SE).
Differences among species in NWL are indicated by different letters (a, b or c) when significantly
different according to ANOVA and Tukey’s method, p < 0.05. No significant differences were found
between treatments within each species (p < 0.05, t-test). Abbreviations of traits: shoot dry weight
(SDW), tiller number (TN), leaf number (LN), ratio of the tiller number to shoot dry weight (TN:SDW),
ratio of the leaf number to shoot dry weight (LN:SDW), leaf number per tiller (LN:TN), growth rates
of the tiller number (RGR-TN) and leaf number (RGR-LN).

Species P. pratense P. nodosum P. alpinum

Traits NWL WL NWL WL NWL WL

SDW (g) 7.88 ± 0.38 a 8.07 ± 0.37 6.23 ± 0.62 a 6.02 ± 0.86 0.85 ± 0.17 b 0.82 ± 0.12
TN (#plant−1) 23.34 ± 0.99 a 21.05 ± 0.89 30.79 ± 3.05 b 29.21 ± 2.32 5.09 ± 0.79 c 5.18 ± 0.42
LN (#plant−1) 138.89 ± 7.23 a 129.14 ± 6.01 227.16 ± 21.12 b 185.37 ± 13.5 24.0 ± 2.95 c 23.27 ± 2.72

TN:SDW (#plant × g−1) 3.24 ± 0.21 b 2.76 ± 0.13 5.40 ± 0.44 a 6.31 ± 0.79 6.89 ± 0.69 ab 10.02 ± 3.11
LN:SDW (#plant × g−1) 18.26 ± 0.84 b 16.57 ± 0.65 41.47 ± 4.59 a 39.47 ± 4.03 33.93 ± 4.48 ab 46.92 ± 17.38

LN:TN 6.06 ± 0.25 b 6.20 ± 0.19 7.57 ± 0.39 a 6.7 ± 0.40 4.9 ± 0.40 b 4.42 ± 0.30
RGR-TN (#day −1) 0.052 ± 0.002 b 0.050 ± 0.002 0.061 ± 0.002 a 0.062 ± 0.004 0.036 ± 0.006 c 0.027 ± 0.004
RGR-LN (#day −1) 0.072 ± 0.002 b 0.072 ± 0.002 0.092 ± 0.003 a 0.087 ± 0.003 0.047 ± 0.004 c 0.041 ± 0.004
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TN:SDW and LN:SDW showed that the values for P. nodosum were 2-fold and 3-fold
higher than those of P. pratense, respectively. P. nodosum formed a higher number of leaves
per tiller (LN:TN) than the other species.

RGR-TN and RGR-LN were highest in P. nodosum and lowest in P. alpinum in NWL
(p < 0.05, ANOVA, Table 1). P. alpinum had the lowest TN and LN at the start of the
experiment, and it also showed the smallest increase in numbers of tillers and leaves
in NWL during the experiment (∆TN and ∆LN), as well as the increase expressed as
percentage (%TN and %LN) (Figure S2). Plant growth allocation to root biomass was
similar in P. pratense and P. nodosum, but higher in P. alpinum (Figure 1B). The species also
differed in root anatomy, where P. pratense had a significantly higher root cross section area
(RA) and ratio of area of cortex including epidermisto RA (CEA:RA), and lower ratio of
stele to RA (SA:RA) than P. nodosum and P. alpinum (Figure 1D–I). Also, P. pratense had
higher ratios of aerenchyma area to RA (AA:RA), AA:CEA and CEA:SA than P. nodosum,
where most of the accessions did not form aerenchyma in NWL (Table S5).

2.2. Effects of WL on Growth Traits
2.2.1. Comparisons at the Species Level

Comparisons at the species level showed that WL resulted in lower TN:SDW for
P. pratense but not for the other two species (Table 1). None of the other shoot traits
were significantly different in response to WL for any species. The percentage of growth
allocation to roots (%RDW) decreased for all species in WL (Figure 1B), P. alpinum being
the most affected (Table S6). Interestingly, the proportion of root biomass in the upper 5 cm
part of the root system (5RDW:RDW) was ca. 30% in NWL for all species, while in WL,
it was significantly higher at 45%, 65% and 71% for P. pratense, P. nodosum and P. alpinum,
respectively (p < 0.05, ANOVA, Figure 1C). P. pratense responded significantly less to WL in
the trait 5RDW:RDW compared to P. nodosum and P. alpinum (Table S6).

None of the accessions in any species showed chlorotic leaves in WL. Generative tillers
were produced in both NWL and WL conditions (61% and 74% of all plants, respectively)
and by all accessions except one for P. pratense (Table S3). All accessions of P. nodosum
formed generative tillers in NWL and WL (75% and 80% of all plants, respectively), while
none of the P. alpinum accessions had generative tillers.

2.2.2. P. pratense Accessions

There was a large variation among accessions for SDW, ∆TN, ∆LN, RGR-TN, RGR-
LN, TN and LN, as well as the ratios TN:SDW, LN:SDW and LN:TN, with 1.5- to 3-
fold differences between the highest and lowest values in all traits (p < 0.05, ANOVA,
Tables 2, S2 and S3) for both treatments. TN:SDW was the only shoot trait that showed a
significant difference in response to WL (p < 0.05, ANOVA, Table 2).

The variation among accessions was not related to the type of group of accession (wild
and domesticated) for the shoot traits (p > 0.05, ANOVA, Table 2). Between the two groups
of accessions, there was a significant difference in response to WL in TN:SDW and LN:SDW
(p < 0.05, ANOVA, Table 2). The accession W1 differed from the other P. pratense accessions
by having a significantly higher number of leaves in WL, seen as LN:TN, as well as higher
RGR-LN in WL (p < 0.05, Tables S2 and S3). Also, accession D1 produced significantly
fewer leaves in WL.

From a production perspective, the shoot biomass based on leaf and tiller numbers is
crucial. Different growth and morphology of accessions and their responses to WL taken
together could highlight possible traits relevant for sustainable yields. Therefore, to further
analyze responses by all accessions of P. pratense and P. nodosum, we performed a principal
component analysis (PCA) on the difference between the WL and NWL of all measured
and calculated shoot traits (Figure 2). This showed that accessions grouped based on the
shoot dry weight, tiller and leaf production. Accessions W1, W6 and D3 can be suggested
to be more tolerant to waterlogging based on the correlation for the shoot traits stimulated
by waterlogging. In contrast, the accessions W5 and D1 are more affected by WL.
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Figure 1. Root traits in P. pratense, P. nodosum and P. alpinum at 21 days in waterlogging treatment.
(A) Root dry weight (RDW). (B) Percent root weight of total plant dry weight (%RDW). (C) Ratio of
dry weight of the upper 5 cm of the root system and the dry weight of the total root (5RDW:RDW). The
root anatomy traits: (D) root cross section area (RA). (E) Ratio of the cortex area to root cross section
area (CEA:RA). (F) Ratio of aerenchyma to root cross section area (AA:RA). (G) Ratio of aerenchyma
to cortex area (AA:CEA). (H) Ratio of the cortex to stele (CEA:SA). (I) Ratio of the stele area to root
cross section area (SA:RA). Values are means and error bars are standard error (± SE). Significant
differences between treatments within each species are represented by * = p < 0.05, ** = p < 0.01 and
*** = p < 0.001 according to ANOVA. Differences among species in NWL are indicated by different
letters when significantly different according to ANOVA and Tukey’s method, p < 0.05.
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Table 2. Two-way ANOVA results showing the effect of accession, treatment and their interaction in the different Phleum species, as well as the effect of type of
accession (wild (W) or domesticated (D)), treatment and their interaction in P. pratense in non-waterlogging (NWL) and waterlogging (WL) conditions. * = p < 0.05,
** = p < 0.01, *** = p < 0.001. Abbreviations: shoot dry weight (SDW), tiller number (TN), leaf number (LN), ratio of the tiller number to shoot dry weight (TN:SDW),
ratio of the leaf number to shoot dry weight (LN:SDW), leaf number per tiller (LN:TN), tiller number produced during the treatment (∆TN), leaf number produced
during the treatment (∆LN), growth rates of the tiller number (RGR-TN) and the leaf number (RGR-LN), root dry weight (RDW), percent root weight of total plant
dry weight (%RDW), ratio of dry weight of the upper 5 cm of the root system and the dry weight of the total root (5RDW:RDW), root cross section area (RA), ratio of
cortex area to root cross section area (CEA:RA), ratio of aerenchyma to cortex area (AA:CEA), ratio of cortex to stele area (CEA:SA), ratio of stele area to root cross
section area (SA:RA).

