agronomy

Article

Aboveground Structural Attributes and Morpho-Anatomical
Response Strategies of Bromus valdivianus Phil. and Lolium
perenne L. to Severe Soil Water Restriction

Yongmei Zhang (9, Javier Garcia-Favre
and Peter D. Kemp *

Andrew D. Cartmill 4

check for
updates

Citation: Zhang, Y.; Garcia-Favre, J.;
Hu, H.; Lépez, LE; Ordéiiez, I.P.;
Cartmill, A.D.; Kemp, P.D.
Aboveground Structural Attributes
and Morpho-Anatomical Response
Strategies of Bromus valdivianus Phil.
and Lolium perenne L. to Severe Soil
Water Restriction. Agronomy 2023, 13,
2964. https://doi.org/10.3390/
agronomy13122964

Academic Editor: Tomasz Gtab

Received: 24 October 2023
Revised: 22 November 2023
Accepted: 27 November 2023
Published: 30 November 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2 5

, Haiying Hu 30, Ignacio F. Lépez **, Ivan P. Ordéfiez >0,

State Key Lab of Aridland Crop Science, Gansu Agricultural University, Lanzhou 730070, China;
zhangyongm@gsau.edu.cn

Facultad de Agronomia, Universidad de la Reptiblica, Montevideo 12900, Uruguay; jgfavre@fagro.edu.uy
Science &Technology Department, Ningxia University, Yinchuan 750021, China; haiying@nxu.edu.cn
School of Agriculture and Environment, Massey University, Palmerston North 4442, New Zealand;
a.cartmill@massey.ac.nz (A.D.C.); p.kemp@massey.ac.nz (P.D.K.)

Instituto de Investigaciones Agropecuarias, INIA Kampenaike, Punta Arenas 6200000, Chile;
ivan.ordonez@inia.cl

Correspondence: i.f.lopez@massey.ac.nz

Abstract: Grass species have a range of strategies to tolerate soil water restriction, which are linked
to the environmental conditions at their site of origin. Climate change enhances the relevance of
the functional role of anatomical attributes and their contribution as water stress tolerance factors.
Morpho-anatomical traits and adjustments that contribute to drought resistance in Lolium perenne L.
(Lp) and Bromus valdivianus Phil. (Bv), a temperate humid grass species, were analysed. The structure
of the leaves and pseudostems (stems only in Lp) grown at 20-25% field capacity (FC) (water
restriction) and 80-85% FC (control) were evaluated by making paraffin sections. In both species,
water restriction reduced the thickness of the leaves and pseudostems, along with the size of the
vasculature. Bv had long and dense leaf hairs, small and numerous stomata, and other significant
adaptive traits under water stress, including thicker pseudostems (p < 0.001), a greatly thickened
bundle sheath wall (p < 0.001) in the pseudostem to ensure water flow, and a thickened cuticle
covering on leaf surfaces (p < 0.01) to avoid water loss. Lp vascular bundles developed throughout the
stem, and under water restriction the xylem vessel walls were strengthened and lignified. Lp leaves
had individual traits of a ribbed/corrugated-shaped upper surface, and the stomata were positioned
to maintain relative humidity outside the leaf surface. Water restriction significantly changed the
bulliform cell depth in Lp (p < 0.05) that contributed to water loss reduction via the curling leaf blade.
This study demonstrated that the two grass species, through different morphological traits, were
able to adjust their individual tissues and cells in aboveground parts to reach similar physiological
functions to reduce water loss with increased water restriction. These attributes explain how both
species enhance persistence and resilience under soil water restriction.

Keywords: tolerance; growth strategies; stomata; photosynthesis; water conductance; field capacity;

permanent wilting point

1. Introduction

Climate change and the increasing concentrations of greenhouse gases are projected
to elevate global surface temperatures, potentially magnify the intensity and variability of
seasonal precipitation and drought events [1], and threaten the long-term resilience and
sustainability of agroecosystems [2]. Pasture-based production systems are geographically
extensive and may be especially sensitive to drought events [3].
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Pasture responses to water stress (drought events) are complex, multifaceted, and not
fully understood. Under drought conditions, pasture productivity, persistence, and live-
stock performance are dependent on a variety of factors, including the climate, grass species
(species mixture), stocking rates, pasture management, and production goals. This is fur-
ther impacted by the interplay in soil water availability, grass species morpho-physiology,
and species-dependent drought resistance strategies. For example, large differences in leaf
water potential and cavitation resistance (hydraulic failure) have been observed in a variety
of grass species under drought conditions [4,5]; for example, Agrostis capillaris L., Anthox-
anthum odoratum L., and Festuca arundinacea Schreb were reported to be highly drought
tolerant, while Poa pratensis L. was classified as being less drought tolerant. Cultivars
of Lolium perenne L. and Dactylis glomerata L. were suggested to be within the drought
tolerance range as a result of the environment to which these species are found [4].

Stomatal conductance and lamina osmotic adjustment, coupled with a deep root
system (which exploits deeper wetter portions of the soil profile), enhances F. arundinacea
drought adaptability and survival. However, cultivars of F. arundinacea have been reported
to vary in stomatal conductance and lamina osmotic adjustment according to their climatic
origins (mediterranean vs. temperate) [6]. Similar climatic constraints were also reported
for D. glomerata [7] in that distinct differences in the thickness of the metaxylem vessel wall
and embolism tolerance were observed in the stem, with decreased summer precipitation
depending on the climatic origin of the plant material. The mediterranean population had
thicker metaxylem vessel walls and greater embolism tolerance when compared to the
northern and temperate populations, with the temperate population having the thinnest
metaxylem vessel walls and lowest embolism tolerance [7]. In addition, the thickness of the
cell wall and cuticle, as described for the Zea mays L. lines, is another morpho-anatomical
feature that reduces water loss [8] in that thicker epidermal cell walls and cuticles lowered
the rates of water loss. Drought tolerance of Panicum coloratum L. (kleingrass) increased
with the development of sclerenchyma tissue and increased thickness of the leaf metaxylem
cell walls [9].

Thus, grass species exhibit several morpho-anatomical responses to reduced soil water
availability, which demonstrate fitness to the specific environmental constraints associated
with drought [10,11]. However, differences in species fitness to dry conditions (i.e., summer
droughts) may result in species segregation, with the selection of ecotypes (individual
plants or group of plants) to distinct climatic conditions or sites [12]. Ecotypes of grass
species may further modify morpho-anatomical structures in response to water stress.
Phenotypic plasticity also contributes to enhance plant species drought tolerance, survival,
and ecosystem population stability [10,13-15].

