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Abstract

Roughstalk bluegrass (Poa trivialis) is a weed in cool season grass seed production fields in
Oregon. Populations of this weed are often greater in fields prone to waterlogging. A green-
house study was conducted to investigate the morphological and physiological differences
between recently established roughstalk bluegrass and tall fescue (Lolium arundinaceum)
plants in response to simulated waterlogging. Differences in root morphological develop-
ment and root respiration were found between waterlogged tall fescue and roughstalk blue-
grass. Plants after 4 weeks of waterlogging, leaf number, plant height, and root biomass
were reduced more in tall fescue than in roughstalk bluegrass plants. The root length in-
creased 6% in waterlogged tall fescue plants, and decreased 42% in waterlogged rough-
stalk bluegrass plants, which lead to a shallower root system in roughstalk bluegrass. Root
aerenchyma area increased more in waterlogged roughstalk bluegrass than in tall fescue.
Alcohol dehydrogenase and lactate dehydrogenase activities increased in the roots of both
species, but not in the leaves. The increases were greater in tall fescue than in roughstalk
bluegrass. Turf quality, aboveground biomass, photosynthetic capacity, and water-soluble
carbohydrate concentrations were reduced by waterlogging, but there were no differences
over time or species. Thus, the shallower root system, larger aerenchyma, and reduced
fermentation rates were the characteristics most likely to contribute to better waterlogging
tolerance in roughstalk bluegrass compared to tall fescue and invasion of roughstalk blue-
grass in waterlogged cool season grass seed fields.

Introduction

Roughstalk bluegrass (RB) is a perennial cool season grass species, which also is a weed in
cool-season home lawns and golf courses. In grass seed crops, RB can be competitive and con-
taminate the harvested grass seed [1]. The small size (5.5 million per kilogram) [2] and sticky
nature of RB seed increase the difficulty and cost of seed cleaning and conditioning. There are
very limited control methods, either chemical or cultural, for this weed species in mixed grass
stands. In the past decade, complaints by growers about RB as a weed problem have increased
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in the Willamette Valley of Oregon, where nearly two-thirds of the cool-season grass seed in
the United States is produced [3]. The invasion of RB in cool season grass seed crops, such as
tall fescue (TF) and perennial ryegrass (Lolium perenne), often occurs in flooded soils. RB
appears to be more tolerant to the stresses caused by waterlogging. The number of studies on
RB and other grasses such as TF in response to waterlogging are limited.

Soil flooding is one of the major abiotic problems in some lowland crop production areas
[4]. Anoxia (anaerobic) or hypoxia (mixed anaerobic and aerobic) conditions may be found in
flooded soils because air pores in saturated soils are filled by water, and oxygen diffusion is
blocked. Soil redox potential (Eh), which is a measure of electrochemical potential or electron
availability within the soil, often is used to quantify the level of waterlogging in soil. Lower soil
Eh indicates reduced oxygen and longer or increased flooding in the soil.

Morphological adaptation can help plants mitigate oxygen deprivation during waterlogging
or submergence [5]. Waterlogging may result in existing root systems being replaced with
new, morphologically distinct adventitious or lateral root systems [6]. Because oxygen concen-
tration in the surface water or upper soil layers is greater than in deeper soil layers, adventi-
tious and lateral roots can absorb oxygen more effectively from these areas. The alternative
root systems have been observed in both dryland species (e.g. pea, Pisum sativum) and marsh
plants (e.g. Melaleuca spp.) under waterlogging stress [7, 8, 9]. In addition to the changes in
roots, morphological changes of aboveground parts influence waterlogging tolerance in some
species. A study conducted by Raskin and Kende [10] indicated that the elongation rate of sub-
merged deepwater rice (Oryza sativa) shoots was faster than normal, which reduced damage to
the rice seedlings.

Aerenchyma is a structure that forms in the leaves, stems and roots of some plants, which
enhances internal aeration between or within shoots and roots [11, 12]. This structure in-
creases the internal gas filled space, and therefore improves the gas diffusion efficiency
between the environment and the endodermis [13, 14]. A study conducted on rice roots indi-
cated that some well-connected channels in a longitudinal direction along the root axis were
formed by the remnants of lysed cells, which provided extra gas pathways for internal root
cells [15]. Because the roots with aerenchyma have fewer cells in the same volume due to the
programmed cell death, these roots consume less oxygen in comparison with the roots without
aerenchyma [16].

Metabolic responses to oxygen deficiency are essential for plant survival under waterlogging
conditions, especially for root cells [17, 18]. One of the key processes for oxygen deficiency
tolerance is to maintain energy production, usually via modified anaerobic carbohydrate
catabolism [16, 18]. Plant fermentation rates can either slow down or accelerate in response to
a quickly reduced oxygen concentration [19]. Germinating lettuce (Lactuca sativa) seeds ap-
peared to slow down anaerobic carbohydrate catabolism by 65% to survive short term anoxia
[20]. In contrast, accelerated fermentation under oxygen deficiency has been observed in
many species, for example in submerged rice coleoptiles [21, 22]. One benefit of an increased
fermentation rate is maintenance of energy production needed to support plant activity. How-
ever, an increased fermentation rate does not always contribute to oxygen deficiency tolerance.
Pea root tips may only survive anoxia for a very short time, even with an increased fermenta-
tion rate [16, 19]. Problems caused by increased fermentation rates include accumulation of
toxic anaerobic metabolites and lack of respiration substrates [16]. The toxic metabolite may
cause cell injury and death, while a greater consumption rate of respiration substrates may
result in substrate deficiency, eventually reducing energy production before oxygen concen-
tration recovery [16, 23]. Thus, the regulation of the fermentation rate is important for water-
logging tolerance [24, 25]. Alcohol dehydrogenases (ADHs) and lactate dehydrogenases
(LDHs) are two important fermentation regulators often used to quantify the rates of ethanol
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fermentation [16, 26]. ADHs in grass species generally increase under oxygen deficiency con-
ditions [27, 28], but in RB ADH activity was found to be less sensitive to waterlogging than in
other grass species [29]. LDHs are another important enzyme family found in animals, plants,
and prokaryotes, which regulates the lactate pathway by catalyzing the conversion between
pyruvate and lactate [16, 30]. LDH activity often is used as a supplemental parameter to mea-
sure fermentation activities of higher plants [31, 32].

Water soluble carbohydrates (WSC) are the primary fermentation substrates in higher
plants [33, 34]. WSC are the most essential components of plant nutrition translocated from
a carbohydrate source (e.g. leaves, stems) to a carbohydrate sink (e.g. roots, fruits) [35, 36].
WSC reserves may be reduced in a waterlogged plant, because of the altered balance between
photosynthesis and carbohydrate metabolism [37]. Waterlogging induced WSC changes are
regarded as one of the relevant factors that influenced the fermentation rate in some grass spe-
cies [5, 38, 39].

Because photosynthesis provides plants with energy and carbohydrates, photosynthetic
adaption is regarded as a major component of waterlogging tolerance [40]. Photosynthetic
light-response curves describing the photosynthetic capacity, efficiency, and other parameters
are commonly used to evaluate photosynthesis performance under environmental stress [41].
Waterlogging treatments reduced chlorophyll content in some grass species [42, 43]. Although
high water potential induced stomata closure is considered to be the major reason for reduced
photosynthesis during short-term flooding [44], chlorophyll content reduction may eventually
result in reduced photosynthetic capacity during long-term waterlogging stress [43, 45, 46].

Invasion of some non-native species in wetlands was successful because of increased oxygen
deficiency tolerance or photosynthesis during short-term flooding [40, 47]. Studies are rare in
waterlogged agricultural systems. However, it is possible that waterlogging provides an advan-
tage for RB in grass seed crop fields due to differences in waterlogging tolerance among these
species.

