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Abstract: The effect of soil water restriction on the root structure and morpho-anatomical
attributes of Lolium perenne L. (Lp) and Bromus valdivianus Phil. (Bv) was investigated. The
anatomical structure of roots from plants grown under two water restriction conditions
(20-25% and 80-85% field capacity (FC)) were assessed using paraffin embedding and
thin sections. These sections were examined to assess anatomical traits, including root
diameter (root D), stele diameter (stele D) and cortex thickness (cortex T), and xylem
vessel of Lp and Bv roots. Tiller population, shoot herbage mass, and the shoot-to-root
ratio were also determined. Under water restriction, biomass and tillers were significantly
decreased (p < 0.001), while the root-to-shoot ratio significantly increased, indicating a
higher proportion of Bv roots than shoots when compared to Lp. The root D and stele D,
and cortex T, were larger in Bv than in Lp (p < 0.001), indicating a greater adaptation of
Bv for water uptake and storage compared to Lp. Xylem vessels were wider in Lp when
compared to Bv (p < 0.01), indicating greater water flow within the plant. Water restriction
generated a decrease in root D, stele D, and cortex T (p < 0.01). Canonical variate analysis
showed that the pith cell wall had a strong positive relationship with water restriction in
both Bv and Lp; lignified xylem and the endodermis wall had a close relationship with
Lp under water restriction. The findings demonstrate that Lp and Bv have individual
structural and morpho-anatomical response strategies to increasing water restriction.

Keywords: drought; pasture brome; perennial ryegrass; root morphology

1. Introduction

Rising concentrations of greenhouse gases are projected to exacerbate climate change
and increase the frequency, intensity, and severity of drought events [1-3], which represents
a major challenge for agricultural production [4-6] as well as pasture growth, yield, and
livestock performance [5,7,8]. Phenotypic plasticity of anatomical mechanisms may play a
role in plant survival in response to water restrictions [9-11], in that plants show distinct
responses to soil water restrictions through the expression of phenological and physiological
plasticity and adjustment in their morpho-anatomical structures, with the effectiveness
of soil water acquisition by fine roots representing a key mechanism for plant response
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to periodic drought events [12-15]. Plant species differ in total and fine root biomass,
root turnover, vertical root distribution, and maximum rooting depth [16,17], with deeper
rooting depth associated with water-limited conditions [18,19].

Root structure and anatomy also vary among vascular plants [20,21], and are com-
monly investigated in soil water restriction studies due to their importance in drought
survival [22-24]. Changes in root anatomy in response to soil water restriction include
thickened root endodermis, pith, and sclerenchyma cells walls [25]. This reduction in
thickness of the cortical parenchyma (through a reduction in cell size) reduces the diameter
of primary xylem vessels, and generates an increase in the hydraulic resistance of roots,
which lowers sap flow [26]. However, there is limited information on the relative effects of
soil water restriction on the persistence, growth, and performance of grass species’ root
systems in temperate humid climates under these new climate conditions.

Lolium perenne L. (Lp) is a highly productive perennial grass of high quality and
palatability [27,28], native to portions of Eurasia, North Africa and the Middle East, and is
extensively cultivated in temperate humid climates for livestock production (e.g., Ireland,
New Zealand, Chile, etc.). Bromus valdivianus Phil. (Bv), native to temperate humid regions
of South America, is a deep-rooted, fast-growing, drought-tolerant perennial grass [9,29],
with annual yield and herbage quality similar to Lp [28,30-32]. Bromus valdivianus has a
greater tiller mass and leaf area, and a lower tiller number (per unit area) when compared
to Lp [9,22,33]. In the south of Chile, highly productive pastures of these species form
and persist as naturalised swards [33]. Under water restriction, Lp and Bv have exhibited
different growth strategies, based on physiological regulation of the tiller population,
lamina growth, and root mass [22,34]. However, there is limited information on the adaptive
morphological and anatomical traits of Bv and Lp in response to drought. Lolium perenne
and Bv, through different morphological traits, have been reported to adjust their individual
tissues and cells in aboveground parts to reduce water loss [35]. In general, below-ground
plant response to water restriction, the physiological and cellular properties and their
relationships to morpho-anatomical characteristics, which regulate water uptake and
movement, are not well understood [10,11,36]. Thus, understanding Lp and Bv’s response
to water restriction is an important aspect of adapting livestock production to climate
variability, thereby maintaining long-term profitability from resilient agroecosystems [37].

The hypothesis of this study was that Lp and Bv roots have distinct structural attributes
and anatomical adjustments that promote survival under soil water restriction. Therefore,
the objectives were to: (i) Examine and analyse the morpho-anatomical traits of the Bv and
Lp roots when grown under soil water-limiting conditions; and (ii) Investigate the role of
these structural root adjustments for the maintenance of plant water flow and reduction of
plant water loss.