Lolium perenne (Lp: perennial ryegrass) is a fast-growing, high-yielding perennial grass,
with good palatability and quality [16]. It is native to Central Asia, the Middle East, North
Africa, and Southern Europe, and is widely cultivated and naturalised around the world.
Bromus valdivianus Phil. (Bv: pasture brome), is a fast-growing, drought-tolerant perennial
grass, native to temperate humid regions of South America [17,18], with an annual yield
and herbage quality similar to Lp [19] (Calvache et al. 2020), but with a greater leaf area,
tiller weight, and lower tiller density when compared to Lp [17,20]. In the south of Chile,
Lp and Bv co-dominate, creating highly productive naturalised pastures [21] with complex
webs of both intra- and inter-specific interactions. For example, when both species were
subjected to soil water restriction (20-25% field capacity; FC), similar aboveground mass
was produced by each species through different growth strategies in that the physiological
regulation of tiller development highlights a trade-off between lamina growth and root
mass per tiller in relation to the tiller population [17,18]. However, very little additional
information is available about the adaptive morphological and anatomical traits, and the
modifications of Lp and Bv in relation to water movement, when these species are grown
under limiting soil water conditions.

Plant responses to water restriction stress are linked to the physiological properties of
cellular components and to the morpho-anatomical characteristics of tissues that regulate
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water transmission and/or movement [22,23]. Phenotypic plasticity may also constitute a
plant survival strategy in response to water restriction stress related to anatomical mecha-
nisms [23,24]. Bv and Lp have contrasting growth strategies. Bv is a six-leaf species [20,25]
that favours leaf number, total leaf length per tiller, and also leaf and tiller size over
tiller density; meanwhile, Lp presents a contrasting scenario [17,25,26], being a three-leaf
species [27,28] that compensates for its lower tiller mass with a higher tiller population
density [17,29].

Therefore, the objectives of this study were to: (i) examine and analyse the morpho-
anatomical traits of the Bv and Lp leaf blades and pseudostems (or stems) when grown
under soil water-limiting conditions, and (ii) investigate the role of these structural ad-
justments for the maintenance of plant water flow and reduction in plant water loss. We
hypothesised that temperate humid grass species of different origins possess distinct in-
dividual structural attributes and anatomical adaptations that promote survival under
long-term drought conditions.

2. Materials and Methods
2.1. Preparation

This study was carried out under glasshouse conditions at the Plant Growth Unit
(40.37° latitude south and 175.61° longitude west), School of Agriculture and Environment,
Massey University, Palmerston North, New Zealand, from September 2018 to March 2019.
The average temperatures consisted of a minimum of 19.3 °C, a maximum of 27.1 °C, a daily
average of 22.2 °C, and 60.2% relative humidity. The average PAR was 84.1 pmol m ! s~ 1.

Pots (20 x 20 cm) were filled with 3.8 kg of dry substrate. The planting substrate was
composed of 30% Manawatu silt loam soil and 70% fine sand (by volume), which was
modified with 60 g of long-term fertiliser, 30 g of short-term fertiliser, and 45 g of dolomite
per 60 kg of substrate. The substrate chemical status was: pH 6.3 (soil: water = 1:2),
35 Olsen-P mg L1, 0.34 exchangeable K me 100 g~!, 2.4 exchangeable Ca me 100 g~ !,
0.60 exchangeable Mg me 100 g1, <0.05 exchangeable Na me 100 g~ !, 3.0 CEC me 100 g !,
and 83 SO,>~ mg kg~ 1.

Half the pots were sown (23 September 2018) with two seeds of Bromus valdivianus
Phil. cv. Bareno, and the remaining pots were sown with two Lolium perenne L. cv. Trojan
seeds (Barenbrug, ChCh, Christchurch, New Zealand). The pots were irrigated, and the
substrate was maintained at FC. Following seedling emergence, the pots were thinned to
one plant (3 October 2018), and the plants were grown at 80-85% FC (volumetric soil water
content (VWC)) for 12 weeks prior to establishing the soil water restriction treatments.

2.2. Water Restriction Treatments

The substrate water retention curve was determined using 100 cm® metallic cylinders
(n = 3). Field capacity was reached at 16% of VWC and permanent wilting point (PWP) at
2% VWC. The substrate water restriction treatments used in the study were 80-85% FC
(FC-80-85% (FC-PWP)) and 20-25% FC (FC-20-25% (FC-PWP)) (severe water restriction
treatment (water restriction)), equivalent to 13.2-14% and 4.8-5.5% VWC, respectively,
alongside a no water restriction treatment (control).

The study was laid out as a randomised complete block design (5 blocks), with factorial
treatment distribution [30], two species (Lp and Bv), and two levels of soil water restriction
(control and water restriction). The water restriction period went from 23 December 2018
to 17 January 2019. The substrate water content was measured daily (Mini Trace with soil-
moisture TDR Technology, Soilmoisture Equipment Corp., Goleta, CA, USA) and adjusted
as needed.

Five additional blocks of Lp and Bv under the same two water restriction levels
were grown adjacent to the experimental pots and used for daily TDR measurements,
thereby avoiding soil and root disturbances in the experimental units. Thus, the TDR
data collected from each Bv and Lp treatment were utilised, as described by the authors
of [17,31], to calculate the daily water loss from each treatment and the irrigation volume
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of water reposition to each individual pot according to the water restriction treatment. The
volume of water added daily was calculated using the following formula:

(IC-WCQ)

="

x SW 1
where I: irrigation (kg); IC: irrigation criteria (% in volume); WC: substrate soil water
content (% in volume); and SW: substrate soil’s dry weight (kg).

2.3. Plant Measurement

Plant tiller number (block, n = 5) was recorded at 7 days, 13 days, 19 days, and 25 days
after application of the water treatments. At day 26 (17 January 2019), photosynthetic
indices were measured (LI-COR 6400 Portable Photosynthesis System; LI-COR Biosciences,
Lincoln, NE, USA), between 9:00-11:00 a.m. on the second fully expanded leaf of an indi-
vidual tiller, measuring a total of 3 tillers per pot, treated as 3 subsamples per pot per block.
Individual tiller water potential (Yw = —P) was then measured (n = 5) (Scholander Pressure
Chamber; Soilmoisture Equipment Corp., Goleta, CA, USA) between 11:00 a.m.-12:00 p.m.
on the second fully expanded leaf from one tiller per pot. The newest fully expanded leaf
of an individual tiller per pot was collected (n = 5) and stored (—20 °C) for determination
of osmotic potential (HR-33T Dew Point Microvoltmeter, Wescor, Logan, UT, USA).

Features of foliage anatomy were also measured from 3 tillers per pot (3 subsamples
per pot per block; block, n = 5), with each pot acting as an experimental unit. Intact tillers
of similar ages (leaf stage) and development as those used for the photosynthesis, water
potential, and osmotic potential measurements were collected. Care was taken to ensure
that the lamina and sheath sampled were of a second fully expanded leaf. Samples of
1 cm long were taken from the leaf blade and pseudostem or stem. The leaf blade sample
corresponded to a cutting from the middle of the second fully expanded leaf blade (half
of the distance between the ligule and the lamina tip). The pseudostem (and/or stem)
was accurately sampled from 1 cm above the junction of the root and the stem (root neck).
All samples were fixed in F.A.A. solution (formalin—acetic acid—alcohol solution: 70%
ethanol: glacial acetic acid: formaldehyde in a 90:5:5 ratio by volume) immediately after
collection [32].

The remaining plant material from each pot was harvested and separated into shoots
and roots; the roots were washed, and the plant material was oven dried at 70 °C for 72 h
or until they reached a constant dry mass (DM).

