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Abstract

The leaf hydraulic behavior has a significant role on species survival because plants often encounter drought. The effect of age
and drought on the leaf water potential (¥.), leaf hydraulic conductance (K.), stomatal density (SD) and size (SS),
evapotranspiration (E), net photosynthetic rate (Pn) stomatal conductance (gs) and their post drought recovery in naked oat is
not understood. This study investigated these facts in two naked oat cultivars, Yanmai (Ym) and Dingyou7 (Dy7). The plants
were grown in pots and kept well-watered (WW) for the first ~30 days after sowing (DAS) after that for Experiment 1) the
plants were kept in a rainout shelter; in a growth room and kept WW throughout. Experiment 2) the plants were grown at 40%
drought to determine the effect of drought on the SD and SS. Experiment 3) the plants were grown in 40% field water capacity
(FC) for ~25 days then, they were recovered from drought stress and ¥, K, SS, SD, E, Pn, and gs were determined. Under
the drought, Ym lost K, whereas; Dy7 could maintain K_ and higher midday W, and lower SD than Ym. The cultivar Dy7
showed maximum recovery of K, ¥, Pn, gs and E than Ym upon re-watering. The loss and recovery of K., ¥,, Pn, E, gs and
SD is controlled genetically in naked oat cultivars in combination with the environmental factors and the cultivar Dy7 has

potential to enhance drought resistance in crops plants by genetic crop breeding. © 2021 Friends Science Publishers
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Introduction

The survival and sustainability of land ecosystems depend on
the hydraulic activities of plants by means of adaptation to
the dryer environments as they shifted to land from water
millions of years ago. The transpirational water pull is
dependent upon physiological activities of plants such as leaf
water potential (W), hydraulic conductance (K.), and gas
exchange through stomata that in turn is responsible for the
net photosynthetic rate. The dependence of plants on water
availability remains one of the major limitations in their
lives, because they might face mild to severe droughts stress
during any stage of their life. The seasonal herbaceous plants
are typically more sensitive to the soil water status than the
more resilient biannual or perennial woody plant species.
About 99% of water required by the plants is utilized for
transpiration to keep them cool and save them from wilting
due to the heat of the sun (Bertolino et al. 2019). The midday
¥, is lost more rapidly than the predawn ¥_ as the plant age,
but under drought stress ultimately it reaches a threshold
level at which the midday and predawn ¥ becomes equal,
causing a total loss of leaf water potential (Meinzer et al.
2016). A complete loss of leaf hydraulic conductance results

in the fatal leaf water potential that causes death of the leaf.
The climate change has increased the global temperatures
and drought events in different parts of the world (Gu et al.
2020). Consequently, high atmospheric temperature and
drought have a negative impact on the midday Y, .

Different plant species generally behave similarly
towards the water stress environments but variations exist
between and within species levels and these differences are
the source of species survival in the current era while water
scarcity is expected to be greater than the past. The
variations in interspecific hydraulic traits allow plants to
display different phenological and photosynthetic responses
to water stress (Mendez-Alonzo et al. 2013). Xylem, as a
physical entity, is an important determining factor of
hydraulic behaviors of different plants species. The plant
communities in an ecosystem are dependent on the structure
of xylem tissue for their ability to adapt to the changing soil
water status that does not remain constant in a natural
environment (Rosas et al. 2019). On the other hand, the
structural resistance of leaf tissue outside xylem also has
important influence on the hydraulic traits of a leaf for
instance, the mutant tomato plants lacking bundle sheath
extensions showed lower leaf hydraulic conductance,
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evapotranspiration and lower assimilation rates in
comparison with the wild type plants growing in the same
environmental conditions (Zs6gon et al. 2015).