2. Materials and Methods
2.1. Experimental Design and Treatments

The experiment was performed under glasshouse conditions, at Massey University’s
Plant Growth Unit (40.37° latitude south and 175.61° longitude west), Palmerston North,
New Zealand, between September 2018 and March 2019. The average daily temperature,
relative humidity, and PAR were ~22.2 °C, 60.2%, and 84.1 pmol m~tsl respectively.

Containers (400 cm?; 20 x 20 cm) were filled with 3.8 kg of dry substrate (30% Man-
awatu silt loam soil and 70% fine sand by volume). The nutrient concentration and chemical
status of the substrate were: pH 6.3 (soil: water = 1:2), 35 Olsen-P mg L=}, 0.34 exchange-
able K mEq 100 g1, 2.4 exchangeable Ca me 100 g~ !, 0.60 exchangeable Mg mEq 100 g~ !,
<0.05 exchangeable Na mEq 100 g !, 3.0 CEC me 100 g~ !, and 83 SO42~ mg kg . Based
on the nutrient concentration, every 30 kg of the substrate were applied 60 g of slow-release
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fertiliser (14% nitrogen (N), 5% phosphorus, 10% soluble potash, 0.5% magnesium, 3.2%
sulphur, 1.6% iron and 0.3% manganese), 30 g of short-term fertiliser (14% total N, 6%
phosphorus, 11.6% potassium, 1% magnesium, 4% sulphur, 1% iron and 0.5% manganese)
and 45 g of dolomite.

Two seeds of Bromus valdivianus Phil. cv. Bareno were sown in the centre of half of the
pots, and two seeds of Lolium perenne L. cv. Trojan (Barenbrug, Christchurch, New Zealand)
were sown in the centre of the remaining pots on 23 September 2018. Between sowing
and the establishment of the water supply treatments (12 weeks) the soil was maintained
at 80-85% of the FC (volumetric soil water content (VWC)). After seedling emergence,
seedlings were thinned to one seedling per pot (3 October 2018).

To determine the field capacity (verified at 16% of VWC at 33 kPa of matric potential)
and permanent wilting point (PWP; verified at 2% VWC at 1543 kPa of matric potential)
for the substrate utilised, the water retention curve was calculated. Therefore, three undis-
turbed soil samples were collected using a 100 cm® metallic cylinder. Based on VWC the
water supply treatments were established between 80-85% of the total FC [FC-80-85%
(FC-PWP)] for the control treatment; 20-25% of the total FC [FC-20-25% (FC-PWP)] for the
water restriction treatment. Thereafter, the water column was calculated (see Equation (1))
to maintain the pots at their respective VWC. The substrate water restriction levels resulted
in 13.2-14% VWC for the control treatment, and 4.8-5.5% VWC for the water restriction
treatment.

The experimental design was a randomised complete block design (five blocks), with
factorial distribution of the treatments [38], two species (Lp and Bv), and two levels of soil
water supply (control and water restriction) (two species x two levels of water supply x
five blocks). The water restriction period ran between 23 December 2018 and 17 January
2019. Five additional blocks were grown and treated in the same manner as the study pots,
to utilise them for daily soil substrate TDR measurements (Mini Trace with soil-moisture
TDR Technology, Soil Moisture Equipment Corp., Goleta, CA, USA), so that the soil of the
study plots was not disturbed by the TDR rods, and the daily water loss and water volume
required to replace the water lost per pot could be determined, such that each pot was
maintained within the range of its water restriction treatment, as described by [9,35,39].
The volume of water added daily was calculated using the following formula:

IC—-WC
=X

! 100

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

2.2. Shoot and Root Sample Collection

The evaluation of the effect of the soil water restriction on the plants’ roots and shoots
was performed 25 days after the start of the water treatment application. The evaluation
of shoots focused on tiller number (block, n = 5) and herbage mass per plant, which were
recorded. The root mass was carefully collected, washed, and handled to avoid any loss
of root material. Herbage and root mass were then oven-dried at 70 °C for at least 72 h.
Shoot biomass, root dry mass (DM), and the root-to-shoot ratio (block, 1 = 5) were then
determined.

At harvest, root samples from each plant were divided into two portions taken from
the root collar down. Root segments measured from the root collar down were separated
into segments between 4-5 cm [lower roots (LR)] and segments between 2-3 cm [upper
roots (UR)]. All samples were fixed in F.A.A. solution (70% ethanol: glacial acetic acid:
formaldehyde in a 90:5:5 ratio by volume) immediately after collection [40]. Root diameter
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(or root D), stele diameter (or stele D), xylem diameter (or xylem D), and the width of
the epidermis, cortex thickness (or cortex T), tracheary element, pericycle, endodermis,
endodermis wall, pith, pith wall, aerenchyma, epidermis, pericycle, periderm, and root
hair number were measured (um) and evaluated.