2.4. Observation of Leaf Surface

Leaf surfaces, including leaf hairs (trichomes) and stomata, were observed on 12-week-
old Lp and Bv grown in the 5 supernumerary pots before the commencement of the water
restriction treatments. Adaxial or abaxial leaf sections 1 cm long from the middle of the
second fully expanded leaf blade were cut, and the leaf hairs and stomata in Bv and the leaf
hairs in Lp were observed, following the same method described previously, with 3 tillers
subsampled per pot per block (block, 1 = 5) (Leica MZ12 stereomicroscope, Bourne End,
Buckinghamshire, UK). This procedure was modified for the thicker Lp leaves in that the
lower epidermis layer was peeled off and then observed for stomata.

2.5. Paraffin Sections

Following fixation in F.A.A. solution for 24 h, leaf blade and pseudostem samples
were removed and rinsed twice with 50% isopropanol for 45 min. The samples were then
processed, as described by the authors of [33]. Briefly, sample dehydration was achieved
in 70%, 85%, and 95% isopropanol (including 1% eosin) at room temperature for 45 min.
To reach absolute dehydration, the samples were dipped for 30 min in 100% isopropanol
three times. Transparency of samples was obtained through a decreasing gradient of
isopropanol and increasing levels of mineral oil for 30 min at 60 °C or until 100% of the
mineral oil had fully entered the sample. The mineral oil within the samples was then



Agronomy 2023, 13, 2964

50f 20

replaced with paraplast X-tra. Paraplast X-tra replacement was repeated 5 times every
2.5-3 h at 60 °C. The samples were then stored in paraplast X-tra prior to embedding.
Leaf and pseudostem samples of the same treatment were embedded (Leica HistoCore
Arcadia with Arcadia H and Arcadia C, Leica Biosystems, Mt. Waverely, VIC, Australia)
in long thin paper boats filled with 62 °C paraffin. Solidified paraffin blocks were then
trimmed and pasted into microtome cartridges using hot paraffin. A series of transver-
sal sections were obtained using a rotary microtome (Leica RM2265, Leica Biosystems,
Mt. Waverely, VIC, Australia). The sections were 8 um, 10 pm, or 15 um in thickness and
were collected on microscope slides. The slides were then dried at 40 °C for ~72 h, stained
in safranin for 9 h, and re-dyed in fast green for 20 s. The sections were observed under
a microscope (Olympus BX51, Mt. Waverley, VIC, Australia), and images were captured
via CCD (Olympus SC30, Mt. Waverley, VIC, Australia). The size of the structures in the
images was then measured (cellSens 2.1 Software, Olympus, Mt. Waverley, VIC, Australia).

2.6. Statistical Analysis

The data were analysed for normal distribution and homogeneity of variance.
Kolmogorov-Smirnov and Bartlett’s tests were applied prior to ANOVA with the GLM
procedure. The differences among treatments means were explored using the LSD test.
Canonical variate analysis (CVA) was also performed. Variables were standardised with
the following equation:

Z = (yi — y)/St. Dev. )

where Z: standardised variable; y: original variable; y: mean; and St. Dev.: standard
deviation [34]. All statistical analyses were performed using SAS (Statistical Analysis
System) software version 9.2 (SAS Institute, Inc., Cary, NC, USA).

3. Results
3.1. Herbage and Root Biomass, Water Status, and Photosynthesis

Lolium perenne had a significantly higher (p < 0.001) tiller number (x2.5) per plant
when compared to Bv under both soil water conditions, which explained the significant
(p < 0.001) interaction observed between species and water restriction levels in that Bv tiller
number plant~! dropped by 50.4% due to the water restriction from 48.0 tillers plant~! in
the control to 23.8 tillers plant~!, and Lp tiller number plant~! decreased by 50.8% from
122.8 tillers plant ! to 60.4 tillers plant ! (p < 0.001; Table 1; Figure 1).

Table 1. Tiller number, accumulated aerial dry mass, root dry mass, and root-to-aerial biomass
ratio for Bromus valdivianus (Bv) and Lolium perenne (Lp) grown at 80-85% FC and 20-25% FC
(mean =+ sem; n = 5).

Tiller Number  Aerial DM Root DM Root-Shoot
per Plant (g/Plant) (g/Plant) Ratio

Species
Bv 35.90 £ 4.12 8.51 £ 1.58 2.56 £ 0.42 0.38 £ 0.03
Lp 91.60 + 10.66 7.90 £ 1.65 2.40 £0.55 0.31 £0.02
Significance ot ns ns ns
Soil water content
80-85% FC 85.40 + 12.67 12.97 +0.92 3.58 £ 0.45 0.28 £ 0.02
20-25% FC 42.10 £ 6.20 3.44 +£0.18 1.37 £ 0.10 0.41 +0.03
Slgnificance %% Eatd *%% %%
Species X soil water content
Bv x 80-85% FC 48.00£1.05¢  13.87 +£0.50 3.65 + 0.42 0.29 £ 0.03b
Bv x 20-25% FC 23.80 £1.50d 3.16 £0.26 1.47 £0.10 0.47 £0.02a
Lp x 80-85% FC 122.80 £ 4.66a 12.08 +1.87 3.51 £0.85 0.28 £0.03b
Lp x 20-25% FC 60.40 = 1.83b 3.72+£0.19 1.28 £ 0.16 0.34 +0.03b
Significance il ns ns *

ANOVA and LSD test; * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05); and FC, field capacity.
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Figure 1. Tiller numbers of Bromus valdivianus and Lolium perenne exposed to water treatments at
80~85% FC (o) and 20~25% FC (O) (means + sem; n = 5).

There were no significant differences between Bv and Lp in aerial and root DM or
interactions between the main effects. However, water restriction significantly (p < 0.001)
reduced aerial and root biomass for both species by 73.5% and 61.7%, respectively (Table 1),
resulting in a significant (p < 0.05) interaction between species and water restriction, when
the root-shoot ratio was analysed. In general, the root-shoot ratio under water restriction
increased for both species. The Bv root—shoot ratio significantly increased from 0.29 to 0.47
(62%), while the Lp root-shoot ratio increased (21.4%) in general but was not significant
under water restriction when compared to the control.

Both grass species had similar water potential (WP), osmotic potential (OP), photo-
synthetic rate (Photo), water conductance (Cond), intercellular CO, concentration (Ci),
transpiration rate (Trmmol), temperature difference between leaf thermocouple and sam-
ple cell (TI-Ta), water content difference between intercellular water and sample cellular
water (HpOdiff), and surface humidity values (RHsfc) (p > 0.05; Table 2). The Photo, Trm-
mol, and TI-Ta of both species did not significantly vary due to the soil water restriction.
However, Photo and Ci diminished by 11% and 21%, respectively, suggesting a restric-
tion of the photosynthetic ability in both species. Furthermore, Cond was reduced by
43% (p < 0.05), and the WP and OP increased (p < 0.001) in the leaves by 42% and 26%,
respectively (Table 2).

Table 2. Photosynthesis and water status in Bromus valdivianus (Bv) and Lolium perenne (Lp) grown at
80-85% FC and 20-25% FC. (mean + sem; n = 5).