Source SDW TN LN TN:SDW LN:SDW LN:TN ∆TN ∆LN RGR-
TN

RGR-
LN RDW %RDW 5RDW:RDW RA CEA:RA AA:CEA CE:SA SA:RA

P. pratense
Accessions 2.5 ** 2.5 ** 3.7 *** 3.6 *** 5.3 *** 2.9 *** 2.3 * 3.7 *** 2.2 * 2.4 ** 4.4 ** 2.6 ** 2.2* 4.2 *** 9.2 *** 3.8 *** 6.5 *** 9.1 ***
Treatment 0.1 3.4 1.6 5.3 * 3.8 0.2 4 1.6 1.1 0 21.2 *** 32.0 *** 85.9 *** 17.2 *** 78.6 *** 565.2 *** 66.0 *** 76.8 ***

Accessions x Treatment 0.5 0.5 1.2 1 1.3 1.5 0.4 1.3 0.9 1.5 3.6 *** 2.5 ** 0.9 2.6 *** 2.4 ** 5.7 *** 2.2 ** 2.4 **

P. nodosum
Accessions 13.0 *** 6.9 *** 6.8 *** 2.1 4.3 *** 4.0 *** 5.6 ** 6.4 *** 5.9 ** 11.5 * 19.4 *** 6.0 *** 6.22 *** 50.3 *** 4.8 ** 23.2 *** 2.3 4.1 **
Treatment 0 0 2.7 0.2 1 2.3 0 3.3 0.2 1.1 4.9 * 18.9 *** 126.1 *** 22.3 *** 55.5 *** 229.2 *** 5.7 * 53.9 ***

Accessions x Treatment 1.8 1 1.5 0.5 0.6 0.3 1.2 1.6 2 1.8 2.3 0.8 1.9 0.8 1.4 9.4 *** 1 2.4

P. alpinum
Accessions 6.5 ** 0.1 3.2 2.6 4.7 *** 22.2 *** 0.2 2.7 0.5 0.3 0.4 13.0 *** 0.6 1 3.5 ** 0.3 4.1 ** 3.4 *
Treatment 0.1 0 0.1 1.1 0.6 2.7 0 0.3 0.1 1.1 14.2 ** 12.7 *** 50.4 *** 10.9 *** 4.4 ** 29.2 *** 53.9 *** 4.9 *

Accessions x Treatment 0.1 2.1 1.8 1.6 1.1 1.7 1.4 2.6 0.4 2.6 0.1 0.2 1.2 1.2 1.5 0.4 2.4 0.3

W and D of P. pratense
Group 1.5 2.7 1.1 3.9 2.6 0.1 0.8 0.6 1 0 1.7 0 1.1 14.5 *** 36.6 *** 394.4 *** 54.1 *** 54.1 ***

Treatment 0.1 0.9 0.5 5.5* 6.7 ** 0.1 3.5 1.1 0.8 0.7 12.0 *** 22.1 *** 75.1 *** 0.4 65.3 *** 0.6 19.8 *** 19.8 ***
Group x Treatment 0.1 0.3 0.2 1.8 0.1 3.2 0.1 0.2 0 0.5 0.2 0 0.6 1.8 3.1 5.5 * 0.5 0.5
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Figure 2. PCA based on the shoot dry weight, tiller and leaf production and growth rates of accessions
of P. pratense and P. nodosum. P. alpinum was excluded due to no development of generative tillers.
Data points represent the difference between WL and NWL. The loadings are shown for the variables
of the shoot dry weight (SDW), tiller number (TN), leaf number (LN), the ratios of the tiller number
to shoot dry weight (TN:SDW), the leaf number to shoot dry weight (LN:SDW), the leaf number per
tiller (LN:TN) and the growth rates of the tiller number (RGR-TN) and leaf number (RGR-LN). The
ellipse corresponds to the 90% confidence interval.

For the root traits, there was a significant difference among accessions and between
treatments in RDW, %RDW and 5RDW:RDW (p < 0.05, ANOVA, Table 2). There was also an
interaction between accessions and treatments in RDW and %RDW. For traits that showed
significant effects of WL based on ANOVA, we tried to resolve and display differences
among accessions by calculating absolute or proportional differences (Figure 3A–C). For
the absolute difference in %RDW, accessions W2, W3, W4 and D5 showed a significantly
lower response to WL (p < 0.05, Figure 3A, Table S4). Root biomass was higher in the upper
part of the root system in WL for W2, W3, W4, W5, W6, D1, D2 and D5, seen as a significant
absolute difference in 5RDW:RDW (p < 0.05, Figure 3C, Table S4). This increased between
1.3- and 1.9-fold.

2.2.3. P. nodosum Accessions

For P. nodosum, the response pattern for the accessions was similar to what was found
for P. pratense. There was a significant difference among accession for all the traits, except
for the TN:SDW (p < 0.05, ANOVA, Tables 2 and S2), and no significant response to WL for
all shoot traits (p > 0.05). There was a variation in shoot traits of 1.5- to 3-fold differences
between the highest and lowest values (p < 0.05, ANOVA, Tables 2 and S3) irrespective of
the treatment. Accession D6 showed a significantly lower number of leaves (LN and ∆LN)
in response to WL (p < 0.05, ANOVA, Tables S2 and S3).

The results of the PCA showed that accession W7 exhibited indications of tolerance to
waterlogging due to the positive correlation with shoot traits that are enhanced by water-
logging (Figure 2). On the contrary, accessions W9 and D6 displayed greater susceptibility.
Notably, the P. nodosum accessions W8 and D7 can be considered tolerant based on tiller
traits stimulated by waterlogging.

For the root traits, there was a significant difference among accessions and between
treatments in RDW, %RDW and 5RDW:RDW (p < 0.05, ANOVA, Table 2). The accessions
W8, W9 and D6 allocated less biomass to the root system (%RDW) in WL (p < 0.05, Figure 3A,
Table S4). All accessions of P. nodosum showed an increase in growth on the upper part
of the root system in response to WL, since the absolute difference in 5RDW:RDW was
significantly higher (p < 0.05, Figure 3C, Table S4).
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2.2.4. P. alpinum Accessions

For the P. alpinum accessions, SDW, LN:SDW and LN:TN, there were significant
differences among accessions (p < 0.05, ANOVA, Table 2). In WL, the number of leaves per
tiller increased for accession W11 (p < 0.05, ANOVA, Table S2) and the RGR-LN decreased
for accession W10 (p < 0.05, ANOVA, Table S3).

In WL, all accessions allocated less biomass to the root system (%RDW) (p < 0.05,
Figure 3A, Table S4) and showed increased growth in the upper part of the root system
(5RDW:RDW) (p < 0.05, Figure 3C, Table S4).

2.3. Effects of WL on Root Anatomy
2.3.1. Comparisons at the Species Level

The anatomy of the roots was also affected by the WL treatment (Figure 4). Signif-
icant differences between treatments were observed in RA, CEA:RA, AA:CEA, SA:RA
and CEA:SA for all species (p < 0.05, ANOVA, Table 2). Interestingly, the formation of
aerenchyma was several-fold higher in WL, as seen in the increase in the AA:RA and
AA:CEA (Figure 1F,G). The CEA:SA was 1.2- to 1.4-fold higher in WL.

2.3.2. P. pratense Accessions

RA and SA varied among accessions and in response to WL (Figure 5A,E, Table S5).
Accessions W5, W6, D3 and D4 showed a significant increase in the RA in WL. Accession
W6 had a significantly bigger SA, while accession D1 had a significantly smaller SA in WL.
All accessions of P. pratense formed aerenchyma as part of their normal development in
NWL. They showed a strong increase in response to WL since the AA:CEA was significantly
higher in WL in all accessions except D5 (Figure 5C, Table S5). Accessions W1, W2, W3,
W4, D1, D2, D3 and D4 had a slightly higher CEA:RA and lower SA:RA in WL.
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Figure 4. Root systems of representative plants showing different responses in non-waterlogging
conditions (NWL, plants to the left side) and in waterlogging conditions (WL, plants to the right side).
(A) P. pratense, accession D4, (B) P. pratense, accession W6, (C) P. nodosum, accession W9, (D) P. nodosum,
accession W7 and (E) P. alpinum, accession W10. Bar is 5 cm.

There was a significant difference between the two groups of accessions (wild and
domesticated) and a significant interaction between treatments and groups for AA:CEA
(p > 0.05, ANOVA, Table 2). Between the two groups, there were significant differences in
response to WL in RA, CEA:RA, AA:RA, AA:CEA and SA:RA (t-test p < 0.05, Figure S5).

2.3.3. P. nodosum Accessions

Accession W7 of P. nodosum formed aerenchyma in NWL and WL conditions at a
similar level as P. pratense, while the remaining accessions only formed aerenchyma in WL
(Figure 5A–E, Table S5). Accession W7 had a 2-fold higher RA and SA than other P. nodosum
accessions in WL and NWL. The absolute difference in response to WL in CEA:RA and
SA:RA was significant for all accessions and followed a pattern similar to that of P. pratense.



Plants 2023, 12, 4033 10 of 21Plants 2023, 12, x FOR PEER REVIEW 10 of 22 
 

 

 
Figure 5. Effect of waterlogging on root anatomy in wild (W) and domesticated (D) accessions of P. 
pratense, P. nodosum and P. alpinum. (A) Proportional difference between WL and NWL in the root 
cross section area (RA). (B) Absolute difference in the ratio of the cortex area to root cross section 
area (CEA:RA) (C) Absolute difference in the ratio of the aerenchyma to cortex area (AA:CEA). (D) 
Absolute difference in the cortex to stele area (CEA:SA). (E) Absolute difference in the ratio of the 
stele to root cross section area (SA:RA). Values are means and error bars are ± SE. Significant differ-
ences between WL and NWL according to t-test are shown with *. Mean values that do not share 
the same letter are significantly different among accessions within each species according to 
ANOVA and Tukey’s method, p < 0.05. 