Xylem embolism may occur due to cavitation that is
usually driven by a low water potential. The low water
potential causes a loss of plant hydraulic conductivity due to
which the plant cannot transport water from roots to the
aerial portions of the plant (Venturas et al. 2017) including
the leaves, where evapotranspiration demands more water in
exchange to the CO, required for the survival of the plants.
Due to decreased available water in the soil the water
potential of a plant W declines, this causes a high water
tension in the xylem that results in cavitation by expansion
of air bubbles that are generally dissolved in the water. This
air bubble trapped in the xylem, blocks tracheid, or vessels
due to which the water cannot be transported through the
xylem. The blockage of xylem vessel or tracheid with an air
bubble is known as xylem embolism. A temporary loss of
K, can be recovered by re-watering the plants whereas, the
permanent loss of K cannot be reversed with any level of
watering. The extent of damage caused to water transport
system is determined by many factors including the inherent
differences in plant species and the environmental
conditions, such as level and duration of a drought event.

Plants show species specific resistance to xylem
embolism, but some studies have also focused the
intraspecific variations of plants to adapt to the dryer
environments (Cardoso et al. 2018). Besides the
intraspecific differences of plant’s ability to recover from
xylem embolism, there may exist leaf-to-leaf differences
that is not yet discovered and discussed for many plant
species and requires to be explored in different plants
(Rodriguez-Dominguez et al. 2018). Variation in the loss of
hydraulic conductance because of low leaf water potential in
different leaves is recently reported in the avocado tree
species Persea americana (Cardoso et al. 2020). These
kinds of variations may also be specific for a species and all
the plant species may not exhibit such variations in loss of
leaf hydraulic conductance amongst different genotypes of
the same species such as, five different genotypes of four
coffee species Coffea spp. have been recently reported to
show similar resistance to the loss of leaf hydraulic
characteristics (Mauri et al. 2020). The pit membrane
structure has been of late recognized as an important source
of similarities or differences in hydraulic traits of different
plant species (Zhang et al. 2020). Complete hydraulic
failure may occur in plants, where the water transport
system of plants is impaired to such an extent that they
cannot revive the normal hydraulic behaviors (Nardini et al.
2013). Besides these important advancements, many of the
structural, genetic and environmental factors that determine
the differences in hydraulic traits of different plant species
are yet to be discovered.

Stomatal density is recognized as an important
structural feature that may control the hydraulic behavior
and water use efficiency of any plant (Lawson and Vialet-

Chabrand 2019). The number of stomata in the upper and
lower epidermis of leaves is a part of the evolutionary
process of plants and depends on genetic features of a plant.
Some studies have shown the effects of abiotic
environmental conditions such as the CO, level in the
atmosphere and water availability on the stomatal density
and size per unit leaf area (Caine et al. 2019). The grass
species have a dumbbell shaped guard cells and they are
believed to be evolutionarily advanced plant species because
of their guard cells shape and movements. Many crop plants
such as tomatoes (Liu et al. 2015) and grass family cereals
such as maize (Morales-Navarro et al. 2018) and barley
(Hughes et al. 2017) have been genetically modified
successfully by overexpression of Arabidopsis thaliana and
barley genes that are responsible for reducing the stomatal
density by 50%. These plants show better water use
efficiency (WUE) and enhanced yield than the control
plants under drought conditions.

Few studies have so far discussed the leaf and whole
plant hydraulic behaviors in relation to the age of
herbaceous annual plants. In the natural environment place
often face mild to severe drought. The factors determining
the optimized physiological performance of plants under
drought and post drought recovery have not been
investigated for A. nuda. The effect of growing age of plant
and drought stress on the leaf hydraulic conductance,
stomatal density and midday leaf water potential is also
never explored for naked oat. The purpose of this study was
to explore the effect of age of the annual herbaceous plant
(A. nuda) on ¥, K, Pn, gs and E in the absence of any
drought. The effect of drought on the stomatal density and
size in upper and lower epidermis was also investigated for
the A nuda L. cultivars. Similarly, the recovery of these
physiological activities was also evaluated under different
watering patterns after a temporary drought.

Materials and Methods
Plant material

The naked oat cultivars Yanmai (Ym) which is a ~ 70 years
old indigenous Chinese cultivar and recently established
Chinese cultivar Dingyou7 (Dy7) were used in this study.
These cultivars were chosen for this study because these
show contrasting sensitivities to drought stress (Wang et al.
2017). The seeds were generously supplied by the Institute
of Crop Germplasm Resources from the Chinese Academy
of Agricultural Sciences (Beijing, China) and the Dingxi
Academy of Agricultural Science (Dingxi, Gansu, China).