Water Osmotic Photo Cond Ci Trmmol TI-Ta H,Odiff RHsfc
Potential Potential (umCO,/ (molH, O/ (umolCO,/ (mmolH,O/ €0) (mmolH, 0/ (%)
(Mpa) (Mpa) m?s) m?s) m?s) m?s) mol) °
Species
Bv —-186+012 —-205+013 1236+1.22 0.18 +0.03 239.3 4 10.50 3.72+£0.46 —0.05+024 2287+099 44.61+219
Lp -176 £011 —1.88+0.11 9.94 +0.39 0.15 4 0.02 247.2 +13.35 3.21+0.26 0.21 +£0.14 23224085 42844145
Significance ns ns ns ns ns ns ns ns ns
Soil water content
80-85% FC -133+£012 —-1.67+0.07 11.81+1.13 0.21+0.03 271.6 £ 6.78 4.02 £0.38 —021+£020 20.68+052 4755+ 1.62
20-25% FC —-229+011 —-226+0.06 1049+ 0.83 0.124+0.01 214.9 4 8.07 291+0.28 0.37 £0.15 25.41 4+ 0.51 3991+ 1.12
Significance o o ns * b ns ns e **
Species X soil water content
Bv x 80-85% FC —137+011 —-175+£013 1355+ 1.78 0.24 +0.04 262.7 +11.30 4.35 £ 0.64 —0.38+£033 2030+£093  48.92+282
Bv x 20-25%FC —235+£0.15 —235+£007 11.17£1.51 0.13 +0.02 215.8 + 8.77 3.08 £0.45 0.28 £0.23 25454 0.60  40.31 & 1.60
Lp x 80-85% FC —1.29+0.03 —-1.58+0.07 10.07 £0.34 0.18 +0.01 280.6 & 5.56 3.69 £0.24 —0.04 £0.13 21.06+0.28  46.17+0.95
Lp x 20-25%FC —-223+0.19 —2.18+0.06 9.81 £0.75 0.11 +0.02 213.9 4+ 14.7 2.73 £0.37 0.47 £0.20 25.38 +0.91 39.51 4+ 1.74
Significance ns ns ns ns ns ns ns ns ns

ANOVA and LSD test; * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05); and FC, field capacity.
Photo, photosynthetic rate; Cond, water conductance; Ci, intercellular CO, concentration; Trmmol, transpiration
rate; TI-Ta, Tleaf (temperature of leaf thermocouple)-Tair (temperature in sample cell); H,Odiff, H,Oi (intercellular
H,0)-H,0s (sample cell H,O); and RHsfc, surface humidity.

Since Photo and water status in Bv and Lp did not exhibit significant interactions,
the negative effects due to water restriction were consistent for both species, which suggests
that the photosynthetic ability and water status Bv and Lp behaved in a similar manner,
as reflected by the WP, OP, and photosynthetic parameters (Table 2).



Agronomy 2023, 13, 2964

7 of 20

3.2. Traits and Adjustments of Bv and Lp Pseudostems and in Lp Stems

The response of the epidermis, parenchyma cells, and vascular bundles in the pseu-
dostems of Lp and Bv to water restriction differed in magnitude. These structures exhibited
differences in their functional role; Bv presented many lignified sclerenchyma cells (red
coloured features in Figure 2A-F) arranged in the outer margin of the sheath at intervals,
which supported the spatial structure of Bv pseudostems. Meanwhile, in Lp, sclerenchyma
cells located on the top of the vascular bundle appeared to support the pseudostem con-
nection with the outer epidermis (Figure 21,]). In addition, the existence of withered pseu-
dostems seemed to enhance the protection and support functions for living pseudostems
of Lp. The pseudostems of Bv were significantly (p < 0.001; Table 3) thicker than that in Lp
(Figure 2C,D vs. Figure 2L]: 170.07 pm in Bv and 79.42 um in Lp), suggesting that the water
retention ability of Bv pseudostems was greater when compared to that of Lp. Moreover,
the size of the vascular bundles in Bv was significantly larger (p < 0.001), including their
diameter and area, when compared to Lp (Table 3). The pseudostems of both species had
gas cavities, which may reflect the increase in parenchyma cell size and decrease in number
when young pseudostems were compared to senescent pseudostems (Figure 2).

Table 3. The thickness of the pseudostem, epidermis, cuticle, bundle sheath, and bundle sheath wall,
the diameter of the xylem and vascular bundle, and the vascular bundle area in the pseudostems of
Bromus valdivianus (Bv) and Lolium perenne (Lp) grown at 80-85% FC and 20-25% FC. (mean =+ sem;
n=>5).

Vascular Bundle

Pseudostem T  Epidermis T Cuticle T
Xylem D Vascu D Vascu Area BunshT Bun sh Wall
pm pm? pum

Species
Bv 170.07 £ 14.29 9.08 £+ 0.62 1.22+0.12 11404+0.83 5217 +£231 3136 £ 290 5.07 £ 0.32 1.93 +0.10
Lp 79.42 + 6.08 9.47 + 0.46 1.72 £ 0.19 6.05+0.29 3597 +1.30 1355 £ 102 4.87 £0.20 1.07 £+ 0.04
Significance L2t ns * e L2 i ns i
Soil water content
80-85% FC 155.63 +16.67  10.62 £ 0.43 1.78 £0.20 10.06 £0.91 48194282 2723 £+ 341 517 +£0.25 1.36 £ 0.09
20-25% FC 93.87 £ 8.65 7.92 £0.38 1.15+0.10 739+£070  39.95+214 1767 £ 190 4.76 £ 0.25 1.64 +0.16
Significance LRt %4 *3% 3k %% %4 ns *3%
Species X soil water content
Bv x 80-85% FC 21853 £9.20a  10.50 + 0.78 1.61 £0.12 1316 £121 57714288 3918 4+372a 561+£039 1.68+0.06b
Bv x 20-25% FC 121.61 +8.73b 7.66 £ 0.65 0.83 £ 0.08 9.63£0.79  46.63+£238 2354+223b 452+043 218+0.14a
Lp x 80-85% FC 92.73 £8.69 c 10.75 £+ 0.53 1.96 +0.33 6.95+028 3867189 1529+157c 474+030 1.04+0.06c
Lp x 20-25% FC 66.11 £4.96 ¢ 8194+ 043 1.48 £0.08 5154+026  3328+111 1181+87c¢ 501+026 1.10+0.06¢
Significance ok ns ns ns ns ** ns *

ANOVA and LSD test; * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05); FC, field capacity; Vascu,
vascular bundle; Bun sh, bundle sheath; T, thickness; and D, diameter.