2.3.3. P. nodosum Accessions 
Accession W7 of P. nodosum formed aerenchyma in NWL and WL conditions at a 

similar level as P. pratense, while the remaining accessions only formed aerenchyma in WL 
(Figure 5A–E, Table S5). Accession W7 had a 2-fold higher RA and SA than other P. 
nodosum accessions in WL and NWL. The absolute difference in response to WL in 
CEA:RA and SA:RA was significant for all accessions and followed a pattern similar to 
that of P. pratense. 

2.3.4. P. alpinum Accessions 
Accessions of P. alpinum had between 3- and 6-fold more aerenchyma in the cortex 

than in NWL (Figure 5C, Table S5). Accessions W10 and D8 showed significantly thicker 
roots (Figure 5A, Table S5). In addition, W10 showed a significantly larger cortex 
(CEA:RA) and smaller stele (SA:RA) in WL (Figure 5B,E, Table S5). 

  

Figure 5. Effect of waterlogging on root anatomy in wild (W) and domesticated (D) accessions of
P. pratense, P. nodosum and P. alpinum. (A) Proportional difference between WL and NWL in the root
cross section area (RA). (B) Absolute difference in the ratio of the cortex area to root cross section
area (CEA:RA) (C) Absolute difference in the ratio of the aerenchyma to cortex area (AA:CEA).
(D) Absolute difference in the cortex to stele area (CEA:SA). (E) Absolute difference in the ratio of
the stele to root cross section area (SA:RA). Values are means and error bars are ±SE. Significant
differences between WL and NWL according to t-test are shown with *. Mean values that do not
share the same letter are significantly different among accessions within each species according to
ANOVA and Tukey’s method, p < 0.05.

2.3.4. P. alpinum Accessions

Accessions of P. alpinum had between 3- and 6-fold more aerenchyma in the cortex
than in NWL (Figure 5C, Table S5). Accessions W10 and D8 showed significantly thicker
roots (Figure 5A, Table S5). In addition, W10 showed a significantly larger cortex (CEA:RA)
and smaller stele (SA:RA) in WL (Figure 5B,E, Table S5).

2.4. Relations of Root Anatomy and Growth Traits

To try to understand which traits can be beneficial for tolerance to waterlogging
and provide a basis to identify potential tolerant accessions, we analyzed the data for
correlations among traits based on all data. Pearson correlation analysis showed that all
shoot traits had strong positive correlations between each other in both treatments (Table 3).
The 5RDW:RDW was negatively correlated to SDW (Table 3, Figure S6) and RDW in WL,
suggesting that plants allocate resources to the production of more adventitious roots,
which also has an effect on shoot development.
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Table 3. Pearson correlation coefficient (r) for shoot and root traits for all accessions in non-
waterlogging (NWL) and waterlogging (WL, in grey) conditions. Abbreviations: shoot dry weight
(lnSDW), tiller number (lnTN), leaf number (lnLN), root dry weight (lnRDW), percent root weight of
total plant dry weight (%RDW), ratio of dry weight of the upper 5 cm of the root system and the dry
weight of the total root (5RDW:RDW), root cross section area (RA), ratio of cortex area to root cross
section area (CEA:RA), ratio of aerenchyma to root cross section area (AA:RA), ratio of aerenchyma
to cortex area (AA:CEA), ratio of cortex area to stele area (CEA:SA) and ratio of stele area to root
cross section area (SA:RA).

NWL
WL

ln(SDW) ln(TN) ln(LN) ln(RDW) %RDW 5RDW:RDW RA CEA:RA AA:RA AA:CEA CEA:SA SA:RA

ln(SDW) 0.83 0.83 0.91 −0.47 −0.75 0.41 0.61 0.72 0.72 0.57 −0.61
ln(TN) 0.91 0.98 0.68 −0.49 −0.42 0.08 0.55 0.48 0.48 0.48 −0.55
ln(LN) 0.84 0.97 0.67 −0.48 −0.4 0.08 0.59 0.50 0.50 0.52 −0.59
ln(RDW) 0.87 0.72 0.65 −0.08 −0.88 0.59 0.58 0.83 0.83 0.56 −0.58
%RDW −0.78 −0.78 −0.73 −0.4 −0.03 0.22 −0.24 0.01 0.01 −0.18 0.24
5RDW:RDW −0.15 −0.02 −0.07 −0.41 −0.28 −0.69 −0.53 −0.79 −0.80 −0.53 0.53
RA 0.36 0.03 −0.06 0.64 0.08 −0.5 0.37 0.72 0.72 0.39 −0.37
CEA:RA 0.22 0.25 0.18 0.20 −0.12 0.08 0.11 0.74 0.72 0.98 −1.00
AA:RA 0.31 −0.03 −0.09 0.54 0.09 −0.47 0.90 0.08 1.00 0.73 −0.74
AA:CEA 0.30 −0.03 −0.09 0.54 0.09 −0.47 0.90 0.05 1.00 0.71 −0.72
CEA:SA 0.25 0.29 0.19 0.24 −0.14 0.05 0.12 0.97 0.05 0.02 −0.97
SA:RA −0.24 −0.27 −0.19 −0.21 0.15 −0.09 −0.12 −1.00 −0.08 −0.06 −0.98

There was no correlation between the shoot and the root anatomical traits in NWL,
while in WL the CEA:RA, AA:RA and AA:CEA were positively correlated to the shoot
traits and RDW. In WL, the RA and the proportions of aerenchyma (AA:RA, AA:CEA) and
cortex (CEA:RA) were negatively correlated to 5RDW:RDW, suggesting that plants having
high formation of aerenchyma or a thick cortex, allocated less growth to the upper part of
the root system.

The SA:RA was negatively correlated to the shoot traits in WL but not in NWL,
suggesting that a smaller stele is beneficial for tolerance to waterlogging. The SA:RA was
positively correlated to 5RDW:RDW, suggesting that plants that have a smaller stele area
allocate their growth to the upper part of the root system. RA did not correlate to shoot
traits but to RDW in both treatments.

To explore interactions of root anatomical traits and accession diversity, we performed
a principal component analysis (PCA) on the areas and ratios of the root tissues (Figure S3).
The results showed that the two components (PC1 and PC2) explained 94.4% of the vari-
ation. AA:CEA, CEA:SA, and SA:RA contributed strongly to PC1, while RA and SA
contributed strongly to PC2. Most of the P. pratense accessions in WL correlated to AA:CEA
and CEA:SA and separated from the NWL (Figure S3A). In WL, the domesticated accessions
showed a large diversity in response, while the wild accessions showed a more similar
response in root anatomy (Figure S3B). In NWL, the accessions of domesticated and wild
P. pratense formed two partially overlapping clusters. In NWL, four out of five P. nodosum
accessions were different from P. pratense and P. alpinum, and distributed with a negative
correlation to SA and RA. The fifth P. nodosum accession (W7) clustered together with the P.
pratense accessions in both NWL and WL.

To display variation in tolerance among accessions, we performed a PCA and an
HCA on the proportional or absolute difference in response to WL for shoot and root
traits, growth rates of leaf and tiller, and root anatomy traits (Figure 6). SDW, % RDW,
AA:CEA and CEA:SA contributed positively, and 5RDW:RDW contributed strongly and
negatively to PC1 (36.1%). TN, LN and the growth rates of LN (RGR-LN) and TN (RGR-TN)
contributed to PC2 (22.9%) in the PCA (Figure 6A). The response to WL of the accessions
W1, W6, W7 and D3 correlated to the SDW, % RDW, AA:CEA and CEA:SA and this
distribution was supported by the HCA (Figure 6B). Accession D5 (Tryggve) was strongly
affected by 5RDW:RDW and negatively correlated to the other anatomy traits.
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RGR-LN, %RDW, 5RDW:RDW, AA:CAE, CAE:SA), the absolute differences were used. (B) HCA
based on the same traits as for the PCA. Abbreviations can be found in Table 2.

To analyze possible differences in the timing of response to WL, we performed a PCA
on weekly growth rates of tiller and leaf numbers of all accessions (Figure S4). Accessions
showing a positive correlation with the loading variable had a higher growth rate in WL.
Some accessions were grouped depending on the first week response to WL (R-LN7, R-
TN7), while others grouped along the axis influenced by the second (R-LN14, R-TN14) or
third (R-LN21, R-TN21) week variables.

R-LN7 and R-TN7 contributed strongly and positively to PC1. A high positive value
along the first week variables showed that growth in WL was higher than in NWL. In
contrast, those accessions placed in the opposite direction of these variables were negatively
affected by the WL condition in the first week. The direction of R-LN21 and R-TN21
variables corresponded to a higher rate of formation of tillers and leaves in WL. Accessions
W1, W4, W5, W8, W11 and D4 were more affected during the first week; however, their
growth increased in the last week of WL conditions.

3. Discussion

Timothy is one of the most cultivated forage crops in northern Europe, and new
cultivars adapted to a changing climate are needed to secure harvest yields. While drought
is predicted to be the main abiotic stress for plants in central and southern Europe, more
frequent and heavy rainfalls, with flooded and waterlogged soils as a result, are predicted
to be the main challenge in northern Europe. The effect of WL stress on annual cereals
such as barley and wheat has been well studied, but few studies have focused on perennial
forage grasses in general and timothy and other Phleum species in particular.