Experimental design and growth conditions

The two naked oats were grown in 24 cm high and 23 cm
wide pots in a rainout shelter to control the irrigation in a
completely randomized design (CRD) (Fisher 1935, 1971).
To minimize the effect of pot position the pots were
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reshuffled regularly throughout the duration of the
experiments. The pots were filled with 7 kg topsoil and
vermiculite mixture supplemented with ample nutrition in
the form of potassium (K), sodium (N), and phosphorus (P).
The Field water capacity (FC) of this soil mixture was
~37%. Each pot was supplied with ample nutrition mainly
comprising of Potassium (K), Nitrogen (N) and Phosphorus
(P). The seeds were sown in pots in two growing seasons,
on April 2, 2018 and June 1, 2018. The pots were inoculated
with seven seeds per pot at a distance of ~3 inches from all
sides, to avoid further thinning. The seedlings started to
emerge after 72 h. There were five replicate pots for each
water treatment and the control plants (details given below).

Field water capacity (FC)

The soil was saturated with water until it became free
running and extra water was allowed to drain for 72 h. The
weight of saturated soil sample was calculated by
subtracting the weight of empty container. The wet soil was
then dried in an oven at 105°C for 48 to 72 h and dry soil
weight was noted. FC was calculated as the difference
between weights of the saturated soil and the oven-dried soil
(Oghaga et al. 2014). The procedure was repeated thrice and
mean values were calculated as the final FC.

Water treatments

Experiment 1: The plants were well watered for the first
~30 DAS, then a moderate to severe drought of ~40% FC
that is often met by plants in the field conditions was
applied for ~25 days. After that the plants were recovered
from water stress by re-watering and three different
watering schemes were applied (a) well-watered with
~100% FC (b) water stressed plants having an FC of ~50%
and (c) no watering at all with complete drought allowing
the soil to dry progressively during the experiment. The Ky,
¥, Pn, E and gs were measured during the drought and
after recovery in the three different water treatments as well
as in the control (C) plants that were kept in well-watered
(WW) conditions throughout the duration of the
experiments. The FC was maintained by weighing the pots
daily and adding the lost amount of water to the pots.
Experiment 2: The plants were kept well watered (WW)
for the initial 30 days after sowing then they were kept at
40% drought condition throughout. All the new leaves that
emerged and developed after 2 weeks of drought were
investigated for the number of stomata and their size in the
upper and lower epidermis.

Experiment 3: The plants were kept WW throughout the
duration of experiment starting from emergence of plants to
the fully maturity (~115 DAS). The K_ and ¥, were
measured and the differences were recorded over the season
as the plant reached full maturity. The Pn, E and gs were
measured regularly over the course of the experiment from
the seedling to the fully mature plant stage to compare the

changes in the physiological activities with the growing age
of A. nuda plants.

A third set of the A nuda L. cultivars Ym and Dy7
were planted in pots in a growth room at 25°C, 14/10 h
day/night, with supplemented light source and ~60%
relative humidity. The K, ¥, Pn, E and gs were measured
regularly from the seedling to mature plant stage to compare
the changes in the physiological activities under field
condition to rule out the effect of temperature and ambient
humidity in the field conditions and serve as a control.

Leaf water potential (W)

Leaf water potential (W) was measured at 6 a.m. and mid-
day at 12 pm daily for the plants under different water
treatments and control with a pressure bomb (PMS
Instrument Company® USA) with some modifications in the
actual protocol (Boyer 1967).