2.3. Paraffin Sections

The samples were fixed in F.A.A solution for 24 h, then removed and rinsed twice with
50% isopropanol for 45 min. The method described by [41] was used to process the samples
as they were dehydrated in 70%, 85%, and 95% isopropanol (including 1% eosin) at room
temperature for 45 min. The absolute dehydration of the samples was obtained when the
samples were dipped three times for 30 min in 100% isopropanol. The transparency of
the samples was reached by a diminishing gradient of isopropanol and increasing levels
of mineral oil for 30 min at 60 °C or until 100% of the mineral oil had completely entered
the sample. Then, the mineral oil that was inside the samples was replaced with paraplast
X-tra. Paraplast X-tra replacement was repeated five times every 2.5-3 h at 60 °C, after
which the samples were stored in paraplast X-tra before embedding.

Root samples of the same treatment were embedded (Leica HistoCore Arcadia with
Arcadia H and Arcadia C, Leica biosystems, Mt Waverly, VIC, Australia) in long, thin
boats filled with 62 °C paraffin. Solidified paraffin blocks were then clipped and pasted
into microtone cartridges using hot paraffin. The rotary microtome (Leica RM2265, Leica
Biosystems, Mt. Waverly, VIC, Australia) cut down sections at 8 um, 10 um, or 15 um
thickness. Sections were collected on microscope slides, dried at 40 °C for ~72 h, stained
in safranin for 9 h, and re-dyed in fast green for 20 s. An Olympus BX51 microscope (Mt.
Waverley, VIC, Australia) was used to examine the sections. The images were captured
via CCD (Olympus SC30, Mt. Waverley, VIC, Australia), and the structures in them were
measured (cellSens 2.1 Software, Olympus, Mt. Waverley, VIC, Australia).

2.4. Statistical Analysis

The normal distribution and homogeneity of variance of the data were analysed using
Kolmogorov-Smirnov and Bartlett’s tests before ANOVA with the GLM procedures applied.
Fisher’s Least Significant Difference (LSD) was used to explore differences among treatment
means. To perform canonical variate analysis (CVA) [42], variables were standardised using
the following equation:

Z = (yi—y)/St.Dev. )

where Z is the standardised variable; y is the original variable; ¥ is the mean; and St. Dev.
is the standard deviation [9]. All statistical analyses were performed using SAS (Statistical
Analysis System) software version 9.2 (SAS Institute, Inc., Cary, NC, USA).

3. Results
3.1. Root and Shoot Biomass

The tiller number ( x2.5) per plant was significantly higher (p < 0.001) in Lp compared
to Bv. For both species the water restriction decreased the tiller number significantly
(p <0.001) from 48 to 23.8 in Bv and from 122.8 to 60.4 in Lp. The shoot and root mass
decreased for both species, leading to a significantly higher root-to-shoot ratio for Bv, from
0.29 to 0.47 (p < 0.05), while Lp’s root-to-shoot ratio remained statistically similar for both
soil water restriction levels. For more detailed information on the effect of the soil water
restriction on shoot attributes of Bv and Lp, please refer to [35].
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3.2. Traits and Adjustments of Bromus valdivianus and Lolium perenne

All of the anatomical root traits of Bv were significantly (p < 0.05) different from
those of Lp (Tables 1 and 2). Bromus valdivianus root D and stele D were significantly larger
(p < 0.001) than those in Lp. The Bromus valdivianus cortex, tracheary element, pericycle, and
endodermis were significantly thicker (p < 0.001) when compared to Lp. Lolium perenne’s
xylem D was significantly wider (p < 0.01) (7.96 and 7.55 um in UR and LR, respectively)
when compared to that of Bv (6.82 and 5.49 um in UR and LR, respectively) (Tables 1 and 2).
Xylem D significantly increased from 5.79 pm to 7.86 um in Bv UR (Table 1) and decreased
from 5.91 pm to 5.07 um in Bv LR (Table 2). Between the species, xylem D showed greater
size in Lp roots when compared to Bv, in both UR and LR (Tables 1 and 2).

Water restriction treatments affected the anatomical structures of LR when compared
to UR (Table 1 vs. Table 2). Root D, stele D, cortex T, the tracheary element, the endodermis
(p < 0.001), the pericycle (p < 0.01), and the pith cell wall (p < 0.05) significantly decreased
in UR under water restriction when compared with the control treatment (Table 2). There
were no significant differences in the same tissues and cells in the LR (Table 1).