Tall fescue is an important grass seed crop in the Willamette Valley, and is one of the crops
that is often invaded by RB. Tall fescue is relatively more tolerant to waterlogging than some
other turf grasses species such as Kentucky bluegrass (Poa pratensis) [48, 49]. This study was
conducted to compare the relative waterlogging tolerance between RB and tall fescue. The spe-
cific objectives of this study were to evaluate the waterlogging influences on the morphology,
metabolism, and photosynthesis of these two grass species.

Materials and methods
Plant material and general growing conditions

A commercial RB cultivar (“Quasar”, Seed Research of Oregon, Tangent, OR) and a TF culti-
var (“Rebel XLR”, Pennington, Madison, GA) were used in this study. Studies were conducted
in the greenhouse and laboratory at Oregon State University, Corvallis, OR. The greenhouse
environment was 25 /20°C day/night with ambient sunlight plus grow lights providing 14 h
light above 25 mW cm ™ per day. Seeds were germinated in petri dishes in a germination
chamber. When the coleoptiles reached 1.5 cm, a seedling was planted in a 21 cm x 4.5 cm pot
filled with potting soil (Sunshine Mix 1 Potting Mix; Sun Gro Horticulture, Bellevue, WA) and
placed in 32 x 58 x 12 cm clear plastic containers (Fig 1), when leaf numbers of both species
ranged from 3 to 5 with most the plants having 4 leaves. The waterlogging treatment was
applied on the same day the pots were placed in the plastic containers. For the waterlogging
treatment, the plastic containers were filled with water to the soil surface. In the control con-
tainers, the water level was kept at 18 cm below the soil surface. The water level was checked
daily and water was added as necessary. Treatments were applied continuously for four weeks.
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Fig 1. Experimental setup in the greenhouse. (A) Control; (B) Waterlogging treatment; (C) Four waterlogging treatments and four controls were arranged
in a randomized complete block design in the greenhouse study.

https://doi.org/10.1371/journal.pone.0182035.g001

The study was a randomized complete block design with two treatments, waterlogged and
control, and four replications. The study was repeated in time.

Soil redox potential

Rhizosphere redox potential, Eh, was measured with an oxidation-reduction potential probe
(WD-35649-50, Oakton Instruments, Vernon Hills, Il 60061). The probe was inserted to a 15
cm depth. The probe was connected to and read using a benchtop pH meter (Accumet
Research AR50, Fisher Scientific, Waltham, MA). The soil Eh was quantified at 1, 2, 3, and 4
weeks after treatment. Two readings were made in each container at each timing.

Morphometric and biomass measurements

The morphological parameters, biomass, and turf quality were measured at 1, 2, 3, and 4 weeks
of treatment (WOT). For each treatment, six plants were randomly sampled from each

PLOS ONE | https://doi.org/10.1371/journal.pone.0182035  July 27, 2017 4/21


https://doi.org/10.1371/journal.pone.0182035.g001
https://doi.org/10.1371/journal.pone.0182035

@° PLOS | ONE

Roughstalk bluegrass and tall fescue under waterlogging

container (24 plants per species) at each date. Turf quality was visually rated as an integral of
color, shape and health on a scale from 0 (death, dry leaves) to 10 (healthy, green leaves). Plant
height was measured, and leaf number were counted. Aboveground biomass and roots were
harvested, washed under tap water to remove soil, and root length was measured. The har-
vested leaves and roots were dried for 72 hr at 60°C and weighed. Vertical distribution of root
biomass was measured, and was calculated as a ratio of gram root dry biomass per centimeter
root depth (g DW cm™).

Aerenchyma formation examination

Aerenchyma formation was examined at 1, 2, 3, and 4 WOT. Root samples were collected
from 2 randomly selected plants in each treatment (16 plants per species). Root samples were
washed with deionized water, and cut to 10 mm sections. The selected root sections were
placed into fixative provided by OSU Electron Microscopy Facility (Oregon State University,
Corvallis, OR 97331). After soaking in fixative for 8 to 24 hr, root samples were rinsed with 0.1
M sodium cacodylate for 10 min. The rinsing procedure was completed three times. The fixed
root samples were sent to the OSU Electron Microscopy Facility for further preparation. The
final prepared root samples were viewed with a field emission scanning electron microscopy
(FESEM) using an FEI QUANTA 600F environmental SEM with an energy-dispersive X-ray
(EDX) attachment.

The image analysis and aerenchyma area quantification methods were designed based on
Maricle and Lee [50]. Digital images of root cross sections were analyzed with Photoshop CC
2014 software (Adobe, San Jose, CA 95113) to measure the percent root aerenchyma by area in
the root cross section. In the digital images of root cross section (Fig 2A), a new layer in Photo-
shop CC 2014 was created to cover the original image. On this new layer, painting tools were
used to trace the root cross section area in black ink (Fig 2B). The area of the root cross section
was quantified by reading the pixels of the new layer, after withdrawing the original image (Fig
2C). The area of the aerenchyma was quantified using the same method (Fig 2D). The percent
aerenchyma in the cross section was calculated by dividing the number of pixels in aeren-
chyma area by the number of pixels in the cross-section area. Images of aerenchyma of each
replication were taken from three randomly selected cross sections 2 to 10 cm from the root
tip, and the data were averaged (Fig 2).

Metabolic responses to waterlogging

Metabolic responses of RB and TF to waterlogging were evaluated by measuring WSC content,
ADH, and LDH activities after 1, 2, 3, and 4 weeks of treatment. Crude protein was extracted
following the methods described by Proels and Huckelhoven [51]. For each replication, sam-
ples were randomly harvested from fresh leaves or roots of four plants per species. A total of 16
plants were harvested per species per treatment. Harvested plant tissue was ground in a mortar
with liquid nitrogen. One hundred and fifty mg of the ground sample was extracted with 1.5
ml solvent which contained 50 mM Tris buffer, 5 mM MgCl,, 10 mM sodium borate, ImM
ethylenediaminetetraacetic acid, 1 mM phenylmethylsulphonyl fluoride, and 5mM dithio-
threitol. Extract was purified by centrifuging at 13,000 g at 4°C for 10 min. The protein con-
centration was quantified using a Bio-Rad Quick Start™ Bradford protein assay kit (Bio-Rad
Laboratories, Hercules, CA) following the instruction manual.

ADH activity was determined based on the method described by Proels and Huckelhoven
[51]. A 1.5 ml reaction mix containing 0.65 ml 50 mM pH 8.0 sodium phosphate buffer, 0.05
ml 95% (v/v) ethanol, 0.75 ml 15 mM B-NAD solution, was added to 0.05 ml crude protein
sample solution and mixed in a 2 ml centrifuge tube. After the mixture was vibrated and
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Fig 2. Representative images used in digital quantification of aerenchyma area. (A) Original digital
image of a tall fescue root cross section; (B) root cross section covered with black ink on a new image layer;
(C) total cross sectional area; (D) aerenchyma spaces. Percentage of aerenchyma (44%) was calculated by
dividing the number of pixels in (C) (pixels: 104932) by the number of pixels in (D) (pixels: 46917).

https://doi.org/10.1371/journal.pone.0182035.g002

incubated at 25°C for 5 min, the photon absorbance of the sample solution was measured
using a multi-titer spectrophotometer (Versa MAX microplate reader with Soft MAX Pro,
Molecular Devices) for 15 min. The ADH activity was determined by measuring the increased
rate of photon absorbance at 340 nm which resulted from reduction of B-NAD. The specific
ADH activity was calculated as units of ADH activity per mg FW crude protein (U/mg FW).
One unit of ADH activity was defined as the amount of ADH that converted 1.0 nmole of B-
NAD to B-NADH per minute at pH 8.0 and 25°C. The activity of LDH was determined based
on the method described by Wang et al. [26]. A 1.5 ml reaction mixture containing 65 pl of
extracted crude protein sample, 100 mM Tris-HCI (pH 8.0), 30 uM 4-bromopyrazole, 0.18
mM B-NADH, plus 3.0 mM sodium pyruvate were mixed in a 2 ml centrifuge tube. The pho-
ton absorbance of the sample solution was measured immediately after the mixture was
vibrated. The LDH activity was determined by using a multi-titer spectrophotometer to mea-
sure the decrease of absorbance at 340 nm resulting from the oxidation of B-NADH for 15
min. The specific LDH activity was calculated as units per mg crude protein (U/mg). One unit
LDH activity was defined as the amount of LDH that oxidized 1 nmole B-NADH per minute
at25°C and pH 7.3.