Water restriction altered the pseudostem structures of both Lp and Bv. It signifi-
cantly lessened Bv pseudostem thickness (p < 0.001) and vascular bundle area (p < 0.01),
as indicated by the significant interaction between species and water restriction (Table 3).
In both species, the cuticle covering the epidermis became thinner, decreasing from 1.61um
to 0.83 um (48.4% reduction) in Bv and from 1.96 um to 1.48 pm (24% reduction) in Lp
(Table 3). There was no significant interaction between species and water restriction levels.
In Bv, the bundle sheath cell wall (the protective tissue of vasculatures) was strengthened
under water restriction, as demonstrated via the significantly increased thickness from
1.68um to 2.18um. In contrast, the bundle sheath cell wall of Lp was not significantly
strengthened (Table 3).
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80-85% FC 20-25% FC

-

B. valdivianus

L. perenne

Figure 2. Anatomical pseudostem structure of Bromus valdivianus (Bv) and Lolium perenne (Lp) and
stem structure of Lp exposed to two soil water restrictions. (A-F), Bv; (G-L), Lp (1 = 15 per plant
organ). Column 1 shows under 80~85% FC; column 2 illustrates under 20~25% FC. Rows 1~3
represent cross-sections of pseudostems of Bv; row 2 depicts a young pseudostem; row 3 illustrates a
senescent pseudostem; Rows 4~5 represent Lp cross-sections of young and senescent pseudostems,
respectively; row 6 depicts a stem of Lp. The images (A,B,G,H) were taken at 10 X 4; the other images
were taken at 10 x 20. Scale bar = 100 um in (A,B); 40 um in (C-E); and 20 um in (F,I-L). Letters
within the images indicate: e, epidermis; gc, gas cavity; 1h, leaf hair; p, parenchyma; ph, phloem; pi,
pith; sc, sclerenchyma; v, vascular bundle; and xy, xylem.
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At sample collection, the stem cone of Lp had grown to approximately 1.0 cm to 1.5 cm
long, thus allowing stem samples to be collected. However, Bv stems were too short to
be sampled. Vascular bundles of the Lp stem were developed, distributed, and varied in
size. Lolium perenne pith cells were observed to have a nucleus inside and surrounded the
vascular bundle (Figure 2K). Under water restriction, the vascular bundle arrangements of
Lp changed and were dispersed around the edges of the stem (Figure 2L vs. Figure 2K)
and were strengthened in the xylem vessels walls (Figure 2K vs. Figure 2L). There were no
statistically significant changes in the thickness of the epidermis and cortex, diameter of
the stem and vascular bundle, xylem width, and vascular bundle area in Lp stem cone due
to the water restriction (Table 4).

Table 4. The thickness of the epidermis and cortex, diameter of stem, vascular bundle, and xylem,
and vascular bundle area in stem in Lolium perenne (Lp) grown at 80-85% FC and 20-25% FC
(mean + sem; n = 5).

Vascular Bundle

Epidermis T Stem D Cortex T
Xylem D Vascu D Vascu Area

pm um?

80-85% FC 7.44 + 0.30 42354495 10722 +17.83 6094 +321 6.07+0.28 3777 + 396

20-25% FC 725+ 0.70 4329 +£24.2 63.09 £+ 11.65 46.02 +1.75 6.80 +0.35 2239 + 438

Significance ns ns ns ns ns ns
ANOVA and LSD test; ns, not significant (p > 0.05); FC, field capacity; Vascu, vascular bundle; T, thickness;
and D, diameter.

3.3. Leaf Structure Traits and Leaf Adjustments to Water Restriction

Bromus valdivianus and Lp blade structures and anatomical traits are shown in Figure 3.
The blade transection shapes revealed differences between both grass species in that
the upper and lower epidermis were smooth and parallel in Bv (Figure 3C), while the
upper surface of the Lp blade had a ribbed protuberance at the top and a few bulliform
cells at the bottom of a groove. The lower surface of the Lp blade was smooth and
straight (Figure 3]-M). The stomata number of Lp was lower than that of Bv (Figure 31 vs.
Figure 3B), and each was located at the side of a ridge-like feature with a large gas cavity
below (Figure 3]-M).

Lolium perenne had leaf hairs that were short and thorn-like (Figure 3H). Bromus
valdivianus had many stomata arranged in rows in both the upper and lower epidermis
with small gas cavities underneath (Figure 3B,C). Leaf hairs of Bv appeared to be long and
dense (Figure 3A).

Bromus valdivianus and Lp responses to water restriction were verified via the thick-
nesses of the leaf, mesophyll, and upper epidermis (Table 5). There was no significant
interaction uncovered between species and water restriction for leaf and mesophyll thick-
ness, both at peak position. Both attributes significantly decreased their thickness at peak
position due to water restriction, with leaf thickness declining from 124.38 um to 107.62
um (p < 0.01) and mesophyll thickness decreasing from 98.11 um to 87.76 um (p < 0.05)
(Table 5). However, at valley position, the leaf and mesophyll thickness exhibited a sig-
nificant interaction between species and water restriction in that Bv leaf valley thickness
decreased from 87.68 um to 78.73 um (p < 0.01) and Bv mesophyll valley thickness dimin-
ished from 64.02 um to 57.31 um (p < 0.05), but in Lp both attributes remained unchanged
as soil water restriction increased. Despite the decrease in the thickness of Bv leaf valley
and mesophyll valley, both attributes continued being greater in Bv when compared to Lp
(Table 5).
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B. valdivianus L. perenne

80-85% FC

20-25% FC

Figure 3. Blade anatomical structures of B. valdivianus (Bv) and L. perenne (Lp) exposed to 80~85%
FC (A-E,H-L) and to 20~25% FC (F,G,M,N). Left column, Bv; right column, Lp. Row 1 represents
a blade surface showing leaf hair. Row 2 depicts stomata in the lower surface of a blade. Rows 3
and 6 represent the cross-section of a blade. Row 4 depicts the edge of a blade. Rows 5 and Row 7
illustrate the mid-vein of a blade (1 = 15 per plant organ). The images in (A,B,H,I) were taken at 6.8
times under a stereoscope; the other images were taken at 10 x 20. Scale bar = 20 um in (C-G,J-H).
Letters within the images indicate: b, bulliform; le, lower epidermis; gc, gas cavity; lh, leaf hair; mv,
mid-vein; ph, phloem; sc, sclerenchyma; st stoma; ue, upper epidermis; v, vein; and xy, xylem.

The soil water restriction stimulated adjustments of the epidermis and cuticle in both
species. The upper epidermis thickness was significantly reduced (p < 0.05) for both
species; however, the lower epidermis thickness remained unchanged (Table 5). The upper



Agronomy 2023, 13, 2964

11 of 20

cuticle (p < 0.01) and lower cuticle (p < 0.01) were significantly thickened (57.3% and
38.1%, respectively) in Bv, while the upper and lower Lp cuticles did not show significant
adjustments (Table 5).

There was a significant interaction between the species and the water restriction
for the bulliform cell depth (p < 0.001) and mid-vein width (p < 0.001). At FC, both
attributes were greater for Bv than Lp, but with water restriction, Bv bulliform cell depth
significantly decreased by 20.7%, while increasing by 33.3% for Lp. The mid-vein diameter
was significantly (p < 0.001) reduced by 39.5% and 21.8% for Bv (Figure 3E,G) and Lp
(Figure 3L,N), respectively, both ending with similar dimensions (Table 5).