Under soil water restriction, root D and stele D decreased in size in LR (Table 2). The
thickness of the endodermis decreased, while the cortex and endodermis cell wall were not
affected in UR (p > 0.05). The pith cell wall became thicker (p < 0.05) (Tables 1 and 2), which
was especially so in UR for Bv but not for Lp (Table 2).

Individual roots anatomical traits for Bv and Lp were observed. In Lp UR, the periderm
had 3—4 layers and an aerenchymatous cortex (Figure 1E-G). Aerenchyma structures were
found in Lp UR, and when compared to Bv roots, the tracheary, in the stele, were bigger
and more abundant when compared to Lp (Figure 1A,B vs. Figure 1E,F; Figure 2A B vs.
Figure 2C,D). Xylem vessels in Lp were wider than in Bv (Figure 1F vs. Figure 1B; Figure 2D
vs. Figure 2B). Cortex cell layer numbers in both UR and LR were greater in Bv when
compared to Lp (Figure 1A vs. Figure 1E; Figure 2A,B vs. Figure 2C,D).

Soil water restriction resulted in changes in the anatomical root structures of Bv and
Lp, in that both Bv’s and Lp’s root cross-section shapes became more irregular due to
cortex cell deformation (Figure 1C vs. Figure 1A,G vs. Figure 1E; Figure 2E vs. Figure 2A).
This was especially obvious in UR (Figure 1C,G). In Lp roots, the wall of pith cells was
strengthened with lignification, cutinisation, and/or suberification (xylem was dyed red
by safranin) (Figure 1H vs. Figure 1F). In Bv roots, the cortex layer was reduced from
7-9 in the well-watered control treatment to 4-5 layers in the water-restricted treatment
(Figure 1C,D vs. Figure 1A,B; Figure 2E,F vs. Figure 2A,B).

3.3. Canonical Variate Analysis of Anatomical Root Structures

The soil water restriction-species interaction effects expressed on the species anatomi-
cal root traits were analysed via canonical variate analysis (CVA) (Figure 3), which explained
92% of the variation of the analysed variables, such that CAN 1 explained 73.4% and CAN 2
18.6% with a significant Wilks” Lambda (p < 0.0001; Figure 3). CAN 1 indicated differences
between species in terms of anatomical traits in UR (Figure 3A,B), in that Bv had a positive
relationship with increasing root D, stele D, cortex T, tracheary element, endodermis, and
pericycle, constituting a contrast with increasing pith size that was closely related to Lp.
CAN 2 showed differences between the species due to water treatments, especially between
the 80% FC and 20% FC in UR anatomical variables. Increasing root D, stele D, and the
width of the epidermis, pericycle, and endodermis were associated with a water condition
of 80% FC, in contrast with increasing the width of the pith cell wall and tracheary element,
which had a strongly positive relationship with soil water restriction (20% FC) in Bv and to
a lesser extent in Lp UR (Figure 3C).
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Table 1. Root and stele diameter, thickness of endodermis, cortex, pith, endodermis cell wall and pith cell wall, the width of the tracheary element, xylem,
endodermis, pericycle in upper root (UR; between 2-3 cm from the root collar) in Bromus valdivianus (Bv) and Lolium perenne grown (Lp) at 80~85% field capacity
(FC) and 20~25% FC. The data are expressed as mean =+ sem at 5 blocks. (Unit: um).