The WSC extraction was based on the method described by Buysse and Merckx [52]. Leaf
and root samples were harvested from four plants per treatment per species (32 plants of each
species) at each date. Samples were dried at 60°C for 72 hr and ground in a mortar with liquid
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nitrogen. Ten mg ground leaf or root tissue were placed in a 2 ml centrifuge tube containing
1.5 ml deionized water and boiled for 10 min. The tube was centrifuged at 13,000 g for 10 min
and the supernatant collected. The extraction procedure was repeated, and the supernatants
combined for analysis.

The extracted WSC concentration was quantified using the anthrone method described by
Yemm and Willis [53]. Anthrone reagent was made by dissolving 1 g anthrone in 500 ml of
72% sulphuric acid. One ml WSC extract and 5 ml ice-cold anthrone reagent were mixed in a
10 ml test tube. The mixture was heated for 11 min in a 100°C water bath and cooled on ice to
0°C. Photon absorbance of the mixture was read at 630 nm with a multi-titer spectrophotome-
ter. Concentration was determined by comparison to a standard curve.

Photosynthesis and chlorophyll measurements

Photosynthetic response to waterlogging was evaluated via a light response curve using a por-
table photosynthesis system (LI-6400XT, Li-Cor, Inc., Lincoln, NE, 68504). Net photosynthetic
rates (A, pmol CO, m2s!) were quantified using system software (OPEN versions 6.2). At

1, 2, 3, and 4 weeks of treatment, measurements were conducted between 10:00 and 15:00,
when solar radiation was at maximum intensity. One plant of each species per replication was
selected for the light response curve measurement. Two to three fully expanded leaves from
each plant were placed side by side with no overlap into the leaf chamber. The leaf area in the
chamber was determined with a portable laser area meter (CI-202, CID Bio-Science, Camas,
WA, 98607), and the photosynthetic data were adjusted using the corrected area. Light re-
sponse curves were generated with a built in function of the system with seven radiant inten-
sity levels of 1500, 1000, 500, 300, 150, 50, and 0 umol m ™ s™'. The relative humidity in the
chamber was 25% at the chamber temperature of 25°C. The CO, concentration in the chamber
was 360 ppm. Seven to 15 min were required for both photosynthesis and stomatal conduc-
tance to stabilize.

Following the photosynthetic measurement, fresh leaves were harvested for chlorophyll
content estimation. Chlorophyll was estimated based on the method described by Vernon
[54]. Four plants of each species were randomly selected from each treatment replication (32
plants of each species). Approximately 100 mg (Wt1) of deveined leaf tissue from each plant
were ground in a mortar with liquid nitrogen to a fine paste in 1 ml 80% chilled acetone, and
the suspension centrifuged at 13,000 g for 15 min. Absorbance (A) of the supernatant of each
species was measured at 645 and 663 nm in a multi-titer spectrophotometer. Extinction coeffi-
cients were 45.6 and 9.27 Lg' cm™ at 645 and 663 nm, respectively [55]. Chlorophyll content
was calculated using formula (1):

A663 x 8.02 + A645 x 20.2
0.3 x Wt1

(1)

total chlorophyll content in fresh leaf tissue (mg/g FW) =

Data analysis

Open source statistical software R (R Development Team, http://www.r-project.org/) was used
to analyze the effects of the waterlogging treatment. ANOVA tests were performed to analyze
the responses between RB and TF to waterlogging. Means were separated based on Duncan’s
multiple range test with P-value less than 0.05.

Results

ANOVA analysis indicated that the data within the same treatment were not different among
replications, thus, data for the same treatment were combined for analysis.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182035  July 27, 2017 7/21


http://www.r-project.org/
https://doi.org/10.1371/journal.pone.0182035

®'PLOS | one

Roughstalk bluegrass and tall fescue under waterlogging

Table 1. Soil redox potential, (Eh), readings during experiment.

Duration Eh (mV)?
cnt® wi
1 week 341 272
2 week 330 212
3 week 388 257
4 week 353 228

2mV = millivolts
bent = control; wl = waterlogging treatment

https://doi.org/10.1371/journal.pone.0182035.t001

Soil redox potential

The simulated waterlogging treatment created a lower redox potential (Eh) in soils. The aver-
age soil Eh was reduced by 20, 36, 34 and 35% by waterlogging after 1, 2, 3 and 4 WOT, respec-
tively (Table 1).

Morphometric and biomass measurements

All of the plants of RB and TF survived the 4-week waterlogging treatment. However, all the
measured parameters including turf quality, leaf number, plant height, aboveground dry

Table 2. Turf quality, leaf number, height, aboveground dry biomass, root dry biomass, root length, and root distribution of tall fescue (TF) and
roughstalk bluegrass (RB) under control and waterlogging conditions.

Species Treatment® TQ° LN H ADB RDB RL RD
cm g g cm gdwcm™

Week 1°
TF cnt 9.72a 10.00a 26.09a 0.61a 0.68a 14.06a 0.048a
wl 8.72b 10.41a 18.28b 0.46ab 0.53b 18.75b 0.021b
RB cnt 9.88a 18.78b 22.03c 0.36b 0.81c 19.88¢c 0.041c
wl 8.69b 15.28¢c 14.28d 0.36b 0.58d 12.56d 0.046ac

Week 2
TF cnt 9.69a 12.25a 29.72a 0.70a 0.68a 16.94a 0.040a
wi 5.00b 8.88b 21.63b 0.50b 0.58a 27.31b 0.021b
RB cny 9.84a 18.53c 24.38¢ 0.39¢ 0.87b 20.50c 0.043a
wl 6.09b 15.47d 16.91d 0.35¢c 0.49c 13.56d 0.036¢

Week 3
TF cnt 9.25a 9.44a 33.00a 1.00a 1.02a 44 34a 0.023a
wi 4.84b 8.34b 17.66b 0.93a 0.76b 41.34b 0.018a
RB cnt 9.56a 31.06¢c 26.38c 0.53b 0.91ab 23.66¢ 0.038b
wl 5.38b 20.97d 16.50d 0.46¢ 0.50c 19.91d 0.025¢

Week 4
TF cnt 9.25a 12.78a 37.47a 1.34a 1.53a 38.56a 0.040a
wi 5.03b 8.66b 21.72b 1.02b 0.87b 40.78b 0.021b
RB cnt 9.13a 28.81c 27.41c 0.64c 0.77bc 31.16¢ 0.025bc
wi 5.22b 20.06d 17.84d 0.52c 0.67c 18.16d 0.037a

& cnt = control; wl = waterlogging treatment.