Our aim was to evaluate timothy and two related species for their responses to WL
and to investigate tolerance mechanisms, which have not been previously described in
Phleum species. By evaluating a large set of accessions, we discovered variation in growth
allocation, root growth and root anatomy, suggesting possible mechanisms of tolerance
to waterlogging and how they vary among accessions and species. These results provide
valuable knowledge for the selection of WL-tolerant accessions as possible inclusions in
breeding based on their phenotypic responses and as candidates for further genetic studies.

To compare species and accessions, it is valuable to know their morphologies and
growth rates under a normal irrigation regime. The results show that the three species
differ clearly in growth habit and morphology, e.g., number of tillers and leaves per plant
(Table S3, Figure S1). Interestingly, one P. nodosum accession appeared to be closer to
P. pratense in these shoot traits (Figure S1), as well as in root anatomy traits (Figure S3).
The taxonomy of Phleum is challenging, with many species and subspecies [51], and the



Plants 2023, 12, 4033 13 of 21

phenotypic relatedness of this P. nodosum accession to P. pratense points out the importance
of studying the diversity of Phleum gene bank collections.

Both P. pratense and P. nodosum developed reproductive tillers in both WL and NWL.
In future studies on the effects of WL under field conditions, forage quality and seed
production should be investigated, as it has been shown that WL has a negative effect on
these traits in annual cereals [52–54] and forage crops [55–57]. P. alpinum differed from
the other species since all accessions remained in the vegetative stage under these growth
conditions (Table S3). This may be related to the high temperatures in the greenhouse and
partly to the daylength, since P. alpinum has been shown to require a dual induction by low
temperature and/or short day to induce flowering, as well as a combination of long days
and high temperatures to enhance heading and inflorescence development [58,59].

The response to WL with regards to SDW, compared at the species level with data
from all accessions combined, showed no significant differences between waterlogged and
non-waterlogged plants in the three species (Table 1). Previous studies in perennial grasses,
using a similar length of WL treatment as in this study, have reported tolerant varieties
of cocksfoot, tall fescue and perennial ryegrass that showed no significant difference in
SDW in WL and NWL [60,61]. In annual cereals, such as wheat and barley, exposure to
WL affected the leaf appearance, shoot biomass and flowering [62–64]. Even short periods
of WL in young wheat plants have significant long-term effects and cause reduced plant
growth and development [65]. It is clear from our experiment that the negative effects of
WL on shoot biomass seen in annual monocots were not observed in any of the three Phleum
species. This suggests that P. pratense, P. nodosum and P. alpinum are relatively tolerant to WL
compared to annuals and have evolved mechanisms to cope with this stress. To compare
the three species, WL response indexes for several traits were calculated (Table S6), and the
indexes for %RDW and for formation of root biomass in the upper part of the root system
(5RDW:RDW) suggest that P. pratense responded less to WL than the other two species.

A major objective of this study was to investigate the diversity among Phleum acces-
sions in how they respond to WL. Interestingly, we found that among the several accessions
in this study, there was a variation in WL tolerance (Table 2), as well as between type of
accession and between species. In some accessions, growth was negatively affected by
WL (P. pratense D1, P. nodosum D6, P. alpinum W10); interestingly, in contrast, some other
accessions responded by producing more leaves per tiller (P. pratense W1, P. alpinum W11),
and for W1, there was a higher growth rate in leaf formation (RGR-LN). The timing of the
response in the growth rate of tillers and leaves also appeared to vary among accessions,
with some being affected in the first week and others in the second or third week of WL
(Figure S4).

Root development and growth were clearly affected by WL (Figure 4), and in general,
the three species showed a decrease in root biomass. This is a common response in
plants, as shown for annual cereals [52,66–68], annual dicot crops [69,70], perennial forage
grasses [61,71] and perennial forage legumes [72,73]. Root growth decreases due to a
deficiency of oxygen, energy, nutrients and accelerated root senescence [74].

Interestingly, among the accessions, there seem to be different types of responses in
distribution of the root and shoot biomass (Figure 4). Some accessions, perhaps less tolerant,
showed a decrease in the proportion of root biomass (%RDW) in response to WL (P. pratense
W3 and W4, P. nodosum W8 and W9, P. alpinum W10). In contrast, accessions P. pratense
W6 and P. nodosum W7 had an increase in RDW or no effect on RDW, as for P. pratense W1.
These accessions showed no significant effect on %RDW (Figure 3A), consistent with the
fact that shoot growth was not negatively affected (Figure 2). The response by W1, W6 and
W7 could be part of a mechanism to escape WL by the root as well as the shoot. It may
resemble the response to escape WL through shoot elongation, which is a common flood
and submergence response of many wetland plants and crops, where it serves to restore
contact with the atmosphere and sustain internal aeration [75,76].

The increase in RDW in WL for the two accessions W6 and W7 could be the result of
continued root growth, less senescence and higher formation of adventitious roots. In all
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accessions of the three species, the root abundance in the 5 cm section below the root:shoot
interface (5RDW:RDW) increased in WL due to the formation of adventitious roots (Figure 3C).
The formation of new adventitious roots with aerenchyma can increase oxygen availability
in the roots and nutrient uptake from the soil, enabling roots to grow [21,77]. Anatomical
adaptations such as aerenchyma formation, thick roots, large cortex to stele areas and the
growth of adventitious roots improve WL tolerance [78,79]. All P. pratense and P. alpinum
accessions and one accession of P. nodosum formed aerenchyma in a low percent of the root
cortex in NWL conditions. Formation of aerenchyma in NWL conditions has been also
reported in other perennial grasses, e.g., roughstalk bluegrass, tall fescue and cocksfoot [60,80].
However, it can be increased in hypoxic conditions, as we observed in most accessions.
Some accessions showed the ability to form more aerenchyma than others (Figure 5C). We
found a high positive correlation between the shoot dry weight (SDW) and the ratio between
aerenchyma and cortex (AA:CEA) in WL (Table 3), suggesting the importance of aerenchyma
formation for WL tolerance in Phleum also.

Another important objective was to test the hypothesis that there are differences
between accessions in WL tolerance and, if possible, suggest new germplasm for breeding.
A tolerant plant that is desirable from a breeding perspective should have a high capacity
to form adventitious roots and aerenchyma, a high cortex to stele ratio and the ability to
maintain shoot and root growth. Combining shoot and root traits (Figure 6), accessions
W1, W6, W7 and D3 may be considered more tolerant than the other accessions due to a
higher production of aerenchyma in the cortex (AA:CEA), higher CEA:SA and maintained
shoot and root dry weight. A maintained and even increased root growth, as seen in
accessions W6 and W7, might be advantageous for a rapid recovery after WL, as was also
suggested for WL-tolerant species [81]. In contrast, accession D5 had a smaller root system
with a higher proportion of roots in the upper 5 cm region (5RDW:RDW) and produced
aerenchyma at the same low level as in NWL, suggesting that D5 (cv. Tryggve, common
cultivar in Sweden) may be less tolerant to WL under the experimental conditions. The
response of producing higher 5RDW:RDW could be in line with an increased production
of the number of adventitious roots in WL as an adaptation to WL, which was shown for
cocksfoot (Dactylis glomerata) [54]. For further pre-breeding studies, we suggest including
the wild accessions of P. pratense W1 and W6 and P. nodosum W7.

WL is an important ecological factor, and species adapted to flooded habitats com-
monly form aerenchyma in response to WL [22]. Root anatomies with high CA:SA and
AA:CA were also suggested to be advantageous for WL tolerance [41]. The accession pass-
port information, available for most of the wild accessions in the present study (Table S1),
shows that, e.g., some of the less tolerant accessions, such as W3 and W9, were collected
from areas with comparatively less precipitation (www.smhi.se) and habitats described
as meadow and grassland. In contrast, two of the more tolerant accessions, W1 and W6,
were collected from habitats described as bog and marsh, and these accessions have a
root anatomy favorable for WL tolerance. Differential strategies within a species to tol-
erate flooding depending on the habitat from where the populations originate has been
found for other plant species (e.g., [82,83]), supporting the importance of WL as a selective
ecological factor.

Comparing wild and domesticated accessions of P. pratense made it possible to test
the hypothesis that there are differences between these two groups of accessions. In NWL,
there is a difference in the cortex (CEA:RA, CEA:SA) and stele (SA:RA) areas between the
domesticated and wild groups of accessions. Interestingly, among the wild accessions, the
accessions collected in wetlands, W1 and W6, had the smallest root cross-sectional and stele
areas, as well as the highest CEA:SA. High cortex to stele area is one of the root anatomical
factors that explain the adaptation of wild grasses to high soil water content [84].

Since a two-way ANOVA showed significant differences in root anatomical traits
(Table 2) between the two groups, the root anatomical trait data were further tested for
absolute or proportional differences between WL and NWL plants (Figure S5). For the
response to WL in RA, CEA:RA, AA:RA, AA:CEA and SA:RA, the wild and domesticated

www.smhi.se
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accessions were significantly different (t-test, p > 0.05). The significant differences for some
of these traits were largely due to accession D5. When D5 was excluded from the t-test
analyses, the significant difference between the wild and domesticated groups remained
in the response in the CEA:RA and SA:RA traits. Our results showed that SA:RA was
significantly lower in WL for both wild and domesticated accessions, but the reduction
during WL was lower for the wilds (Figure S5). Also, in NWL, the group of wild accessions
had lower SA:RA compared to the domesticated accessions. The xylem makes up a large
proportion of the stele (SA), and it has been found that for plants adapted to wet soils, the
xylem to the whole root area is generally lower [84].