Root Stele Epidermis Cortex Tracheary Xylem Diamet Pericycle Endodermis Endodermis Pith Pith
Diameter Diameter Thickness Thickness Element ylem Liameter Thickness Thickness Wall Thickness Wall
Species
Bv 441.254+10.13 199.01 £ 2.56 15.48 +£0.96 105.45+3.73 20.454+0.39 6.824+0.19 11.99 £0.57 10.22 £0.35 2.55+0.14 32.03 +1.50 4244+0.15
Lp 325.55 +13.01 146.54 +4.83 8.07 £0.62 69.86 £ 4.05 14.76 £ 0.84 796 £0.19 7.89 £0.46 5.56 £0.40 2.05£0.08 53.36 +2.89 3.72+£0.14
Sigl’llflcance 4K R L2t 4K K% *% 4K L * 4K L
Soil water content
80-85% FC 392.03 £+ 16.69 176.60 £ 7.32 1223 £0.71 88.25 +5.44 16.88 £ 0.99 6.88 £0.22 10.63 £ 0.72 8.12 +0.69 2.34+0.11 4496 +£3.11 3.73+0.12
20-25% FC 374.76 + 14.61 168.95 + 4.29 11.33 +£1.42 87.06 £ 4.98 18.33 £ 0.66 7.89+0.18 9.26 +0.48 7.66 +0.41 225+0.13 40.43 + 3.66 423+0.14
Significance ns ns ns ns ns ** * ** ns ns *
Species X Soil water content
Bv x 80-85% FC 455.50 +13.70 209.79 +2.34a 14.93 £ 0.98 108.06 £ 4.69 20.83 £0.59 a 579+0.16b 13.63 £0.68 a 11.30 £ 0.37 a 2.64+0.16 30.36 £1.62¢ 3.73+0.17
Bv x 20-25% FC 427.00 £ 14.39 18823 £2.11b 16.04 £+ 1.55 102.84 £ 5.68 20.07 £0.50 a 7.86£0.23a 10.36 £ 0.66 b 9.14+0.36b 246 +0.24 33.69+2.48c¢ 475+0.16
Lp x 80-85% FC 328.57 4 20.64 143.41 £8.50c¢ 9.52 +0.75 68.43 +6.12 1294 +120c¢ 798+0.32a 9.63+0.75¢ 494+061d 2.05+0.09 59.56 +3.71a 3.74+0.14
Lp x 20-25% FC 322.53 +15.98 149.66 +4.91c 6.62+£0.29 71.28 £5.50 16.58 £ 1.09b 793+024a 8.16 £0.55¢ 6.19 £0.52¢ 2.04 £0.12 47.16 =4.69b 3.71£0.19
Significance ns ** ns ns * ** ** ok ns * ns
Letters that differ within the same column indicate statistically significant values at * p < 0.05; ** p < 0.01; *** p < 0.001; ns p > 0.05. FC, field capacity; Bv, Bromus valdivianus; Lp,
Lolium perenne.
Table 2. The root and stele diameter, thickness of peridermis, cortex, pith, pericycle cell wall and pith cell wall, the width of tracheary element, xylem, endodermis,
pericycle in lower roots (LR; 4-5 cm from the root collar) in Bromus valdivianus and (Bv) Lolium perenne (Lp) grown at 80~85% field capacity (FC) and 20~25% FC. The
data are expressed as mean =+ sem at 5 replications. (Unit: um).
Root Stele Epidermis Cortex Tracheary Xvlem Diameter Pericycle Endodermis Endodermis Pith Pith
Diameter Diameter Thickness Thickness Element y Thickness Thickness Wall Thickness Wall
Species
Bv 403.90 4+ 12.88 158.86 £2.72 13.13+£0.44 108.66 £+ 4.14 18.23 +£0.27 549 £0.13 12.07 £ 0.46 9.62 +£0.37 0.89 £0.09 45.16 £2.17 5.14£0.10
Lp 293.86 +9.32 125.26 £ 6.83 11.73 +0.52 73.48 +£2.95 10.52 £1.00 7.55 £0.28 8.59 +£0.38 6.50 £ 0.41 1.36 £0.13 44.65 +2.62 4.83+0.12
SignlflcanCe EEid LR ns L3 R HNH L3 L * ns ns
Soil water content
80-85% FC 398.59 £+ 14.17 159.33 £ 4.54 14.13 £ 048 106.34 +4.50 15.98 £0.75 6.60 +0.27 11.31 £0.56 9.35+0.45 1.21+0.12 46.97 +2.27 4.77+0.10
20-25% FC 299.18 +-8.48 12479 £5.13 10.73 £ 0.65 75.80 £ 3.02 12.77 £1.02 6.44 +0.25 9.36 £0.38 6.77 £0.38 1.04 +£0.12 42.84 +2.49 521+£0.11
Signiﬁcance K LR ns K LR ns % EE ns ns *
Species X Soil water content
Bv x 80-85% FC 473.7+94a 1682 +241a 12.02 £ 0.64 130.2 £3.62a 18.45+0.30a 591+0.19b 13.30 £ 0.63 10.87 £ 0.42 1.11+£0.11 51.52+2.91 4.64+0.11b
Bv x 20-25% FC 3341+72Db 1495 +4.49b 14.25+0.45 87.1+245b 18.01 +0.54a 5.07£0.17 ¢ 10.85+0.32 8.37 £0.30 0.68 £0.15 38.79 +£2.85 5.65+0.13a
Lp x 80-85% FC 3235+ 14.8b 150.4 £11.34b 16.25+0.43 82.5+3.89b 13.51+1.78b 729+0.51a 9.32+£0.71 7.84 +0.66 1.30 +0.33 4243 +3.05 4.89+0.17b
Lp x 20-25% FC 26428 +7.6¢ 100.1 £4.02¢ 721+£0.77 64.5+2.86¢ 753 +0.22c¢ 7.81+£0.22a 7.87 £0.37 5.16 +0.45 1.41+£0.13 46.88 £ 3.71 477 +0.16b
SignlflCal’lCe *% 3% *3% 3% * *3%

ns

ns

ns

ns

ns

Letters that differ within the same column indicate statistically significant values at * p < 0.05; ** p < 0.01; *** p < 0.001; ns p > 0.05. FC, field capacity; Bv, Bromus valdivianus; Lp,