® TQ = turf quality; LN = leaf number; H = plant height; ADB = aboveground dry biomass; RDB = root dry biomass; RL = root length; RD = root distribution.
° data represent means of 48 individuals. Means within the same week followed by the same letter in the column are not different based on Duncan’s

multiple range test at 0.05 probability.

https://doi.org/10.1371/journal.pone.0182035.t002
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Fig 3. Images of root cross sections in roughstalk bluegrass (RB). Examples of root cross sections with
0 (A, control), 18 (B, control), 34 (C, waterlogged), and 51% (D, waterlogged) aerenchyma by area.
Aerenchyma occurred in both control and waterlogged plant roots.

https://doi.org/10.1371/journal.pone.0182035.9003

biomass, root dry biomass, root length, and root distribution in both RB and TF were influ-
enced by waterlogging.

Turf quality and aboveground dry biomass were reduced by waterlogging (Table 2), but
there were no differences between the species. At the end of the study (4 WOT), turf quality of
treated TF and RB plants was 54% and 57% of the untreated control, respectively. The major
symptoms of waterlogging damage included yellow and wilting leaves. Aboveground dry bio-
mass of waterlogged TF and RB plants was 76 and 81% of the untreated control, respectively.
The treatment reduced leaf number, plant height, and root dry biomass of TF more than of
RB. Leaf number, plant height, root dry biomass, root length, and root distribution in the
waterlogging treatment were 68, 58, 57, 106, and 54% of the untreated control for TF, and 70,
65, 87, 58, and 150% of the untreated control for RB (Table 2). Waterlogging reduced root
length in RB (58%), but promoted root length in TF (106%). There was no significant water-
logging damage observed in the roots of either species. Based on visual observations, the roots
of RB were finer but were greater in number compared to TF.

Aerenchyma formation examination

Lysigenous type aerenchyma was observed in the root cortex of both RB and TF, and in both
control and waterlogged plants (Figs 3 and 4). The average aerenchyma area in root cross
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Fig 4. Images of root cross sections in tall fescue (TF). Examples of root cross sections with 0 (A, control),
24 (B, control), 29 (C, waterlogged), and 48% (D, waterlogged) aerenchyma by area. Aerenchyma occurred in

both control and waterlogged plant roots.

https://doi.org/10.1371/journal.pone.0182035.9004

sections ranged from 14 to 34% in TF, and from 13 to 38% in RB (Table 3). The waterlogging
induced aerenchyma increases were greater in RB than TF. Aerenchyma areas increased in
waterlogged TF at 1, 2, 3, and 4 WOT. In waterlogged RB roots, aecrenchyma areas increased at
2,3, and 4 WOT. At the end of the study, the aerenchyma was 23 and 34% in the control and
waterlogged TF roots, and 29 and 38% in the control and waterlogged RB roots, respectively.

Table 3. Changes in aerenchyma area in the root cross sections of tall fescue (TF) and roughstalk bluegrass (RB) during the 4 week greenhouse

study.
Population Treatment® Aerenchyma areaP (%)
Week 1 Week 2 Week 3 Week 4
TF cnt 14aA 23bA 24bA 23bA
wl 22aB 28bB 31bcB 34cC
RB cnt 13aA 21bA 28cA 29cB
wil 16aA 28bB 34cB 38cC

& cnt = control; wl = waterlogging treatment.
P Data as the percentage of aerenchyma by area in root cross section. Data represent the mean of 8 replications. Means followed by the same lower-case

letter in the row and upper case letter in the column are not different based on Duncan’s multiple range test at 0.05 probability.

https://doi.org/10.1371/journal.pone.0182035.t003
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Fig 5. ADH activity changes in leaves of tall fescue (TF) and roughstalk bluegrass (RB). ADH activity changes in leaves of control tall fescue
(TF-cnt), control roughstalk bluegrass (RB-cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) during the 4-week
greenhouse study. Data represent means of 32 individuals. Means in the same week with the same letter are not different based on Duncan’s

multiple range test at 0.05 probability.
https://doi.org/10.1371/journal.pone.0182035.9005

Metabolic responses to waterlogging

Waterlogging induced ADH activity changes across timings were significant in roots but not
in leaves (Figs 5 and 6). ADH activity in waterlogged roots of TF was greater than in the roots
of RB (Fig 6). In roots of waterlogged TF, ADH activity increased 93, 45, 39, and 57% at 1, 2, 3,
and 4 WOT. In roots of waterlogged RB, ADH activity increased 56, 27, 22, and 23% at 1, 2, 3,
and 4 WOT.

Changes of LDH activity in waterlogged TF and RB were similar to the changes for ADH
activity. The LDH activities in leaves were not different between control and waterlogged
plants in either TF or RB species during the 4-week study (Fig 7). In the roots of waterlogged
plants, significant increases in LDH activity were observed in TF throughout the entire study
period, and at 2, 3, and 4 weeks in RB. At 1, 2, 3, and 4 WOT, root LDH activity increased 15,
18,13, and 13% in TF, and 2, 19, 5, and 11% in RB (Fig 8). The increases of root LDH activity
were greater in TF than in RB across the 4-week study, except at 2 WOT.

The only leaf WSC concentration change under waterlogging conditions was observed in
the leaves of RB plants at 2 WOT (Table 4). In contrast, waterlogging induced WSC concentra-
tion reductions were measured in the roots of both TF and RB. The root WSC concentration
reductions were greater in TF (range 9.3 to 13.9%) than in RB (range 7 to 9%) across the
4-week study.
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Fig 6. ADH activity changes in roots of tall fescue (TF) and roughstalk bluegrass (RB). ADH activity changes in roots of control tall fescue
(TF-cnt), control roughstalk bluegrass (RB-cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) during the
4-week greenhouse study. Data represent means of 32 individuals. Means in the same week with the same letter are not different based on
Duncan’s multiple range test at 0.05 probability.

https://doi.org/10.1371/journal.pone.0182035.9006

Photosynthesis and chlorophyll measurements

The maximum photosynthesis rates of TF and RB at 1500 umol m? s (A;s0) were reduced by
the waterlogging treatment (P<0.05) (Fig 9). However, the reduction in photosynthetic rates was
not different between species and was not related to the duration of waterlogging. The A;s50 of
control TF ranged from 16.40 to 20.91 umol CO, m™s™* during the four-week study with an aver-
age of 18.64 umol CO, m™s™. The average A, s in waterlogged TF was reduced 23% and ranged
from 13.01 to 17.57 umol CO, m™? s™. A, s, of control RB ranged from 13.62 to 17.88 umol CO,
m?2s! during the four-week study with an average of 15.73 umol CO, m?2st The average A1500
in waterlogged RB was reduced 35%, and ranged from 7.70 to 11.87 umol CO, m™s". The light
compensation points were not different between the control and waterlogged plants for either TF
or RB. Saturation points were slightly reduced in both waterlogged TF and RB. The saturation
point for control TF and RB was near 500 mol m™s™, and for waterlogged TF and RB was near
300 mol m™?s™.

Significant decreases in chlorophyll concentration were observed in both waterlogged TF
and RB compared to the controls (Fig 10). Chlorophyll concentration reduction increased
with the duration of waterlogging (P<0.05). After 4 weeks of the waterlogging treatment, chlo-
rophyll concentrations were reduced by 23 and 25% in TF and RB, respectively, but the reduc-
tions were not different between the two species.
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Fig 7. LDH activity changes in leaves of tall fescue (TF) and roughstalk bluegrass (RB). LDH activity changes in leaves of control tall
fescue (TF-cnt), control roughstalk bluegrass (RB-cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) during
the 4-week greenhouse study. Data represent means of 32 individuals. Means in the same week with the same letter are not different based on
Duncan’s multiple range test at 0.05 probability.

https://doi.org/10.1371/journal.pone.0182035.9007

Discussion

Variation in morphometric and metabolic responses between TF and RB under waterlogging
conditions indicated a potential differences in waterlogging tolerance between these two spe-
cies. Differences in root development was the most distinguishable trait in response to water-
logging. Compared to TF, the distribution of the root system of RB was shallower in the
waterlogged treatment. The shallower root system may help the RB roots to absorb more oxy-
gen from the upper soil layers. The root diameter of RB was less than TF, and RB had more
roots than TF. Root systems with this feature usually have a greater surface area to volume
ratio [56]. This trait may improve waterlogging tolerance of RB, because root systems with
larger surface area to volume ratio usually have greater nutrient absorption efficiency and gas
diffusion rates [57, 58].