WL results in low O2 availability for the root system and thus affects respiration,
metabolism and transport of mineral nutrients and water. Tolerance to WL is therefore a
complex trait needed for sustained growth and depends on several plant adaptations in
physiology, metabolism and gene expression. Our study has demonstrated a diversity in
phenotypic responses of growth and root anatomy to WL in young plants of P. pratense,
P. nodosum and P. alpinum at the tillering stage. A reduction in root system and a production
of adventitious roots was observed in most of the accessions, while a few accessions also
maintained root growth. Based on plant growth traits, aerenchyma formation and other
root anatomical traits, we could identify wild accessions of P. pratense and P. nodosum that
could be tested further for use in breeding programs. In screening for WL-tolerant timothy,
the studied root morphology and anatomy traits could be valuable when identifying
tolerant offspring. Further studies are required to elucidate the molecular mechanisms
underpinning WL tolerance in Phleum species.

4. Materials and Methods
4.1. Plant Material

The performance of 244 wild and domesticated accessions of P. pratense, P. nodosum
and P. alpinum was evaluated in the field and greenhouse in Uppsala, Sweden [85]. A total
of 19 accessions that represented the variation within species were selected for the present
study of the response to WL. Six wild accessions and five cultivars of Phleum pratense
(timothy), three wild accessions and two cultivars of P. nodosum, and two wild accessions
and one breeding line of P. alpinum from the Nordic countries were used (Table S1). Seeds
were obtained from the gene bank NordGen, Alnarp, Sweden, except for the cultivars
Tryggve and Switch, provided by Lantmännen, Svalöv, Sweden.

4.2. Pre-Cultivation

Seeds of each accession were sown in 2 L pots with a mixture of vermiculite and perlite
(1:1) in a greenhouse at the Plant Cultivation Facility, Uppsala BioCenter, SLU, Uppsala,
Sweden, with a 16/8 hrs day/night photoperiod with supplementary light from metal halo-
gen lamps. The experiment was carried out from February to April 2022, at a maximum
temperature of 24 ◦C and a minimum of 16 ◦C. For each accession, three seeds per pot were
sown in eight pots. Plants were given a complete nutrient solution (N:102 mg/L (NH4

+:
40 mg/L, NO3

−: 62 mg/L), P: 20 mg/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: 0.2 mg/L, Zn: 0.06 mg/L, Cu: 0.03 mg/L, Mo: 0.08 mg/L;
Wallco Miljöcenter AB, Arlöv, Sweden) every third day. Three weeks after sowing, eight plants
of each accession of similar size were selected by removing the other plants in each pot.

4.3. WL Experiment

After seven weeks in pre-cultivation, four of the eight plants of each accession were
exposed to WL. All plants were at vegetative stage at the start of the experiment. Each pot
was placed in a 5 L bucket. Deionized water and 200 mL of the complete nutrient solution
were added up to the surface of the vermiculite and perlite mixture. The water level was
maintained 1 cm above the soil line by gently adding deionized water. The other four
plants were grown in NWL and were watered every third day with 300 mL of the complete
nutrient solution. The plants were divided into four blocks, where one plant in WL and
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one plant in NWL of each accession were randomized in each block. The experiment was
conducted for 21 days.

4.4. Studied and Calculated Traits

The tiller number (TN) and leaf number (LN) of each plant (Figure 7) were counted
at the start of the experiment and at 7, 14 and 21 days of WL. The number of tillers and
leaves produced during the experiment (∆TN and ∆LN) were calculated by subtracting the
number of tillers and leaves at day 0. The TN and LN values for the time points 0, 7, 14
and 21 were used to calculate the growth rates by linear regression based on their natural
logarithmic values (ln), where the slopes ln(TN) day−1 and ln(LN) day−1 represent the
relative growth rates RGR-TN and RGR-LN, respectively. For weekly growth rates, the
difference between time points was used.
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Figure 7. Drawing of the studied shoot and root traits and their abbreviations; shoot dry weight
(SDW), number of tillers (TN) and number of leaves (LN) per plant, root dry weight (RDW), dry
weight of the upper 5 cm part of the root system (5RDW), area of the root cross section (RA), stele
area (SA), cortex area including epidermis (CEA) and aerenchyma area (AA). Measured tissue areas
in the root anatomy are indicated in black.

At the end of the experiment, each plant was taken out from the pot and the roots
were gently rinsed with tap water to remove the vermiculate and perlite substrate. We then
divided the shoot and the root by cutting the plant at the interface between the two tissues.
The shoot was dried at 65 ◦C for 48 h and the shoot dry weight (SDW) was then measured
for each plant.

At harvest, two adventitious roots emerging from the crown were randomly selected
from each plant and stored in 70% ethanol at 4 ◦C for anatomical analysis. Cross sections of
the maturation zone of the roots (10–30 mm from the root base) were cut by hand. These
root sections were visualized at 10× magnification using a bright-field Zeiss Axio Scope
A1 microscope, and images were taken by an AxioCam ICc5 camera. The area of the root
cross section (RA), the stele area (SA), the cortex area including epidermis (CEA) and the
aerenchyma area (AA) were measured in ImageJ v. 1.52t (National Institute of Health,
Bethesda, MD, USA) using the free hand tool.

After sampling for root anatomy studies, the root systems were cut 5 cm below the
interface between the shoots and the roots. The two root parts were kept separately and
dried at 65 ◦C for 48 h. Then, the dry weight of the upper 5 cm of the root (5RDW) and the
total dry weight of the root were measured. The percentage of allocation of plant growth to
roots, %RDW, was calculated as 100 × RDW:(RDW + SDW).
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4.5. Analysis of Phenotypic Responses to WL

This study comprised wild and domesticated accessions of three different Phleum
species. The non-treated accessions showed large diversity in shoot and root traits both
within and between the species (Tables S2 and S3). To be able to compare the responses of
different accessions, we calculated the absolute difference between WL and NWL condi-
tions as

xWL − xNWL =
1
n

n

∑
i=1

(xi − xNWL)

and the proportional difference as

xWL − xNWL
xNWL

=
1
n

n

∑
i=1

(xi − xNWL)/ xNWL

where xWL is the average in WL, xNWL is the average in the NWL and xi is the value for
the individual i in WL.

The absolute difference was calculated for %RDW and the ratios LN:SDW, TN:SDW,
LN:TN, RGR-TN, RGR-LN, 5RDW:RDW, CEA:RA, AA:RA, AA:CEA, CEA:SA and SA:RA.
For the SDW, RDW, ∆TN, ∆LN and RA, the proportional difference was used.

4.6. Statistical Analysis

All traits showed normally distributed residuals and were therefore analyzed with
the parametric test Analysis of Variance (ANOVA) using a Mixed Effects Model approach.
The mixed model analysis was performed using restricted maximum likelihood estimation
(REML) and unbounded variance components. For each Phleum species, the fixed effects
included accessions and treatments (WL and NWL) and the interaction between them,
while block was considered as random effects. For comparison of the wild and domes-
ticated groups of P. pratense accessions, the fixed effects included group, treatment and
the interaction between treatment and group. For comparisons between WL and NWL by
accession, a subdesign ANOVA was performed considering the same fixed and random
effects as the initial model. To compare the response to WL among accessions, a Tukey test
was performed. Moreover, Pearson correlation analysis was applied to evaluate the linear
association between traits. Data of growth traits used for Pearson correlation analysis were
natural logarithm transformed. The multivariate analysis principal component analysis
(PCA) and hierarchical cluster analysis (HCA) using Ward’s method were used to analyze
and display the variation in response among accessions based on all studied shoot and
root traits. Statistical significance was determined at p < 0.05. All statistical analyses were
performed using JMP Pro 16.0.