Lolium perenne.
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80-85% FC

20-25% FC

B. valdivianus

Figure 1. Anatomical structure of the upper root (UR) in Bromus valdivianus (Bv) and Lolium perenne
(Lp) exposed to different water restrictions with (A-D), Bv; (E-H), Lp. Row 1 represents under 80-85%
field capacity (FC), row 2 under 20-25% FC. Bars: 10 um in (A,C,E,G); 20 um in (B,D,F,H). The letters
within the images are: a, aerenchyma; co, cortex; en, endodermis; pc, pericycle; pe, periderm; pi, pith;
rh, root hair; s, stele; tr, tracheary element; xy, xylem.

L. perenne

Figure 2. Anatomical structure of the lower root (LR) in Bromus valdivianus (Bv) and Lolium perenne
(Lp) exposed to different water restrictions. Left four images are Bv; Right four images Lp. Row 1
represents under 80-85% field capacity (FC), Row 2 under 20-25% FC. Bars: 10 um in (A,C,E,G);
20 um in (B,D,F,H). The letters within the images are: a, aerenchyma; co, cortex; e, epidermis; en,
endodermis; pc, pericycle; pe, periderm; pi, pith; rh, root hair; s, stele; tr, tracheary element; xy, xylem.

In LR, the canonical variate analysis explained 97.6% of the variation between the
variables, in which CAN 1 explained 78.7% (p < 0.001) and CAN 2 18.9% (p < 0.05) with
a highly significant Wilks” Lambda (p < 0.0001; Figure 4). CAN 1 indicated mainly inter-
species differences between Bv and Lp in terms of anatomical traits in the LR (Figure 4A,B).
Greater root D, stele D, periderm, cortex T, tracheary element, endodermis and pericycle
variables were related with Bv species, especially when Bv was at 80% FC, due to their small
dimensions when Bv was at 20% FC. CAN 1 indicated a contrast between Bv and Lp, such
that root D, stele D, the periderm, cortex T, tracheary element, endodermis and pericycle
were larger in Bv and decreased in size for Lp. However, the contrary was found for Lp
with the endodermis wall, pith wall, and red xylem (lignified xylem) width in relation to
Bv (Figure 4B) at any of the soil water restriction levels.
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Figure 3. Canonical variate analysis for upper root (UR) anatomical structure in Bromus valdivianus
(Bv) and Lolium perenne (Lp) grown at 80-85% field capacity (FC) and 20-25% FC. (A): CAN 1 and
CAN 2 explained 92% of the variation among the variables and interaction of species and water
restriction; (B): CAN 1 explained 73.4%; (C): CAN 2 explained 18.6%. Vectors indicated variables
of anatomical structure. Oval highlighted the 95% confidence interval around the means for the
interaction of species and water restriction.
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Figure 4. Canonical variate analysis for lower root (LR) anatomical structure in Bromus valdivianus
(Bv) and Lolium perenne (Lp) grown at 80-85% field capacity (FC) and 20-25% FC. (A): CAN 1 and
CAN 2 accounted for 97.6% of the variation among the variables and interaction of species and water
restriction; (B): CAN 1 explained 78.7%; (C): CAN 2 explained 18.9%. Vectors indicated variables of
anatomical structure. Oval highlighted the 95% confidence interval around the means for interaction
of species and water restriction.
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The effects of soil water restriction on the LR anatomical variables of Bv and Lp were
accounted for by CAN 2. Bromus valdivianus adjustments in the LR anatomy were expressed
through a greater pith wall width (21.8%), and the diminishment of the red xylem (—14.2%)
and endodermis wall (—38.7%) with increased soil water restriction. Soil water restriction
resulted in few changes in Lp’s LR anatomical variables, especially CAN 2, illustrating the
contrast between Bv’s and Lp’s response to water restriction (Figure 4A,C). At 20% FC, Bv
had a strong positive relationship between LR increased pith cell wall width, while for Lp,
the red xylem and the endodermis wall width increased (Figure 4C).