After four weeks of waterlogging, aerenchyma increased in waterlogged RB and TF. The
increase of aerenchyma in waterlogged RB was greater than in waterlogged TF, which may
contribute to better oxygen transport and to a lower oxygen consumption rate in waterlogged
RB. Lysigenous root aerenchyma does not typically form in well-drained dryland species such
as maize (Zea mays), wheat (Triticum aestivum), and barley (Hordeum vulgare), but may be
induced by poor aeration [12, 59]. Root aerenchyma formation was observed in untreated TF
and RB, which may indicate that TF and RB have a similar, but low oxygen-stress threshold.
The oxygen deficiency level could influence the formation rate and area of root aerenchyma.
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Fig 8. LDH activity changes in roots of tall fescue (TF) and roughstalk bluegrass (RB). LDH activity changes in roots of control tall fescue
(TF-cnt), control roughstalk bluegrass (RB-cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) during the
4-week greenhouse study. Data represent means of 32 individuals. Means in the same week with the same letter are not different based on
Duncan’s multiple range test at 0.05 probability.

https://doi.org/10.1371/journal.pone.0182035.9008

Although the formation of aerenchyma in dryland species is less extensive than in wetland spe-
cies [13], aerenchyma formation in dryland species usually occurs within several hours of per-
ception of oxygen deficiency [60, 61]. Interestingly, the waterlogged RB did not produce a
greater proportion of root aerenchyma and porosity until 2 WOT. A possible explanation is
that the RB has a lower oxygen requirement. Because the development of waterlogging
induced oxygen deficiency is a slow process, RB may not reach the low oxygen stress threshold
at 1 WOT. This feature may help delay aerenchyma formation during short-term waterlog-
ging, and minimize the loss of root function resulting from cell death during aerenchyma
formation.

Adaptive root metabolic response is one of the most important factors that contributes to
plant waterlogging tolerance [16, 62]. In this study, root metabolism was more sensitive to
waterlogging than leaf metabolism in both TF and RB. Changes in alcohol and lactic acid fer-
mentation usually represent adaptive strategies for waterlogging tolerance [62]. Increased
ADH and LDH rates indicated oxygen deficiency occurred in waterlogged roots of both TF
and RB. The lower ADH activities in waterlogged roots of RB plants indicated a lower fermen-
tation rate compared with waterlogged TF plants. The mechanism for the lower fermentation
rate was not evaluated in this study. However, it may be due to better oxygen diffusion as a
result of the shallower root system or because of lower metabolism under stress. Under the
same conditions, lower fermentation activity produces less toxic metabolites and causes less
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Table 4. Leaf water soluble carbohydrate (LWSC) content and root water soluble carbohydrate (RWSC) content in tall fescue (TF) and roughstalk
bluegrass (RB) during the 4 week greenhouse study.

Population Treatment® LWSC (mg g™' DW)?
Week 1 Week 2 Week 3 Week 4
TF cnt 114.7aA 120.2aA 147.4bA 139.7bA
wi 114.6aA 122.1bB 147.2cA 144.2cA
Decrease (%)° 0.1 -1.6 0.1 -3.2
RB cnt 144.1aA 136.5bA 159.6cA 163.0cA
wi 143.0aA 131.6bB 164.3cA 159.8cA
Decrease (%) 0.8 3.5 -2.9 1.9
RWSC (mg g”' DW)
TF cnt 104.8aA 101.2aA 107.7abA 114.7bA
wi 90.2aB 91.9aB 97.7abB 103.2bB
Decrease (%) 13.9 9.3 9.3 10.0
RB cnt 96.3aA 98.4aA 108.7bA 108.0bA
wi 89.7aB 89.8aB 99.4bB 100.2bB
Decrease (%) 6.9 8.7 8.6 7.2

& cnt = no treatment control; wl = waterlogging treatment.

b data represent means of 32 individuals. Means followed by the same lower case letter in the row and upper case letter in the column are not different
based on Duncan’s multiple range test at 0.05 probability.

¢ percentage decrease in water soluble carbohydrate content for waterlogged plants, negative numbers represent an increase.

https://doi.org/10.1371/journal.pone.0182035.t004
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Fig 9. Response of leaf net photosynthetic rate in tall fescue (TF) and roughstalk bluegrass (RB). Response curves of leaf net photosynthetic
rate (A) as a function of photosynthetic photon flux density (PPFD) in control tall fescue (TF-cnt), control roughstalk bluegrass (RB-cnt), waterlogged
tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) at 1 (®), 2 (m), 3(A), and 4 (#) weeks of treatment. Data represent means of 8
individuals +SE.

https://doi.org/10.1371/journal.pone.0182035.g009
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Fig 10. Chlorophyll concentration changes in tall fescue (TF) and roughstalk bluegrass (RB). Chlorophyll concentration in control tall fescue
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https://doi.org/10.1371/journal.pone.0182035.g010

damage to the plant cells [16, 18]. Thus, RB plants may have less waterlogging induced cellular
damage than TF plants. Depletion of respirable substrates may occur in roots, because sugars
are not delivered to the apical zone during waterlogging [16]. Though sugar concentrations
are high at the whole plant level, sugar transport in phloem can be reduced in waterlogged
roots due to reduced energy production [63]. For example, increased leaf WSC concentration
and decreased root WSC were observed in waterlogged Kentucky bluegrass plants [38]. How-
ever, based on the results of this study, the root respiration of these two species was not influ-
enced by lack of fermentation substrate. The root WSC concentrations were reduced in both
waterlogged RB and TF plants, but the reductions were not correlated with the duration of
waterlogging.

In TF and RB, the maximum photosynthetic rates were reduced by waterlogging. Leaf chlo-
rophyll content decreased in waterlogged TF and RB plants over the four treatment times.
Chlorophyll is one of the most important photosynthetic pigments in higher plants, and chlo-
rophyll content is often influenced by environmental stress [64, 65, 66]. Thus, the reduction of
chlorophyll content in waterlogged TF and RB plants may explain the reduction in photosyn-
thetic capacity in these plants. Furthermore, according to the light response curves, the effec-
tive quantum yields were slightly less in waterlogged TF and RB plants. Because the effective
quantum yield is proportional to efficiency of photosynthetic pigments for light capture [67,
68], these changes give supporting evidence that the photosynthetic pigments were influenced
by waterlogging. Some morphological responses, such as plant height and by leaf numbers,
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were different between RB and TF. Because photosynthesis is mainly influenced leaf function
[69, 70, 71], less reduction in leaf number and plant height may help waterlogged RB maintain
photosynthetic yield compared to TF.

Conclusions

Compared with TF, several adaptive characteristics observed in this study may contribute to
better waterlogging tolerance in RB. The shallower root system and larger aerenchyma areas
may contribute to better oxygen use efficiency. Lower fermentation rates produce less toxic
anaerobic metabolites and minimize waterlogging induced damage. The results of this study
improved our understanding of RB survival in cool season grass seed production fields, and
the adaptations of this species to low-oxygen stress caused by waterlogging. However, plants of
both TF and RB survived the four week long simulated waterlogging treatment suggesting that
research should be expanded to other waterlogging induced stress responses such as osmotic
stress and salt toxicity, soil nutrient leaching or hyperoxia (post-waterlogging), and should be
conducted at different or more plant growth stages.