5. Conclusions

WL of soil leads to reduced agricultural plant productivity and is expected to increase
due to more frequent extreme weather conditions caused by climate change. This study
has demonstrated substantial diversity in the response to WL of a range of wild and do-
mesticated accessions of P. pratense, P. nodosum and P. alpinum. The identification of specific
traits, including the ability to maintain root growth, the development of adventitious roots
and aerenchyma formation, suggests the potential for these features to serve as valuable
screening criteria for identifying tolerant accessions. Moreover, the study has pinpointed
two wild P. pratense and one wild P. nodosum accessions with traits that could be useful as
genetic resources for improving cultivars in the future. WL tolerance has not historically
been a conscious target of breeding programs for timothy, which instead focused on traits
such as early heading. Our findings offer a pathway for future breeding efforts to enhance
the resilience of timothy to waterlogged conditions, further underscoring the importance
of continued research in this area.
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Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants12234033/s1. Figure S1. Relations among accessions of P.
pratense, P. nodosum and P. alpinum based on morphological traits in non-waterlogging conditions
(NWL) after 70 days of growth in greenhouse conditions. Figure S2. Growth of plants of P. pratense, P.
nodosum and P. alpinum accessions shown as production of leaves and tillers during the waterlogging
(WL) and non-waterlogging (NWL) treatments. Figure S3. Distribution and response of accessions of
P. pratense, P. nodosum and P. alpinum to NWL and WL conditions analyzed using principal component
analysis based on root anatomy traits. Figure S4. Diversity in effects of WL on weekly growth rates
of tiller and leaf numbers. Figure S5. Effect of WL on root anatomy traits of domesticated and wild
accessions of P. pratense. Figure S6. Correlations between shoot dry weight (SDW) and aerenchyma
area to cortex–epidermis area (AA:CEA) and between SDW and proportion of dry biomass of upper
5 cm part of the root system (5RDW:RDW) of Phleum accessions in NWL and WL conditions. Table S1.
Studied accessions and their passport data. Table S2. Shoot traits of P. pratense, P. nodosum and P.
alpinum in NWL and WL at the end of the 21-day treatment. Table S3. Growth rates and generative
tillers. Table S4. Root traits of P. pratense, P. nodosum and P. alpinum in non-waterlogging (NWL) and
waterlogging (WL) at the end of the 21-day treatment. Table S5. Root anatomy traits of accessions of
P. pratense, P. nodosum and P. alpinum in non-waterlogging (NWL) and waterlogging (WL) conditions
at the end of the 21-day treatment. Table S6. WL response indexes of P. pratense, P. nodosum and P.
alpinum, calculated as the proportional difference between the WL and NWL.
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7. Staniak, M.; Kocoń, A. Forage grasses under drought stress in conditions of Poland. Acta Physiol. Plant. 2015, 116, 1–10. [CrossRef]
8. Pomerleau-Lacasse, F.; Seguin, P.; Tremblay, G.F.; Bélanger, G.; Lajeunesse, J.; Charbonneau, É. Alternatives to Timothy Grown in

Mixture with Alfalfa in Eastern Canada. Agron. J. 2019, 111, 314–327. [CrossRef]
9. Juhola, S.; Klein, N.; Kayhk, J.; Schmid Neset, T.S. Climate change transformations in Nordic agriculture? J. Rural Stud. 2017, 51,

28–36. [CrossRef]
10. Grusson, Y.; Wesstrom, I.; Svedberg, E.; Joel, A. Influence of climate change on water partitioning in agricultural watersheds:

Examples from Sweden. Agric. Water Manag. 2021, 249, 106766. [CrossRef]

https://www.mdpi.com/article/10.3390/plants12234033/s1
https://www.mdpi.com/article/10.3390/plants12234033/s1
https://doi.org/10.2134/agronj2013.0195
https://doi.org/10.3390/agronomy10040540
https://doi.org/10.3390/agronomy10111743
https://doi.org/10.1111/j.1601-5223.2012.02244.x
https://doi.org/10.1111/j.1365-2494.2008.00649.x
https://doi.org/10.1007/s11738-015-1864-1
https://doi.org/10.2134/agronj2018.05.0309
https://doi.org/10.1016/j.jrurstud.2017.01.013
https://doi.org/10.1016/j.agwat.2021.106766


Plants 2023, 12, 4033 19 of 21

11. Grusson, Y.; Wesstrom, I.; Joel, A. Impact of climate change on Swedish agriculture: Growing season rain deficit and irrigation
need. Agric. Water Manag. 2021, 251, 106858. [CrossRef]

12. Eftekhari, M.S. Impacts of Climate Change on Agriculture and Horticulture. In Climate Change: The Social and Scientific Construct;
Bandh, S.A., Ed.; Springer: Berlin/Heidelberg, Germany, 2022; pp. 117–131.

13. Visser, E.; Voesnek, L. Acclimation to soil flooding—Sensing and signal-transduction. Plant Soil 2005, 274, 197–214. [CrossRef]
14. Jiménez, J.C.; Kotula, L.; Veneklaas, E.; Colmer, T. Root-zone hypoxia reduces growth of the tropical forage grass Urochloa

humidicola in high-nutrient but not low-nutrient conditions. Ann. Bot. 2019, 124, 1019–1032. [CrossRef]
15. Di Bella, C.E.; Grimoldi, A.; Striker, G. A quantitative revision of the waterlogging tolerance of perennial forage grasses. Crop

Pasture Sci. 2022, 73, 1200–1212. [CrossRef]
16. Marcar, N.; Crawford, D.; Saunders, A.; Matheson, A.; Arnold, R. Genetic variation among and within provenances and families

of Eucalyptus grandis W. Hill and E. globulus Labill. subsp. globulus seedlings in response to salinity and waterlogging. For.
Ecol. Manag. 2002, 162, 231–249. [CrossRef]

17. Araki, H.; Hamada, A.; Hossain, M.A.; Takahashi, T. Waterlogging at jointing and/or after anthesis in wheat induces early leaf
senescence and impairs grain filling. Field Crops Res. 2012, 137, 27–36. [CrossRef]

18. Hörtensteiner, S. Chlorophyll degradation during senescence. Annu. Rev. Plant Biol. 2006, 1, 55–77. [CrossRef]
19. Wegner, L.H. Oxygen transport in waterlogged plants. In Waterlogging Signaling and Tolerance in Plants; Mancuso, S., Shabala, S.,

Eds.; Springer: Berlin/Heidelberg, Germany, 2010.
20. Drew, M.; He, C.; Morgon, P. Programmed cell death and aerenchyma formation in roots. Trend Plant Sci. 2000, 5, 123–127.

[CrossRef]
21. Yamauchi, T.; Shimamura, S.; Nakazono, M.; Mochizuki, T. Aerenchyma formation in crop species: A review. Field Crops Res.

2013, 152, 8–16. [CrossRef]
22. Evans, D. Aerenchyma formation. New Phytol. 2004, 161, 35–49. [CrossRef]
23. Steffens, B.; Rasmussen, A. The Physiology of Adventitious Roots. Plant Physiol. 2016, 170, 603–617. [CrossRef] [PubMed]
24. Visser, E.; Bögemann, G.M. Aerenchyma formation in the wetland plant Juncus effusus is independent of ethylene. New Phytol.

2006, 171, 305–314. [CrossRef] [PubMed]
25. Visser, E.J.W.; Colmer, T.D.; Blom, C.W.P.M.; Vosenek, L.A.C.J. Changes in growth, porosity, and radial oxygen loss from

adventitious roots of selected mono- and dicotyledonous wetland species with contrasting types of aerenchyma. Plant Cell
Environ. 2000, 23, 1237–1245. [CrossRef]

26. Abiko, T.; Kotula, L.; Shiono, K.; Malik, A.M.; Colmer, T.M.; Nakazono, M. Enhanced formation of aerenchyma and induction of a
barrier to radial oxygen loss in adventitious roots of Zea nicaraguensis contribute to its waterlogging tolerance as compared with
maize (Zea mays ssp. mays). Plant Cell Environ. 2012, 35, 1618–1630. [CrossRef] [PubMed]

27. Shiono, K.; Ogawa, S.; Yamazaki, S.; Isoda, H.; Fujimura, T.; Nakazono, M.; Colmer, T.D. Contrasting dynamics of radial O2-loss
barrier induction and aerenchyma formation in rice roots of two lengths. Ann. Bot. 2011, 107, 89–99. [CrossRef] [PubMed]

28. Mano, Y.; Omori, F. Relationship between constitutive root aerenchyma formation and flooding tolerance in Zea nicaraguensis.
Plant Soil 2013, 370, 447–460. [CrossRef]

29. Zhang, X.; Shabala, S.; Koutoulis, A.; Shabala, L.; Johnson, P.; Hayes, D.; Nichols, D.; Zhou, M. Waterlogging tolerance in barley is
associated with faster aerenchyma formation in adventitious roots. Plant Soil 2015, 394, 355–372. [CrossRef]

30. Sundgren, T.; Uhlen, A.; Lillemo, M.; Briese, C.; Wojciechowski, T. Rapid seedling establishment and a narrow root stele promotes
waterlogging tolerance in spring wheat. J. Plant Physiol. 2018, 227, 45–55. [CrossRef]

31. Yamauchi, T.; Abe, F.; Tsutsumi, N.; Nakazono, M. Root Cortex Provides a Venue for Gas-Space Formation and Is Essential for
Plant Adaptation to Waterlogging. Front. Plant Sci. 2019, 10, 259. [CrossRef]

32. Gibbs, J.; Turner, D.W.; Armstrong, W.; Darwent, M.J.; Greenway, H. Response to oxygen deficiency in primary maize roots.
I. Development of oxygen deficiency in the stele reduces radial solute transport to the xylem. Aust. J. Plant Physiol. 1998, 25,
745–758. [CrossRef]

33. Mcdonald, M.P.; Galwey, N.W.; Colmer, T.D. Waterlogging tolerance in the tribe Triticeae: The adventitious roots of Critesion
marinum have a relatively high porosity and a barrier to radial oxygen loss. Plant Cell Environ. 2001, 2, 585–596. [CrossRef]

34. Colmer, T. Long-distance transport of gases in plants: A perspective on internal aeration and radial oxygen loss from roots. Plant
Cell Environ. 2003, 26, 17–36. [CrossRef]

35. Garthwaite, A.J.; von Bothmer, R.; Colmer, T.D. Diversity in root aeration traits associated with waterlogging tolerance in the
genus Hordeum. Funct. Plant Biol. 2003, 30, 875–889. [CrossRef]

36. Garthwaite, A.J.; Armstrong, W.; Colmer, T.D. Assessment of O2 diffusivity across the barrier to radial O2 loss in adventitious
roots of Hordeum marinum. New Phytol. 2008, 30, 405–416. [CrossRef]