Parallel veins of both Bv and Lp differed in size and were classified as either big or
small veins for interpretation of their functions (Figure 3C,D,E]J,M). Bromus valdivianus big
veins exhibited a greater diameter (p < 0.05) and area (p < 0.05; Table 6) when compared
to Lp big veins. Big veins’ xylem diameter (p < 0.05) and phloem thickness (p < 0.001)
were larger in Bv when compared to those in Lp. Small veins’ diameter of Bv and Lp was
only statistically decreased for Lp under water restriction (p < 0.001; Table 6). However, Bv
small veins’ area was greater than that of Lp in the control treatment (p < 0.01). Increased
water restriction did not affect the small veins’ area of Bv, but the small veins’ area of Lp
increased and was similar to that of Bv at 80-85% FC.

The diameter of both type of veins in the xylem decreased due to water restriction,
equivalating to 30.8% and 24.5% for the big veins and small veins, respectively. The large
and small veins in the phloem of both species did not change as a consequence of the water
restriction (Table 6).

3.4. Canonical Variate Analysis of the Pseudostem and Leaf Structure

The interaction between species and water restriction was analysed via CVA, which
explained 97.6% of the total differences between the treatments measured with the variables
of the pseudostem structures. Wilk’s Lambda was extremely significant (p < 0.0001;
Figure 4). CAN 1 explained 73.9% of the differences between the treatments, which were
mainly based on species differences due to morphological attributes in that Bv had a
higher sheath thickness, vein area, vein diameter, and xylem values, while Lp was strongly
correlated to the increase in cuticle thickness.
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Figure 4. Canonical variate analysis (CVA) for pseudostem anatomical structures of Bromus valdivianus
(Bv) and Lolium perenne (Lp) grown at 80~85% FC and 20~25% FC. CAN 1 and CAN 2 explained
97.6% of the variation among the variables and the species—water restriction interaction. Vectors
indicated variables of anatomical structure. Ovals highlighted the 95% confidence interval around
the means for the interaction between species and water restriction.
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Table 5. The thickness of the leaf, mesophyll, epidermis, and cuticle, mid-vein diameter, and bulliform cell depth in leaf blades of Bromus valdivianus (Bv) and Lolium
perenne (Lp) grown at 80-85% FC and 20-25% FC. (mean & sem; n = 5) Unit: um.

Leaf T Mesophyll T Epidermis T Cuticle T
Mid-Vein Bulliform
Peak Valley Peak Valley Upper Lower Upper Lower
Species
Bv 105.28 + 3.40 105.28 + 3.40 85.37 £ 2.57 85.44 £ 2.50 10.75 £ 0.33 11.83 +0.48 0.88 £+ 0.06 1.25 + 0.06 21591 £ 13.06 18.69 £ 0.66
Lp 126.72 £+ 4.69 61.13 £2.35 100.50 + 4.19 35.90 + 1.37 9.90 £ 0.30 12.12 +0.53 0.81 £ 0.04 1.41 +0.05 180.19 £ 7.86 1591 £ 0.98
SlgniflCanCe %N Lt *3% et ns ns ns * %N %
Soil water content
80-85% FC 124.38 £ 4.72 87.68 £7.31 98.11 £ 3.85 64.02 £ 6.83 10.86 + 0.38 12.38 + 0.68 0.73 £ 0.04 1.25 +0.08 235.72 £12.78 17.24 +£1.18
20-25% FC 107.62 £ 3.53 78.73 £ 3.83 87.76 £ 243 57.31 + 4.53 9.79 £0.25 11.57 +0.28 0.96 £ 0.06 1.42 +0.04 160.38 + 5.96 17.35 £ 0.61
Significance ** * * * * ns e * e ns
Species X soil water content
Bv x 80-85% FC 115.64 £ 5.16 115.6 £5.16 a 92.55 + 4.40 92.69 £4.04a 11.51 £ 0.48 12.81 £ 0.90 0.68 +0.06 b 1.05 £ 0.06 b 269.1 £ 1246 a 20.85+0.50 a
Bv x 20-25% FC 94.93 + 2.58 94.93 +2.58 b 78.19 £ 1.51 7819 £ 1.51b 9.99 £ 0.33 10.85 + 0.18 1.07 £ 0.07 a 1.45+0.06a 162.7 £798 ¢ 16.53 + 0.58 ¢
Lp x 80-85% FC 133.13 £ 8.09 59.73 £ 4.70 ¢ 103.68 £ 6.82 35.35+240c 10.21 £+ 0.49 11.94 +1.03 0.78 £ 0.04b 1.44+0.10a 202.3 +4.57b 13.64 +1.44c
Lp x 20-25% FC 120.31 £4.73 6254 £191c 97.33 £3.54 36.44 £1.26c 9.59 £ 0.38 12.30 + 0.56 0.84 £ 0.07b 1.38 £ 0.06 a 158.1 £3.58 ¢ 18.18 £ 0.99 b
Significance ns > ns * ns ns ** ** ek x
ANOVA and LSD test; * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05); FC, field capacity; and T, thickness.
Table 6. The vein diameter, xylem diameter, phloem thickness, and vein area with different sizes of blade veins of Bromus valdivianus (Bv) and Lolium perenne (Lp)
grown at 80-85% FC and 20-25% FC. (mean =+ sem; n = 5).
Vein D Vein Area Xylem D Phloem T
Big Small Big Small Big Small Big Small
pum um? pum
Species
Bv 45.14 +£1.59 18.89 £ 0.21 1975 + 113 435+ 18 11.18 £ 0.59 2.80 £0.15 16.95 £ 0.45 10.54 £ 0.42
Lp 39.36 £2.12 17.88 £ 0.69 1307 + 83 389 + 26 9.67 £ 0.61 271 +£0.16 12.77 £ 0.60 9.75 £ 0.42
Significance * * b ** * ns b ns
Soil water content
80-85% FC 45.55 +1.96 19.52 £ 0.30 1822 + 134 395 + 26 12.32 £ 0.58 3.14 £0.12 15.18 £ 0.89 10.33 £ 0.40
20-25% EC 38.95 +1.75 17.25 £ 0.49 1460 + 118 427 £19 8.53 £ 0.38 2.37 £0.09 14.54 £ 0.72 9.97 +0.47
Significance * *xx * * xEx o ns ns
Species X soil water content
Bv x 80-85% FC 46.70 £ 2.75 19.16 £ 0.30 a 2197 + 145 401 = 66 a 13.17 £ 0.76 3.21+£0.10 17.41 £ 0.85 10.17 £ 0.66
Bv x 20-25% FC 43.59 +1.90 18.63 £0.28 a 1753 + 145 409 £ 93 a 9.18 £ 0.48 2.38 £0.16 17.69 £ 0.29 10.92 £ 0.52
Lp x 80-85% FC 44.40 +2.42 19.88 £0.47 a 1447 + 108 276 + 55 b 11.47 £ 0.63 3.06 £0.21 12.95 £ 0.68 10.48 £ 0.51
Lp x 20-25% FC 3432 £2.11 15.87 £ 0.23b 1167 + 107 387 +83a 7.78 £0.54 2.37 +0.07 12.60 + 1.01 9.02 +0.53
Significance ns ok ns ** ns ns ns ns

ANOVA and LSD test; * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant (p > 0.05); FC, field capacity; T, thickness; and D, diameter.
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The species responses to the water treatments were mainly described through CAN 2,
which explained 23.7% of the total differences between the treatments. CAN 2 showed
that increasing water restriction diminished the cuticle and epidermis width, whereas the
bundle sheath wall thickness increased (Figure 4). Lolium perenne pseudostem structures
did not present significant adjustments due to the water restriction.