Supporting information

S1 Fig. ADH activity changes in leaves of tall fescue (TF) and roughstalk bluegrass (RB).
ADH activity changes in leaves of control tall fescue (TF-cnt), control roughstalk bluegrass (RB-
cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) during the
4-week greenhouse study. Data represent means of 32 individuals. Means in the same week

with the same letter are not different based on Duncan’s multiple range test at 0.05 probability.
(XLSX)

S2 Fig. ADH activity changes in roots of tall fescue (TF) and roughstalk bluegrass (RB).
ADH activity changes in roots of control tall fescue (TF-cnt), control roughstalk bluegrass
(RB-cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) dur-
ing the 4-week greenhouse study. Data represent means of 32 individuals. Means in the same
week with the same letter are not different based on Duncan’s multiple range test at 0.05 prob-
ability.

(XLSX)

S3 Fig. LDH activity changes in leaves of tall fescue (TF) and roughstalk bluegrass (RB).
LDH activity changes in leaves of control tall fescue (TF-cnt), control roughstalk bluegrass
(RB-cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) dur-
ing the 4-week greenhouse study. Data represent means of 32 individuals. Means in the same
week with the same letter are not different based on Duncan’s multiple range test at 0.05 prob-
ability.

(XLSX)

S4 Fig. LDH activity changes in roots of tall fescue (TF) and roughstalk bluegrass (RB).
LDH activity changes in roots of control tall fescue (TF-cnt), control roughstalk bluegrass
(RB-cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) dur-
ing the 4-week greenhouse study. Data represent means of 32 individuals. Means in the same
week with the same letter are not different based on Duncan’s multiple range test at 0.05 prob-
ability.

(XLSX)

S5 Fig. Response of leaf net photosynthetic rate in tall fescue (TF) and roughstalk bluegrass
(RB). Response curves of leaf net photosynthetic rate (A) as a function of photosynthetic

PLOS ONE | https://doi.org/10.1371/journal.pone.0182035  July 27, 2017 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182035.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182035.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182035.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182035.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182035.s005
https://doi.org/10.1371/journal.pone.0182035

@° PLOS | ONE

Roughstalk bluegrass and tall fescue under waterlogging

photon flux density (PPFD) in control tall fescue (TF-cnt), control roughstalk bluegrass (RB-
cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) at 1 (®), 2
(m), 3(4), and 4 (#) weeks of treatment. Data represent means of 8 individuals +SE.

(XLSX)

S6 Fig. Chlorophyll concentration changes in tall fescue (TF) and roughstalk bluegrass
(RB). Chlorophyll concentration in control tall fescue (TF-cnt), control roughstalk bluegrass
(RB-cnt), waterlogged tall fescue (TF-wl), and waterlogged roughstalk bluegrass (RB-wl) dur-
ing the 4-week greenhouse study. Data represent means of 32 individuals +SE. Means in the
same time period with same letter are not different based on Duncan’s multiple range test at
0.05 probability.

(XLSX)

S1 Table. Turf quality, leaf number, height, aboveground dry biomass, root dry biomass,
root length, and root distribution of tall fescue (TF) and roughstalk bluegrass (RB) under
control and waterlogging conditions.

(XLSX)

S2 Table. Changes in aerenchyma area in the root cross sections of tall fescue (TF) and
roughstalk bluegrass (RB) during the 4 week greenhouse study.
(XLSX)

S3 Table. Leaf water soluble carbohydrate (LWSC) content and root water soluble carbo-
hydrate (RWSC) content in tall fescue (TF) and roughstalk bluegrass (RB) during the 4
week greenhouse study.

(XLSX)

Author Contributions

Conceptualization: Mingyang Liu, Andrew Hulting, Carol Mallory-Smith.
Data curation: Mingyang Liu.

Formal analysis: Mingyang Liu.

Funding acquisition: Andrew Hulting, Carol Mallory-Smith.
Investigation: Mingyang Liu, Andrew Hulting.

Methodology: Mingyang Liu.

Project administration: Mingyang Liu.

Resources: Andrew Hulting, Carol Mallory-Smith.

Software: Mingyang Liu.

Writing - original draft: Mingyang Liu.

Writing - review & editing: Mingyang Liu, Andrew Hulting, Carol Mallory-Smith.

References

1. Haggar RJ. Competition between Lolium perenne and Poa trivialis during establishment. Grass Forage
Sci. 1979; 34: 27-35.

2. Kaatz P. Managing alfalfa infested with roughstalk bluegrass. Michigan State University Extension.
2016. Available from: https://www.genuity.com/specialty/Documents/Managing_Alfalfa-Phil_Kaatz.pdf.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182035  July 27, 2017 18/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182035.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182035.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182035.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182035.s009
https://www.genuity.com/specialty/Documents/Managing_Alfalfa-Phil_Kaatz.pdf
https://doi.org/10.1371/journal.pone.0182035

@° PLOS | ONE

Roughstalk bluegrass and tall fescue under waterlogging

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Anonymous. Willamette Valley Field Crops: Willamette Valley Grass Seed Production. 2016. Available
from: http://oregonstate.edu/valleyfieldcrops/grass-seed.

Jackson MB, Colmer TD. Response and adaptation by plants to flooding stress. Ann Bot. 2005; 96:
501-505. https://doi.org/10.1093/aob/mci205 PMID: 16217870

Jiang YW, Wang KH. Growth, physiological, and anatomical responses of creeping bentgrass cultivars
to different depths of waterlogging. Crop Sci. 2006; 46: 2420—-2426.

Hook DD. Adaptations to Flooding with Fresh Water. In: Kozlowski TT, editor, Flooding and Plant
Growth. New York: Academic Press; 1984. pp. 265—294.

Gomes SAR, Kozlowski TT. Growth response and adaptation of Fraxinus pennsylvanica seedlings to
flooding. Plant Physiol. 1980; 66: 267—271. PMID: 16661419

Armstrong W, Healy MT, Lythe S. Oxygen diffusion in pea Il. Oxygen concentration in the primary root
apex as affected by growth, the production of laterals and radial oxygen loss. New Phytol. 1983; 94:
549-559.

Florentine SK, Fox JED. Morphological and physiological adaptations to waterlogging by Eucalyptus
seedlings from the semi-arid Pilbara, Western Australia. J R Soc West Aust. 2002; 85: 61-70.

Raskin I, Kende H. Role of gibberellin in the growth response of submerged deep water rice. Plant Phy-
siol. 1984; 76: 947-50. PMID: 16663977

Colmer TD, 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.

Takahashi H, Yamauchi T, Colmer TD, Nakazono M. Aerenchyma Formation in Plants. In: Dongen
JTV, Licausi F, editors. Low-Oxygen Stress in Plants, Plant Cell Monographs 21, Wien: Springer-Ver-
lag; 2014. pp. 247-265.

Armstrong W. Aeration in higher plants. Adv Bot Res. 1979; 7: 225-332.

Drew MC, Jackson MB, Giffard SC, Campbell R. Inhibition by silver ions of gas space (aerenchyma) for-
mation in adventitious roots of Zea mays L. subjected to exogenous ethylene or to oxygen deficiency.
Planta. 1981; 153: 217-224. https://doi.org/10.1007/BF00383890 PMID: 24276824

Karahara I, Umemura K, Soga Y, Akai Y, Bando T, Ito Y, et al. Demonstration of osmotically dependent
promotion of aerenchyma formation at different levels in the primary roots of rice using a ‘sandwich’
method and X-ray computed tomography. Ann Bot. 2012; 110: 503-509. https://doi.org/10.1093/aob/
mcs075 PMID: 22499856

Drew MC. Oxygen deficiency and root metabolism: injury and acclimation under hypoxia and anoxia.
Plant Physiol Plant Mol Biol. 1997; 48: 223-250.