37. Kotula, L.; Ranathunge, K.; Schreiber, L.; Steudle, E. Functional and chemical comparison of apoplastic barriers to radial oxygen
loss in roots of rice (Oryza sativa L.) grown in aerated or deoxygenated solution. J. Exp. Bot. 2009, 60, 2155–2167. [CrossRef]

38. Benschop, J.; Bou, J.; Peeters, A.J.M.; Wagemaker, N.; Gühl, K.; Ward, D.; Hedden, P.; Moritz, T.; Voesenek, L.A.C.J. Long-Term
Submergence-Induced Elongation in Rumex palustris Requires Abscisic Acid-Dependent Biosynthesis of Gibberellin. Plant
Physiol. 2006, 141, 1644–1652. [CrossRef]

39. Wu, A.; Hammer, G.L.; Doherty, A.; von Caemmerer, S.; Farquha, G.D. Quantifying impacts of enhancing photosynthesis on crop
yield. Nat. Plants 2019, 5, 380–388. [CrossRef]

https://doi.org/10.1016/j.agwat.2021.106858
https://doi.org/10.1007/s11104-004-1650-0
https://doi.org/10.1093/aob/mcz071
https://doi.org/10.1071/CP21707
https://doi.org/10.1016/S0378-1127(01)00518-7
https://doi.org/10.1016/j.fcr.2012.09.006
https://doi.org/10.1146/annurev.arplant.57.032905.105212
https://doi.org/10.1016/S1360-1385(00)01570-3
https://doi.org/10.1016/j.fcr.2012.12.008
https://doi.org/10.1046/j.1469-8137.2003.00907.x
https://doi.org/10.1104/pp.15.01360
https://www.ncbi.nlm.nih.gov/pubmed/26697895
https://doi.org/10.1111/j.1469-8137.2006.01764.x
https://www.ncbi.nlm.nih.gov/pubmed/16866938
https://doi.org/10.1046/j.1365-3040.2000.00628.x
https://doi.org/10.1111/j.1365-3040.2012.02513.x
https://www.ncbi.nlm.nih.gov/pubmed/22471697
https://doi.org/10.1093/aob/mcq221
https://www.ncbi.nlm.nih.gov/pubmed/21097947
https://doi.org/10.1007/s11104-013-1641-0
https://doi.org/10.1007/s11104-015-2536-z
https://doi.org/10.1016/j.jplph.2018.04.010
https://doi.org/10.3389/fpls.2019.00259
https://doi.org/10.1071/PP97135
https://doi.org/10.1046/j.0016-8025.2001.00707.x
https://doi.org/10.1046/j.1365-3040.2003.00846.x
https://doi.org/10.1071/FP03058
https://doi.org/10.1111/j.1469-8137.2008.02467.x
https://doi.org/10.1093/jxb/erp089
https://doi.org/10.1104/pp.106.082636
https://doi.org/10.1038/s41477-019-0398-8


Plants 2023, 12, 4033 20 of 21

40. Pan, J.; Sharif, R.; Xu, X.; Chen, X. Mechanisms of Waterlogging Tolerance in Plants: Research Progress and Prospects. Front. Plant
Sci. 2021, 11, 627331. [CrossRef]

41. Yamauchi, T.; Tanaka, A.; Tsutsumi, N.; Inukai, Y.; Nakazono, M. A Role for Auxin in Ethylene-Dependent Inducible Aerenchyma
Formation in Rice Roots. Plants 2020, 9, 610. [CrossRef]

42. Höglind, M.; Bakken, A.K.; Jørgensen, M.; Østrem, L. Tolerance to frost and ice encasement in cultivars of timothy and perennial
ryegrass during winter. Grass Forage Sci. 2010, 65, 431–445. [CrossRef]

43. Jørgensen, M.; Torp, T.; Alexander, J.; Mølmann, B. Impact of waterlogging and temperature on autumn growth, hardening and
freezing tolerance of timothy (Phleum pratense). J. Agron. Crop Sci. 2020, 206, 242–251. [CrossRef]

44. Kilian, B.; Özkan, H.; Kohl, J.; von Haeseler, A.; Barale, F.; Deusch, O.; Brandolini, A.; Yucel, C.; Martin, W.; Salamini, F. Haplotype
structure at seven barley genes: Relevance to gene pool bottlenecks, phylogeny of ear type and site of barley domestication. Mol.
Genet. Genom. 2006, 276, 230–241. [CrossRef] [PubMed]

45. Zohary, D. Unconscious selection and the evolution of domesticated plants. Econ. Bot. 2004, 58, 5–10. [CrossRef]
46. Pagán, I.; González-Jara, P.; Moreno-Letelier, A.; Rodelo-Urrego, M.; Fraile, A.; Piñero, D.; García-Arenal, F. Effect of biodiversity

changes in disease risk: Exploring disease emergence in a plant-virus system. PLoS Path 2012, 8, e1002796. [CrossRef] [PubMed]
47. Guo, W.; Xin, M.; Wang, Z.; Yao, Y.; Hu, Z.; Song, W.; Yu, K.; Chen, Y.; Wang, X.; Guan, P.; et al. Origin and adaptation to high

altitude of Tibetan semi-wild wheat. Nat. Commun. 2020, 11, 5085. [CrossRef] [PubMed]
48. Doebley, J.F.; Gaut, B.S.; Smith, B.D. The Molecular Genetics of Crop Domestication. Cell 2006, 127, 1309–1321. [CrossRef]

[PubMed]
49. 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]
50. Stewart, A.; 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 ; Springer: New York, NY, USA, 2009; pp. 71–81.
51. Stewart, A.; Joachimiak, A.; Ellison, N. Phleum. In Wild Crop Relatives: Genomic and Breeding Resources: Millets and Grasses; Kole, C.,

Ed.; Springer: Berlin/Heidelberg, Germany, 2011.
52. Marti, J.; Savin, R.; Slafer, G.A. Wheat Yield as Affected by Length of Exposure to Waterlogging During Stem Elongation. J. Agron.

Crop Crop Sci. 2015, 201, 473–486. [CrossRef]
53. Tian, L.-x.; Zhang, Y.-c.; Chen, P.-l.; Zhang, F.-f.; Li, J.; Yan, F.; Dong, Y.; Feng, B.-l. How Does the Waterlogging Regime Affect

Crop Yield? A Global Meta-Analysis. Front. Plant Sci. 2021, 12, 634898. [CrossRef]
54. Ploschuk, R.; Ploschuk, E.; Striker, G.; Miralles, D.; Colmer, T. Waterlogging of Winter Crops at Early and Late Stages: Impacts on

Leaf Physiology, Growth and Yield. Front. Plant Sci. 2018, 9, 1863. [CrossRef]
55. Striker, G.; Colmer, T. Flooding tolerance of forage legumes. J. Exp. Bot. 2017, 68, 1851–1872. [CrossRef]
56. Allen, N.; MacAdam, J. Forages; Moore, K., Collins, M., Nelson, J., Redfearn, D., Eds.; Iowa State University Press: Ames, IA, USA,

2020; Volume 2, pp. 497–513.
57. Pampana, S.; Masoni, A.; Arduini, I. Response of cool-season grain legumes to waterlogging at flowering. Can. J. Plant Sci. 2016,

96, 597–603. [CrossRef]
58. Heide, O.M.; Solhaug, K.A. Growth and Reproduction Capacities of Two Bipolar Phleum alpinum Populations from Norway and

South Georgia. Arct. Antarct. Alp. Res. 2001, 33, 170–180. [CrossRef]
59. Heide, O.M. Control of flowering and reproduction in temperate grasses. New Phytol. 1994, 128, 347–362. [CrossRef]
60. Mui, N.T.; Zhou, M.; Parsons, D.; Smith, R.W. Aerenchyma Formation in Adventitious Roots of Tall Fescue and Cocksfoot under

Waterlogged Conditions. Agronomy 2021, 11, 2487. [CrossRef]
61. Mcfarlane, N.M.; Ciavarella, T.A.; Smith, K.F. The effects of waterlogging on growth, photosynthesis and biomass allocation in

perennial ryegrass (Lolium perenne L.) genotypes with contrasting root development. J. Agric. Sci. 2003, 141, 241–248. [CrossRef]
62. de San Celedonio, R.P.; Abeledo, L.G.; Brihet, J.M.; Miralles, D.J. Waterlogging Affects Leaf and Tillering Dynamics in Wheat and

Barley. J. Agron. Crop Sci. 2015, 202, 409–420. [CrossRef]
63. Malik, A.I.; Colmer, T.D.; Lambers, H.; Schortemeyer, M. Changes in physiological and morphological traits of roots and shoots of

wheat in response to different depths of waterlogging. Aust. J. Plant Physiol. 2001, 28, 1121–1131. [CrossRef]
64. Borrego-Benjumea, A.; Carter, A.; Zhu, M.; Tucker, J.; Zhou, M.; Badea, A. Genome-Wide Association Study of Waterlogging