4. Discussion

The anatomical responses of plant roots to short- or long-term water restriction are
diverse and depend on adaptive characteristics expressed through an array of resistance
mechanisms [43,44], including adaptations related to plant physiology [45], morphol-
ogy [22], metabolism [46], and anatomic modifications [14]. Plants” anatomical adaptations
are highly relevant for water movement and retention within plant tissue. Plants’ re-
sponses include absorption of water from the soil, maintaining plant/organ water status,
turgor, and water flow continuity through the organs (lateral short-distance or longitudinal
long-distance water movement), while minimising leaf and shoot water loss. Soil water
restriction results in root tissue dehydration, which drives a plant’s resistance/avoidance
response to soil water deficit, e.g., a prolific root system, and root-to-shoot ratio increase
to facilitate water absorption [21,22]. Plants’ root response to drought varies and includes
anatomical adjustments and modifications of root anatomy, which facilitates water absorp-
tion and increases the survival probabilities of individual plants [47].

4.1. Morpho-Anatomical Root Traits and Adjustments to Water

Bromus wvaldivianus had a larger root D, indicating a stronger water absorption
power [48,49] and showed a thicker root cortex, which may contribute to stronger wa-
ter retention capacity in comparison to Lp. This suggests that the cortex parenchyma
cells may serve as a tissue “collecting” ion [50-52], and drive/modulate apoplastic and
symplastic water transport and/or storage [53], which are important for long-distance
solute transport and maintenance of plant water status [50].

The root’s epidermis width diminished in Lp (UR —30%; LR —55.6%) and increased
in Bv (UR +7.4%; LR +18.6%), suggesting a more difficult water flow within the root
via the epidermis in Lp under high soil water potential (i.e., soil water restriction). The
outermost layer of the root (epidermis or periderm) is the area of water and non-selective
mineral intake (apoplastic) [54]. This would support the greater photosynthetic activity
and lower osmotic and water potential of Bv when compared to Lp during water restriction
periods [32].

The periderm serves as a protective layer in plant roots, and is formed from secondary
vascular tissue [40]. The periderm had 3—4 layers in Lp UR and an aerenchymatous cortex,
similar to roots found in species that colonise wetlands ecosystems [55]. Aerenchyma
was observed in Lp UR and LW in the control treatment and contained enlarged air
spaces produced by tearing or dissolution of the cortex cell walls [56]. The Oxygen (Oy)
from above-ground tissues, which is not consumed in respiration, is transported to the
aerenchyma in the roots, facilitating O, release to the root tips and other plant organs
under waterlogged conditions [55,57,58], thereby enabling plants to tolerate and survive
in flooded environmental conditions. The aerenchyma observed in Lp roots in the study
may play a significant role in agronomic parameters, such as net primary production, as
Lp showed greater pasture growth and better physiological responses under waterlogged
conditions (during winter) than Bv [34].
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4.2. Modification of Morpho-Anatomical Traits of the Root Relevant to Water Movement

Water restriction affected the anatomical structure of the root in both Bv and Lp, in
that root D, cortex thickness (in LR) and stele D decreased under water restriction when
compared with the control water treatment, which may have weakened water uptake and
flow. Thinner roots have a smaller root surface area, which means less opportunity to cap-
ture water in the soil, resulting in reduced water uptake, especially when the diminishment
of root D is associated with a diminishment of stele D (i.e., diminishment of the water
movement capacity) [59]. In absorptive roots, a reduced cortex-to-stele ratio is advanta-
geous under dry conditions for water and nutrient movement, due to a greater proportion
of stele diameter (which enhances water transport capacity) relative to cortex thickness
(which reduces resistance to water flow into the root) [59]. Hence, based on the data from
Tables 1 and 2, the cortex thickness-to-stele diameter ratio indicates that the upper root
(UR) sections have a thicker cortex relative to each micron of stele diameter (Bv = 1.89;
Lp = 2.10) compared to the lower root (LR) sections (Bv = 0.68; Lp = 0.60). This suggests
that the LR sections have a greater capacity for water uptake and transport than the UR
sections. However, a decrease in root diameter would increase the matric potential within
the root, which may increase the water uptake at high soil matric potential. Therefore, Lp
should show a greater capacity of water uptake under water restriction due to its thinner
roots. In this context, differences in soil matric potential between Lp pastures and diverse
pastures at the soil surface were observed, suggesting that Lp has a greater capacity to
uptake water under higher soil matric potential periods (i.e., water restriction) [29,37].