Greenway H, Gibbs J. Mechanisms of anoxia tolerance in plants. Il. Energy requirements for mainte-
nance and energy distribution to essential processes. Funct Plant Biol. 2003; 30: 999—-1036.

Fukao T, Bailey-Serres J. Plant responses to hypoxia-is survival a balancing act? Trends Plant Sci.
2004; 9: 449-456. https://doi.org/10.1016/j.tplants.2004.07.005 PMID: 15337495

Atwell BJ, Paul EK, Colin GN. Plants in Action: Adaptation in Nature, Performance in Cultivation, 1st
ed. Melbourne: Macmillan Education Australia Pty Ltd; 1999.

Raymond P, Pradet A. Stabilization of adenine nucleotide ratios at various values by an oxygen limita-
tion of respiration in germinating lettuce (Lactuca sativa) seeds. Biochem J. 1980; 190: 39—44. PMID:
7447934

Huang S, Greenway H, Colmer TD. Responses by coleoptiles of intact rice seedlings to anoxia: K* net
uptake from the external solution and translocation from the caryopses. Ann Bot. 2003; 91: 271-278.
https://doi.org/10.1093/aob/mcf122 PMID: 12509347

Magneschi L, Perata P. Rice germination and seedling growth in the absence of oxygen. Ann Bot.
2009; 103: 181-196. https://doi.org/10.1093/acb/mcn121 PMID: 18660495

Dennis ES, Dolferus R, Ellis M, Rahman M, Wu Y, Hoeren FW, et al. Molecular strategies for improving
waterlogging tolerance in plants. J Exp Bot. 2000; 51: 89-97. PMID: 10938799

Ricard B, Couee I, Raymond P, Saglio PH, Saint-Ges V, Pradet A. Plant metabolism under hypoxia and
anoxia. Plant Physiol Biochem. 1994; 32: 1-10.

Ricard B, Toai TV, Charley P, Saglio P. Evidence for the critical role of sucrose synthase for anoxic tol-
erance of maize roots using a double mutant. Plant Physiol. 1998; 116: 1323—1331. PMID: 9536049

Wang KH, Bian SM, Jiang YW. Anaerobic metabolism in roots of Kentucky bluegrass in response to
short-term waterlogging alone and in combination with high temperatures. Plant Soil. 2009; 314: 221—
229.

Chung HJ, Ferl RJ. Arabidopsis alcohol dehydrogenase expression in both shoots and of roots is condi-
tioned by root growth environment. Plant Physiol. 1999; 121: 429-436. PMID: 10517834

PLOS ONE | https://doi.org/10.1371/journal.pone.0182035  July 27, 2017 19/21


http://oregonstate.edu/valleyfieldcrops/grass-seed
https://doi.org/10.1093/aob/mci205
http://www.ncbi.nlm.nih.gov/pubmed/16217870
http://www.ncbi.nlm.nih.gov/pubmed/16661419
http://www.ncbi.nlm.nih.gov/pubmed/16663977
https://doi.org/10.1007/BF00383890
http://www.ncbi.nlm.nih.gov/pubmed/24276824
https://doi.org/10.1093/aob/mcs075
https://doi.org/10.1093/aob/mcs075
http://www.ncbi.nlm.nih.gov/pubmed/22499856
https://doi.org/10.1016/j.tplants.2004.07.005
http://www.ncbi.nlm.nih.gov/pubmed/15337495
http://www.ncbi.nlm.nih.gov/pubmed/7447934
https://doi.org/10.1093/aob/mcf122
http://www.ncbi.nlm.nih.gov/pubmed/12509347
https://doi.org/10.1093/aob/mcn121
http://www.ncbi.nlm.nih.gov/pubmed/18660495
http://www.ncbi.nlm.nih.gov/pubmed/10938799
http://www.ncbi.nlm.nih.gov/pubmed/9536049
http://www.ncbi.nlm.nih.gov/pubmed/10517834
https://doi.org/10.1371/journal.pone.0182035

@° PLOS | ONE

Roughstalk bluegrass and tall fescue under waterlogging

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Bertrand A, Castonguay Y, Nadeau P, Laberge S, Rochette P, Michaud R, et al. Molecular and bio-
chemical responses of perennial forage crops to oxygen deprivation at low temperature. Plant Cell Envi-
ron. 2001; 24: 1085—-1093.

Smith AM, Hylton CM, Koch L, Woolhouse HW. Alcohol-dehydrogenase activity in the roots of marsh
plants in naturally waterlogged soils. Planta. 1986; 168: 130—138. https://doi.org/10.1007/BF00407019
PMID: 24233745

Kelley PM. Maize pyruvate decarboxylase mRNA is induced anaerobically. Plant Mol Biol. 1989; 13:
213-222. PMID: 2519113

Jackson MB, Herman B, Goodenogh A. An examination of the importance of ethanol in causing injury to
flooded plants. Plant Cell Environ. 1982; 5: 163—172.

Rivoal J, Hanson AD. Evidence for a large and sustained glycolytic flux to lactate in anoxic roots of
some members of the halophytic genus Limonium. Plant Physiol. 1993; 101: 553—-60. PMID: 12231709

Waite R, The water-soluble carbohydrates of grasses. IV. The effect of different levels of fertilizer treat-
ment. J Sci Fd Agric. 1958; 9:39—-43.

Downing TW, Buyserie A, Gamroth M, French P. Effect of water soluble carbohydrates on fermentation
characteristics of ensiled perennial ryegrass. Professional Animal Scientist. 2008; 24: 35-39.

Komor E, Rotter M, Tanner W. A proton-cotransport system in a higher plant: sucrose transport in Rici-
nus communis. Plant Sci Lett. 1977; 9: 153-162.

Boorer KJ, Forde BG, Leigh RA, Miller AJ. Functional expression of a plant plasma membrane trans-
porter in Xenopus oocytes. FEBS Lett. 1992; 302: 166—168. PMID: 1633849

Jurczyk B, Rapacz M, Pociecha E, Koscielniak J. Changes in carbohydrates triggered by low tempera-
ture waterlogging modify photosynthetic acclimation to cold in Festuca pratensis. Environ Exp Bot.
2016; 122: 60-67.

Wang KH, Jiang YW. Waterlogging tolerance of Kentucky bluegrass cultivars. Hort Sci. 2007; 42: 386—
390.

Manzur ME, Grimoldi AA, Insausti P, Striker GG. Escape from water or remain quiescent? Lotus tenuis
changes its strategy depending on depth of submergence. Ann Bot. 2009; 104: 1163—1169. https://doi.
org/10.1093/aob/mcp203 PMID: 19687031

Waring EF, Maricle BR. Photosynthetic variation and carbon isotope discrimination in invasive wetland
grasses in response to flooding. Environ Exp Bot. 2012; 77: 77-86.

Lobo FA, Barros MP, Dalmagro HJ, Dalmolin AC, Pereira WE, Souza EC, et al. Fitting net photosyn-
thetic light-response curves with Microsoft Excel-a critical look at the models. Photosynthetica. 2013;
51: 445-456.

Ashraf M, Arfan M. Differential waterlogging tolerance in 3 grasses of contrasting habitats—aeluropus-
lagopoides (L.) trin, cynodon-dactylon (L.) pers and leptochloa-fusca (L.) kunth. Environ Exp Bot. 1991;
31:437-445.