Tolerance in Barley (Hordeum vulgare L.) Under Controlled Field Conditions. Front. Plant Sci. 2021, 12, 711654. [CrossRef]
65. Malik, A.I.; Colmer, T.D.; Lambers, H.; Setter, T.L.; Schortemeyer, M. Short-term waterlogging has long-term effects on the growth

and physiology of wheat. New Phytol. 2002, 153, 225–236. [CrossRef]
66. Steffens, D.; Hütsch, B.W.; Eschholz, T.; Lošák, T.; Schubert, S. Water logging may inhibit plant growth primarily by nutrient

deficiency rather than nutrient toxicity. Plant Soil Environ. 2005, 12, 545–552. [CrossRef]
67. Wua, X.; Tanga, Y.; Lia, C.; McHughb, A.D.; Lia, Z.; Wu, C. Individual and combined effects of soil waterlogging and compaction

on physiological characteristics of wheat in southwestern China. Field Crops Res. 2018, 215, 163–172. [CrossRef]
68. Arduini, I.; Baldanzi, M.; Pampana, S. Reduced Growth and Nitrogen Uptake During Waterlogging at Tillering Permanently

Affect Yield Components in Late Sown Oats. Front. Plant Sci. 2019, 10, 1080. [CrossRef]
69. Beegum, S.; Truong, V.; Bheemanahalli, R.; Brand, D.; Reddy, V.; Reddy, K.R. Developing functional relationships between

waterlogging and cotton growth and physiology-towards waterlogging modeling. Front. Plant Sci. 2023, 14, 1174682. [CrossRef]

https://doi.org/10.3389/fpls.2020.627331
https://doi.org/10.3390/plants9050610
https://doi.org/10.1111/j.1365-2494.2010.00762.x
https://doi.org/10.1111/jac.12385
https://doi.org/10.1007/s00438-006-0136-6
https://www.ncbi.nlm.nih.gov/pubmed/16758198
https://doi.org/10.1663/0013-0001(2004)058[0005:USATEO]2.0.CO;2
https://doi.org/10.1371/journal.ppat.1002796
https://www.ncbi.nlm.nih.gov/pubmed/22792068
https://doi.org/10.1038/s41467-020-18738-5
https://www.ncbi.nlm.nih.gov/pubmed/33033250
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/10.1111/jac.12118
https://doi.org/10.3389/fpls.2021.634898
https://doi.org/10.3389/fpls.2018.01863
https://doi.org/10.1093/jxb/erw239
https://doi.org/10.1139/cjps-2015-0268
https://doi.org/10.1080/15230430.2001.12003420
https://doi.org/10.1111/j.1469-8137.1994.tb04019.x
https://doi.org/10.3390/agronomy11122487
https://doi.org/10.1017/S0021859603003502
https://doi.org/10.1111/jac.12151
https://doi.org/10.1071/PP01089
https://doi.org/10.3389/fpls.2021.711654
https://doi.org/10.1046/j.0028-646X.2001.00318.x
https://doi.org/10.17221/3630-PSE
https://doi.org/10.1016/j.fcr.2017.10.016
https://doi.org/10.3389/fpls.2019.01087
https://doi.org/10.3389/fpls.2023.1174682


Plants 2023, 12, 4033 21 of 21

70. Chandra, P.; Bell, R.; Barrett-Lennard, E.; Kabir, E.; Mainuddin, M.; Sarker, K.K. Short-Term Waterlogging Depresses Early Growth
of Sunflower (Helianthus annuus L.) on Saline Soils with a Shallow Water Table in the Coastal Zone of Bangladesh. Soil Syst. 2021,
5, 68. [CrossRef]

71. Jiménez, J.d.l.C.; Cardoso, J.A.; Kotula, L.; Veneklaas, E.J.; Pedersen, O.; Colmer, T.D. Root length is proxy for high-throughput
screening of waterlogging tolerance in Urochloa spp. grasses. Funct. Plant Biol. 2020, 48, 411–421. [CrossRef]

72. Enkhbat, G.; Ryan, M.H.; Foster, K.J.; Nichols, P.G.H.; Kotula, L.; Hamblin, A.; Inukai, Y.; Erskin, W. Large variation in
waterlogging tolerance and recovery among the three subspecies of Trifolium subterranean L. is related to root and shoot
responses. Plant Soil 2021, 464, 467–487. [CrossRef]

73. Real, D.; Warden, J.; Sandral, G.A.; Colmer, T.D. Waterlogging tolerance and recovery of 10 Lotus species. Aust. J. Exp. Agric.
2008, 48, 480–487. [CrossRef]

74. Tong, C.; Beate Hill, C.; Zhou, G.; Zhang, X.-Q.; Jia, Y.; Li, C. Opportunities for Improving Waterlogging Tolerance in Cereal
Crops—Physiological Traits and Genetic Mechanisms. Plants 2021, 10, 1560. [CrossRef]

75. Pedersen, O.; Perata, P.; Voesenek, L.A.C.J. Flooding and low oxygen responses in plants. Funct. Plant Biol. 2017, 44, iii–vi.
[CrossRef]

76. Akman, M.; Bhikharie, A.V.; McLean, E.H.; Boonman, A.; Visser, E.J.W.; Schranz, M.E.; van Tienderen, P.H. Wait or escape?
Contrasting submergence tolerance strategies of Rorippa amphibia, Rorippa sylvestris and their hybrid. Ann. Bot. 2012, 109,
1263–1276. [CrossRef]

77. Herzog, M.; Striker, G.; Colmer, T.; Pedersen, O. Mechanisms of waterlogging tolerance in wheat—A review of root and shoot
physiology. Plant Cell Environ. 2016, 39, 1068–1086. [CrossRef]

78. Yamauchi, T.; Noshita, K.; Tsutsumi, N. Climate-smart crops: Key root anatomical traits that confer flooding tolerance. Breed. Sci.
2021, 71, 51–61. [CrossRef] [PubMed]

79. Pedersen, O.; Sauter, M.; Colmer, T.; Nakazono, M. Regulation of root adaptive anatomical and morphological traits during low
soil oxygen. New Phytol. 2021, 229, 42–49. [CrossRef] [PubMed]

80. Liu, M.; Hulting, A.; Mallory-Smith, C. Comparison of growth and physiological characteristics between roughstalk bluegrass
and tall fescue in response to simulated waterlogging. PLoS ONE 2017, 12, e0182035. [CrossRef]

81. Ploschuk, R.; Grimoldi, A.; Ploschuk, E.; Striker, G. Growth during recovery evidences the waterlogging tolerance of forage
grasses. Crop Pasture Sci. 2017, 68, 574–582. [CrossRef]

82. Chen, X.-S.; Li, Y.-F.; Cai, Y.-H.; Xie, Y.-H.; Deng, Z.-M.; Li, F.; Hou, Z.-Y. Differential Strategies to Tolerate Flooding in Polygonum
hydropiper Plants Originating From Low- and High-Elevation Habitats. Front. Plant Sci. 2019, 9, 1970. [CrossRef] [PubMed]

83. Banach, K.; Banach, A.; Lamers, L.; De Kroon, H.; Bennicelli, R.P.; Smits, A.J.M.; Visser, E.J.W. Differences in flooding tolerance
between species from two wetland habitats with contrasting hydrology: Implications for vegetation development in future
floodwater retention areas. Ann. Bot. 2009, 103, 341–351. [CrossRef]

84. Yamauchi, T.; Pedersen, O.; Nakazono, M.; Tsutsumi, N. Key root traits of Poaceae for adaptation to soil water gradients. New
Phytol. 2021, 229, 3133–3140. [CrossRef]

85. Rahimi, Y.; Bedada, G.; Moreno, S.; Gustavsson, A.-M.; Ingvarsson, P.K.; Westerbergh, A. Phenotypic Diversity in Domesticated
and Wild Timothy Grass, and Closely Related Species for Forage Breeding. Plants 2023, 12, 3494. [CrossRef]

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/10.3390/soilsystems5040068
https://doi.org/10.1071/FP20200
https://doi.org/10.1007/s11104-021-04959-0
https://doi.org/10.1071/EA07110
https://doi.org/10.3390/plants10081560
https://doi.org/10.1071/FPv44n9_FO
https://doi.org/10.1093/aob/mcs059
https://doi.org/10.1111/pce.12676
https://doi.org/10.1270/jsbbs.20119
https://www.ncbi.nlm.nih.gov/pubmed/33762876
https://doi.org/10.1111/nph.16375
https://www.ncbi.nlm.nih.gov/pubmed/32045027
https://doi.org/10.1371/journal.pone.0182035
https://doi.org/10.1071/CP17137
https://doi.org/10.3389/fpls.2018.01970
https://www.ncbi.nlm.nih.gov/pubmed/30687365
https://doi.org/10.1093/aob/mcn183
https://doi.org/10.1111/nph.17093
https://doi.org/10.3390/plants12193494

	Introduction 
	Results 
	Plant Morphology and Growth among Phleum Species in NWL 
	Effects of WL on Growth Traits 
	Comparisons at the Species Level 
	P. pratense Accessions 
	P. nodosum Accessions 
	P. alpinum Accessions 

	Effects of WL on Root Anatomy 
	Comparisons at the Species Level 
	P. pratense Accessions 
	P. nodosum Accessions 
	P. alpinum Accessions 

	Relations of Root Anatomy and Growth Traits 

	Discussion 
	Materials and Methods 
	Plant Material 
	Pre-Cultivation 
	WL Experiment 
	Studied and Calculated Traits 
	Analysis of Phenotypic Responses to WL 
	Statistical Analysis 

	Conclusions 
	References