We suggest, based on current understanding of root stele anatomy and physiology, that
apoplast canal theory [60] explains solute and water transport. In that, stele D was reduced
under water stress in Bv and Lp, which probably restrained water flow in stele long-distance
transportation to leaf and leaf-sheath. Decreasing water supply to leaves may decrease
shoot biomass under water restriction, resulting in stomata closure, reduced transpiration
and water loss [15,61], and a reduction in the root-to-shoot ratio. Total biomass reduction
and increased root-to-shoot ratio, reduced water loss (shoot reduction), and enhance water
uptake potential (root growth/maintenance), suggesting that plants allocate resources
to roots and/or maintain root mass during periods of water restriction [22]. The water
restriction tolerance of Bv compared to that of Lp was demonstrated through the greater
increase (p < 0.05) of Bv root-to-shoot ratio (62% increased) when compared to Lp (21.4%
increased), which was accompanied by a thicker cortex (higher number of cortex cell
layers) (p < 0.01) in Bv LR. Other studies have reported a greater increase of Bv roots when
compared to Lp with increasing soil water restriction [9,31,34].

Increasing root-to-shoot ratio in arid environments has been observed and reported
in a variety of plant species, for example soybean (Glycine max L.) [10], rice [62], cotton
(Gossypium hirsutum L.) [63], and tall fescue (Lolium arundinaceum (Schreb.) Darbysh. subsp.
arundinaceum; sin. Festuca arundinacea Schreb.) [64]. Tall fescue drought tolerant germplasm
was reported to have a high root-to-shoot ratio, which is an important parameter for
ecotypes selection for improving drought tolerance in arid environments [65]. In the present
study, the observed diminishment of Bv root cortex and Bv shoot vascular bundle [35]
in response to water restriction suggests that this species increases root-to-shoot ratio to
enhance its tolerance to water-stress conditions [66] and from an anatomical perspective,
reduces transpiration through reduction of leaf area [22,66].

From the result of UR and LR CVA of anatomical structure, it was found that the
increase of the pith cell wall thickness was related to drought tolerance in Bv, while the
endodermal cell wall, xylem vessel, pith cell wall, and lignification of the pith cell wall were
related to drought tolerance in Lp. Thickening of the pith cell wall played an important
role in the drought resistance in Bv and Lp grasses species. In that, pith tissue, composed of
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tightly packed parenchyma cells in the centre of the stele, were simple metabolically active
cells, capable of dividing, and bounded by a primary cell wall, which may be involved in
root respiration, storage, and secretion [53]. Under the dry condition of 20-25% FC, pith
tissue in Bv and Lp was lignified (Figure 1H) or thickened into sclerenchyma, due to the
plasticity of parenchyma cells, which allows for a change in physiological function related
to water status, from water storage to long-distance water transport [53].

In Lp the xylem vessel and endodermal cell wall were positively linked to dry con-
ditions (Figure 4). The xylem consisting of water-conducting sclerenchyma, provides a
passage for water movement from the roots to the leaves [53]. Xylem vessels are hollow
tubes [67] with thick lignified cell walls, which provide a low resistance pathway for water
transport in vascular plants [68], and have no membranes or organelles [67]. Therefore,
the wider the xylem vessel, the less resistance there is to water flow, thus the reduction
observed in Lp xylem vessel size in this study may have a significant role in plant adaption
to water restriction, which facilitated water conduction within the plant [69].

Endodermis cell walls have a considerable role in grass species drought tolerance, as
well as xylem vessels [70,71]. The root endodermis with casparian band are structurally
specialised layers [70]. The endodermal casparian band prevents the apoplastic flow of ions
from the cortex to the stele, and also prevents the flow of ions back from the apoplast of the
stele to the apoplast of the cortex [72]. Ions carried by the proteins in the plasmalemma of
the root epidermal and cortical cells enter to the stele [73]. As a result of the ion movement,
the concentration of ions inside the endodermis is higher than that outside. Water naturally
follows the concentration gradient to flow into the stele and xylem vessels, where water is
channelled upwards to other parts of the plant.

5. Conclusions

In order to enhance water uptake and reduce water loss, plant tissue and cells often
make adaptive changes and adjustments, which reflect their resistant strategy to soil water
shortage and drought conditions. Bromus valdivianus had stronger capacities for water
uptake and water storage when compared to Lp, due to its large root diameter, stele
diameter and cortex thickness. Water restriction reduced root diameter, stele diameter,
and cortex thickness, which negatively affected the ability of the root to capture and
conserve water. In addition, similar to the tracheary element in the stele of Bv, Lp roots
had aerenchyma in the cortex, which facilitated root ventilation. The enhancement of
the pith cell wall was beneficial to water transport in Bv and Lp forage grasses under
water restriction. Xylem lignifying and endodermis wall thickening enhance Lp drought
resistance. These findings demonstrate that Bv and Lp have different individual structural
and morpho-anatomical response strategies, which confer a degree of phenotypic plasticity
in response to increasing soil water restriction. These strategies may allow them to enhance
their survival and persistence under field conditions and increasing climate variability.
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