Jimenez JD, Cardoso JA, Dominguez M, Fischer G, Rao I. Morpho-anatomical traits of root and non-
enzymatic antioxidant system of leaf tissue contribute to waterlogging tolerance in Brachiaria grasses.
Grassland Sci. 2015; 61: 243-252.

Pezeshki SR, Pardue JH, DeLaune RD. Leaf gas exchange and growth of flood-tolerant and flood-sen-
sitive tree species under low soil redox conditions. Tree Physiol. 1996; 16: 453—458. PMID: 14871732

Ou LJ, Dai XZ, Zhang ZQ, Zou XX. Responses of pepper to waterlogging stress. Photosynthetica.
2011; 49: 339-345.

Close DC, Davidson NJ. Long-term waterlogging: Nutrient, gas exchange, photochemical and pigment
characteristics of Eucalyptus nitens saplings. Russ. J. Plant Physiol. 2003; 50: 843-847.

Fraser LH, Karnezis JP. A comparative assessment of seedling survival and biomass accumulation for
fourteen wetland plant species grown under minor water-depth differences. Wetlands. 2005; 25: 520—
530.

Zhang Q, Zuk AJ, Rue K. Turfgrasses responded differently to salinity, waterlogging, and combined
saline—waterlogging conditions. Crop Sci. 2013; 53: 2686—-2692.

Raeside MC, Friend MA, Behrendt R, Lawson AR, Clark SG. Tall fescue establishment and manage-
ment in south west Victoria. New Zeal J Agr Res. 2012; 55: 31—-46.

Maricle BR, Lee RW. Aerenchyma development and oxygen transport in the estuarine cordgrasses
Spartina alternifloraand S. anglica. Aquat Bot. 2002; 74: 109—120.

Proels RK, Huckelhoven R. Basic protein-based methods for the analysis of plant alcohol dehydroge-
nases. i-Concept Press Ltd. 2014. Available from: https://www.iconceptpress.com/book/protein-
purification-and-analysis-ii—methods-and-applications/11000090/1205000535/.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182035  July 27, 2017 20/21


https://doi.org/10.1007/BF00407019
http://www.ncbi.nlm.nih.gov/pubmed/24233745
http://www.ncbi.nlm.nih.gov/pubmed/2519113
http://www.ncbi.nlm.nih.gov/pubmed/12231709
http://www.ncbi.nlm.nih.gov/pubmed/1633849
https://doi.org/10.1093/aob/mcp203
https://doi.org/10.1093/aob/mcp203
http://www.ncbi.nlm.nih.gov/pubmed/19687031
http://www.ncbi.nlm.nih.gov/pubmed/14871732
https://www.iconceptpress.com/book/protein-purification-and-analysis-iimethods-and-applications/11000090/1205000535/
https://www.iconceptpress.com/book/protein-purification-and-analysis-iimethods-and-applications/11000090/1205000535/
https://doi.org/10.1371/journal.pone.0182035

@° PLOS | ONE

Roughstalk bluegrass and tall fescue under waterlogging

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Buysse J, Merckx R. An improved colorimetric method to quantify sugar content of plant tissue. J Exp
Bot. 1993; 49: 1361-1370.

Yemm EW, Willis AJ. The estimation of carbohydrates in plant extracts by anthrone. Biochem J. 1954;
57:508-514. PMID: 13181867

Vernon LP. Spectrophotometric determination of chlorophylls and pheophytins in plant extracts. Anal
Chem. 1960; 23: 1144—1150.

Inskeep WP, Bloom PR. Extinction coefficients of chlorophyll a and b in N,N-dimethylformamide and
80% acetone. Plant Physiol. 1985; 77: 483—485. PMID: 16664080

Lamont B. Root hair dimensions and surface/volume/weight ratios of roots with the aid of scanning elec-
tron microscopy. Plant Soil. 1983; 74: 149-152.

Lamont B. Mechanisms for enhancing nutrient-uptake in plants, with particular reference to mediterra-
nean South-Africa and Western-Australia. Bot Rev. 1982; 48: 597-689.

Guo P, Jin H, Wei HX, Li LL, Bao YJ. Fine root growth and water use efficiency in alfalfa (Medicago
sativa L. cv. Gongong No. 1) planted along a salinity gradient in coastal area of Dalian, Northeast
China. Soil Sci Plant Nutr. 2016; 62: 164—172.

McDonald MP, Galwey NW, Colmer TD. 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; 24: 585-596.

Haque ME, Abe F, Kawaguchi K. Formation and extension of lysigenous aerenchyma in seminal root
cortex of spring wheat ( Triticum aestivum cv. Bobwhite line SH 98 26) seedlings under different
strengths of waterlogging. Plant Root. 2010; 4: 31-39.

Malik Al, Colmer TD, Lambers H, Schortemeyer M. Aerenchyma formation and radial O, loss along
adventitious roots of wheat with only the apical root portion exposed to O, deficiency. Plant Cell Environ.
2003; 26: 1713-1722.

Xu X, Wang H, Qi X, Xu Q, Chen X. Waterlogging-induced increase in fermentation and related gene
expression in the root of cucumber (Cucumis sativus L.). Scientia Hort. 2014; 179: 388—395.

Waters |, Kuiper PJC, Watkin E, Greenway H. Effects of anoxia on wheat seedling. I. Interaction
between anoxia and other environmental factors. J Exp Bot. 1991; 42: 1427-1435.

Krause GH. Chlorophyll fluorescence and photosynthesis: The basics. Annu Rev Plant Physiol Plant
Mo. Bioi. 1991; 42: 313-49.

Huang B, Johnson JW, Nesmith S, Bridges DC. Growth, physiological and anatomical responses of two
wheat genotypes to waterlogging and nutrient supply. J Exp Bot. 1994; 45: 193—-202.

Parolin P. Morphological and physiological adjustments to waterlogging and drought in seedlings of
Amazonian floodplain trees. Oecologia. 2001; 128: 326—335. https://doi.org/10.1007/s004420100660
PMID: 24549901

Ralph PJ, Polk S, Moore KA, Orth RJ, Smith WA. Operation of the xanthophyll cycle in the seagrass
Zostera marina in response to variable light. J Exp Mar Biol Ecol. 2002; 271: 189-207.

Ralpha PJ, Gademann R. Rapid light curves: A powerful tool to assess photosynthetic activity. Aquat
Bot. 2005; 82: 222-237.

Araus JL, Alegre L, Tapia L, Calafell R, Serret MD. Relationships between photosynthetic capacity and
leaf structure in several shade plants. Amer J Bot. 1986; 73: 1760-1770.

Koike T. Leaf structure and photosynthetic performance as related to the forest succession of decid-
uous broad-leaved trees. Plant Spec Biol. 1988; 3: 77-87.

Kitajima K, Mulkey SS, Samaniego M, Wright SJ. Decline of photosynthetic capacity with leaf age and
position in two tropical pioneer tree species. Am J Bot. 2002; 89: 1925-1932. https://doi.org/10.3732/
ajb.89.12.1925 PMID: 21665621

PLOS ONE | https://doi.org/10.1371/journal.pone.0182035  July 27, 2017 21/21


http://www.ncbi.nlm.nih.gov/pubmed/13181867
http://www.ncbi.nlm.nih.gov/pubmed/16664080
https://doi.org/10.1007/s004420100660
http://www.ncbi.nlm.nih.gov/pubmed/24549901
https://doi.org/10.3732/ajb.89.12.1925
https://doi.org/10.3732/ajb.89.12.1925
http://www.ncbi.nlm.nih.gov/pubmed/21665621
https://doi.org/10.1371/journal.pone.0182035