The canonical variate analysis of leaf anatomical traits explained 98.1% of the to-
tal differences between treatments (Figure 5). Wilk’s Lambda was extremely significant
(p < 0.0001). CAN1 explained 89.4% of the differences among treatments based on species
anatomical attributes, while CAN2 explained 8.7% of the differences among treatments
and relied on species attribute modifications due to water restriction levels.
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Figure 5. Canonical variate analysis for leaf blade anatomical structures of Bromus valdivianus (Bv)
and Lolium perenne (Lp) grown at 80~85% FC and 20~25% FC. CAN 1 and CAN 2 explained 98.1% of
the variation among the variables and the species—water restriction interaction. Vectors indicated
variables of anatomical structure. Ovals highlighted the 95% confidence interval around the means

for the interaction between species and water restriction.

Leaf blade anatomical trait differences between the species were shown via CAN 1 in
that Bv had a larger leaf thickness (valley), mesophyll thickness (valley), wider mid-vein,
and bigger phloem, while Lp had a larger leaf thickness (peak) and mesophyll thickness
(peak). CAN 2 showed a contrast between the increase in the bulliform size, xylem width,
and thicker mesophyll (peak), which had a strong positive relationship with Bv 80-85% FC.
However, an increase in the upper and lower cuticle thickness levels of Bv was associated
with increased water restriction, suggesting that the response of Bv to the water restriction
was through the reduction in the bulliform size, xylem width, and mesophyll thickness
(peak) (Figure 5). In addition, Lp did not exhibit significant alterations to blade structures
with increasing water restriction.

4. Discussion

Plants” anatomical responses to short-term soil water restriction or long-term drought
events are related to adaptive strategies expressed via resistance mechanisms [35]. The authors
of [36] proposed a unified conceptual framework of plant adaptive strategies to drought,
which included dehydration escape, avoidance, tolerance, dormancy, cavitation tolerance,
and desiccation tolerance. These strategies can be expressed as either “drought resistance”
with maintenance of aerial growth or “drought survival” after growth cessation [36].

The current study showed that soil water restriction, 20-25% of FC, triggered different
short-term response mechanisms in both Lp and Bv, where growth was reduced in the short
term for longer-term survival in that both species displayed drought resistance strategies
that allowed plants to tolerate low tissue levels of dehydration (>30% water), as described
by the authors of [36].



Agronomy 2023, 13, 2964

14 of 20

The analysis of photosynthetic parameters showed that the Photo of both species
decreased slightly under applied soil water restriction, which was equivalent to severe
drought stress (Table 2). Intercellular CO, concentration decreased significantly, causing
stomatal limit value (Ls) increase (Ls = (1 — Ci/C0) x 100%, where C0 denotes CO, con-
centration in the air). The authors of [37] reported that Photo and Ci changes express a
similar response (same direction) and Ls increases. Therefore, the decrease in photosyn-
thesis is mainly caused by stomatal factors, rather than the decrease in mesophyll cell
assimilation ability [37]. The results of our study indicated that plant water status and the
structure related to stomatal function in Lp and Bv were of great significance to drought
physiology response mechanisms, thereby allowing both species to tolerate the imposed
soil water restriction.

4.1. Morpho-Anatomical Traits and Adjustments of Pseudostem (or Stem) Attributes Relevant to
Water Movement

In the root neck, pseudostems and stems (wrapped in pseudostems) were present in
Lp, whereas only pseudostems were found in Bv. The Lp vascular bundles, including the
xylem and phloem, were numerous, distributed throughout the whole stem, and varied in
size from small to large (Figure 2K). When Lp plants experienced water restriction, there
were no significant changes (p > 0.05) in the stem attributes, such as the stem diameter,
xylem diameter, and the diameter and area of the vascular bundle (Table 4). However,
the observation and comparison of repeated stem images indicated that the xylem vessel
walls became thickened and lignified (Figure 2L vs. Figure 2K). These adjustments of the
vessel walls strengthen longitudinal water movement [38], which support apical meristem
growth. These Lp stem anatomical traits explain, in part, the high increase in Lp tiller
number under either irrigation or soil water restriction [39] when compared to Bv (Figure 1
and Table 1).

The Lp pseudostem anatomical structure was not largely modified under water stress.
The thick cuticle covering on the epidermis cells probably contributed to the avoidance of
water loss during water restriction.

Bromus valdivianus generated a more developed pseudostem than Lp (Table 2;
Figure 2C,D vs. Figure 21,]). Thicker pseudostems (p < 0.001) with bigger diameter vascular
bundles (including bigger xylem) with a larger area (p < 0.001; Table 3) result in the xylem
becoming a low-resistance pathway for water flow in vascular plants [38,40]. In addition,
Bv pseudostems are largely composed of parenchyma cells. Parenchyma cells can form
various organs in plants due to their high plasticity and totipotency [38], for example, pith
parenchyma, cortical parenchyma, leaf mesophyll, and epidermis. Thus, it has multiple
functions, such as photosynthesis (chloroenchyma) [41], protection and storage (epidermis
and cortex) [15], wound repair [42], and conduction (xylem and phloem) [40]. According to
previous research, pseudostem parenchyma cells may be associated with plant water status
through plant water conduction and water storage. In the current study, Bv pseudostem
parenchyma cells were ~20 layers thick (Figure 2C), which would allow for the storage of a
large amount of water to support canopy growth. This suggests a structural foundation
explaining Bv as a six-leaf grass species [25]. In contrast to Bv, Lp pseudostems presented
<10 layers of parenchyma cells (Figure 2I), which may explain Lp as a three-leaf species [43].

We observed a significant (p < 0.05) adjustment of the Bv pseudostem in response
to soil water restriction in that the bundle sheath cell wall thickened from 1.68 um to
2.18 pm (Table 3; Figure 5). Heinen et al. [44] described bundle sheath cells controlling and
regulating water transport between membranes through aquaporins. Shatil-Cohen [45]
reported that bundle sheath cell regulation of xylem-mesophyll water transport plays an
important role in maintaining leaf water potential in Arabidopsis thaliana (L.) Heynh under
water stress. In the present study, the thickness of the Bv bundle sheath wall also enhanced
drought tolerance (Figure 5). We suggest that one function of the bundle sheath cell
wall was to prevent water diffusion from the vascular bundle to the pseudostem, thereby
minimising water-conducting loss; however, this interpretation needs to be verified.
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Moreover, as a response to soil water restriction, vascular bundle area decreased in
Bv, which would confer a greater surface-to-volume ratio to maintain the water column
continuity in higher tensions, thereby preventing embolism [7,46]. This attribute has been
described as a plastic response of grasses to soil water restrictions [46].

4.2. Morpho-Anatomical Traits and Adjustments of Leaf Blade Structures Relevant to Water
Evaporation and Transpiration

Leaves are directly exposed to the air and constitute the plant organ that regulates
gas exchange (water vapor and CO;) between the plant-air complex. Most plant water
loss occurs through leaf transpiration with or without passing through stomatal pores [47].
Trlica and Biondini [48] reported that water loss through transpiration significantly de-
creases as leaf area decreases, as described for Pascopyrum smithii (Rydb.) A. Love (western
wheatgrass) in relation to Bouteloua gracilis (Willd. Ex Kunth) Lag. Ex Griffiths (blue
grama) and Agropyron cristatum (L.) Gaertn. (crested wheatgrass). In the present study, Lp
upper blade surface had a ribbed protuberance or corrugated-like shape (Figure 3]-M),
as described by the authors of [43,49]. This trait may reflect a large percentage of direct
light under high light conditions contributing to lower heat absorption and transpiration,
and aid in diffused light capture for photosynthesis, for example, from multiple directions
in cloudy conditions [50,51]. Stomata control water and gas exchange, directly regulating
plant transpiration [52,53]. We observed that Lp stomata were located at the side of a ribbed
protuberance in the upper blade surface (Figure 3]-M). We suggested that the narrow outer
space formed via the ribbing/corrugation would help to trap cooler moist air and maintain
the relative humidity of the leaf surface.

Plant strategies to withstand limited water availability frequently rely on morpho-
logical traits that confer water preservation capacity to stressed tissues, such as greater
leaf thickness, low leaf area-to-volume ratio, high trichome (leaf hair) density, and thick
leaf cuticle [54,55]. Therefore, leaf traits are important and relevant as criteria to select
drought-tolerant phenotypes. The present study found that Lp has a greater leaf thickness
and mesophyll thickness at peak position, structures that are beneficial to plant water
storage, as well as lower water potential and osmotic potential under water restriction.
The significant diminishment of the WP and OP exhibited by Lp and Bv correspond to a
strategy that enhances water acquisition and water conservation abilities with increasing
soil water restriction [56].

In addition, the depth of the bulliform cells, thin-walled water-containing cells, greatly
increased in Lp leaf blades under water restriction when compared with the control
(p <0.001; Table 4). This facilitates rolling of the leaf blade to avoid water loss during water
stress [57-59] in that when the soil water supply is restricted, the bulliform cells first lose
water and then shrink; this curls the leaves into a tubular shape, decreasing the leaf blade’s
evaporation area and water loss [60]. When water is available, the bulliform cells fill and
flatten/uncurl the leaves [61].

Leaf hairs constitute a physical barrier on plant surfaces against biotic [62] and abiotic
stresses [63,64], including drought [65], pathogens [62], and UV light [66]. Hairy leaves
of Mallotus macrostachyus (Miq.) Miill. Arg. contribute to a high water-use efficiency
(WUE) and to a low transpiration rate during drought conditions, when compared with
denuded leaves [67]. Leaf hairs increased their resistance to water loss, leading to reduced
transpiration and higher leaf WUE [66]. In many xerophytic plants, long leaf hairs are
an effective adaptation to low rainfall environments [68], and the number of leaf hairs
has been used as a morphological indicator for drought and insect resistance [63]. Bromus
valdivianus has long and dense leaf hairs and indicates a certain tolerance to soil water
restriction (Figure 3A). Lolium perenne was observed to have leaf hairs that were short and
thorn-like (Figure 3H).

The stomata in Lp were less numerous and distributed at the side of a ridge with
a large gas cavity under each stoma (Figure 3]-M) when compared to Bv (Figure 3I vs.
Figure 3B). Bromus valdivianus had many stomata arranged in rows in both the upper
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and lower epidermis with a small gas cavity under each (Figure 3B,C). Plant soil water
restriction/stress was intimately linked with plant stomata size, density, and water-use
efficiency. There is a negative relationship between stomata density and stomata size [69,70]
in that small and abundant stomata imply a faster response to prevent water loss, enhancing
fine regulation of plant water utilisation by improving short-term water use [71]. Increasing
stomata density and size diminishment constitutes an ecological indicator (genetic factor)
for the degree of plant water stress tolerance, which has been linked to species from xeric
environments [70,72,73], and has been utilised in the selection and improvement of plant
WUE [73]. In addition, stomata size and density are inversely related and constitute a
phenotypic plasticity response that contributes to short-term water use regulation [73,74].

The cuticle is a thin continuous layer that covers the surface of all epidermal cell
types and acts as a hydrophobic barrier [75,76] due to the presence of insoluble polymeric
cutin and soluble waxes [8]. It protects plants from adverse environmental conditions
and contributes to water conservation [77,78]. In the current study, the cuticles of Bv had
a significant increase in their thickness in the upper and lower epidermis when it was
subjected to water restriction (Table 5). The canonical variate analysis also indicated that
increasing cuticle thickness in both sides of the Bv leaf blade was a positive response to soil
water restriction (Figure 5), which limited plant water loss. Research has demonstrated an
inverse relationship between cuticle thickness and epidermal water loss in Zea mays L. [8],
Sorghum bicolor (L.) Moench [79], and Suaeda maritima (L.) Dum. [80], suggesting that a thick
cuticle covering on the epidermis reduces water loss via non-stomatal transpiration.

Bromus valdivianus pseudostem and blade attributes, including dense hairs, stomata
number and cuticle, and epidermis thickness, are structures that are directly and indirectly
integrated into a drought response, which regulates plant water loss and movement.
Active integration of these mechanisms contributes to the Bv drought-tolerant mechanism,
as reported by the authors of [18,31], thereby providing stability to pasture systems from
the spring through the dry summer season into autumn [81]. This current study provides
clear, quantifiable results elucidating the structural and physiological mechanisms triggered
in Lp and Bv via severe water restriction. This study also highlights the ongoing challenges
faced by pasture production systems in response to global climate change drivers, and
explains, in part, why both Lp and Bv persist and co-dominate in productive temperate
humid climate pasture systems [20].

5. Conclusions

Severe soil water restriction greatly reduced the growth, photosynthesis, and water
status of Bv and Lp. Attributes that supported Lp growth during water restriction included
well-developed vascular bundles in the stem, along with the following anatomical leaf
traits: corrugated shape of its upper surface, stomata spatial location, and thick leaf and
mesophyll at peak position. Functional mechanisms of Lp under water restriction included
thickened and lignified xylem vessel walls in the stem to ensure water movement inside the
plant, and deepened bulliform cells in the leaves to enhance leaf curling, which contributes
to reduced water loss.

Bromus valdivianus is a water restriction-tolerant species when its attributes are com-
bined. The attributes included the many layers of parenchyma cells in the pseudostems,
long and dense leaf hairs, and small, numerous stomata in the leaves. The response of
Bromus valdivianus to the water restriction was verified via increased thickness of the pseu-
dostem bundle sheath wall and the upper and lower epidermis cuticle, which favoured
water flow and water loss reduction.

Although both grass species were adapted to drought conditions, they differed in their
morpho-anatomical mechanisms to reach similar physiological functions to reduce water
loss. These attributes explain how these pasture species have enhanced persistence and
resilience under soil water restriction.
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