Hydraulic conductance of leaf K _

The leaf hydraulic conductivity K, of both cultivars was
measured regularly by using a pressure chamber (PMS
Instrument Company, Albany, OR, USA) by rehydration
kinetics method (RKM) (Brodribb and Holbrook 2003). For
this method two leaves that were placed on the same level
near each other were cut before sunrise and were
immediately stored in a moist dark zip plastic bag. The
leaves were taken to the laboratory for measurement of
initial leaf water potential (W), for this purpose, the ¥ of
first leaf served as the W, and the second leaf was immersed
in distilled water for 60 s and then equilibrated in a dark
moist bag for 10 min. After that, the final leaf water
potential was measured with a pressure chamber in the same
way as described earlier for measurement of W . Leaf
hydraulic conductance K was calculated as the water flow
rate inside the leaf by using the following formula by
Brodribb and Holbrook 2003.

K. =C x In (¥/¥) t-1 LA-1

Where C is the leaf capacitance, ¥, is the initial leaf water
potential, W; is the final leaf water potential, t represents the
duration of rehydration, while LA stands for leaf area. Leaf
area was measured with a scanner using ImageJ software.
All the measurements were taken in five biological
replicates.

Leaf capacitance C_

Fresh shoots were cut at night and rehydrated in distilled
water overnight for C_ measurement. Initial leaf water
potential (¥, ) was measured using a pressure chamber when
the leaf was completely turgid and the initial weight (WW)
was measured with an analytical balance; the leaf was then
allowed to desiccate progressively at the bench top for next
12 h. at regular intervals W, was measured and change in the
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leaf weight was also measured, until the leaf water potential
did not decline any further. Leaf area (LA) was calculated
with the help of a scanner and ImageJ software. Leaf dry
weight (DW) was measured by drying the leaf for 48 to 72
h. in an oven at 80°C and then the leaf weight was recorded.
The recorded data was used to construct the pressure-
volume curves and the value of C was calculated as the
slope of the PV curve by using the following equation
(Blackman and Brodribb 2011),

CL=SRWC/3Y, x (DW/LA) x (WW/DW)/M

Where WW is the fresh leaf weight, RWC is the relative
water content of the leaf measured as the difference in the
weight of the turgid leaf and the oven-dried leaf, and M is
the mass of water. The C,_ for both the cultivars was used for
calculation of K. The measurements were repeated over
five times and mean value was calculated.

Physiological responses of leaf under drought

The Pn, E and gs were measured using a LI1-6400 portable
photosynthesis system (LI-COR, Lincoln, Nebraska, USA).
The environmental conditions settings for measurements of
physiological activities were as follows; the CO, level was
~400 umol CO, mol ™ air, the chamber photon flux density
was set at ~1000 umol m? s?, the airflow rate was ~500
umol s, the vapor pressure deficit (VPD) was adjusted at
approximately 2.0 kPa, and the temperature was adjusted at
25°C. The youngest fully flattened leaf while still attached
to the plant was secured inside the leaf chamber and allowed
to adjust in the chamber light for 1-2 min. The readings
were recorded when all the values became constant and did
not fluctuate any further, the procedure was replicated and
means were calculated.

Stomatal density and stomatal size

Slides were prepared with upper and lower leaf epidermis of
A. nuda cultivars Dy7 and Ym and were examined under
Zeiuss fluorescent microscope. A mature fully expanded
leaf was used for preparation of slides for the samples from
different water treatments and the control samples. The size
and density of stomata were determined using the MOTIC
software; the values were recorded and compared for both
the cultivars. A one fully mature leaf from each plant was
selected and fixed immediately in FAA (the ratio of 70%
ethanol, to ethanoic acid, to formalin was, by volume,
18:1:1). The fixed leaves were then softened in 10%
chromic acid solution, and the leaf epidermis was peeled
and mounted on a glass slide the coverslip was placed
carefully. Five randomly selected fields of view (3—-5 mm2)
were selected to take images under a Motic microscope
(Motic BA200, China). Using an image analysis system
(Motic Images Advanced 3.2), SD was recorded at x 100
magnification. SL was taken as the length between the
junctions of the guard cells at each end of the stoma. More

than 30 stomata were randomly selected for SL
measurement at X 100 and x 400 magnification.

Statistical analysis

The means and Standard Deviation were calculated for the
different variables measured, such as ¥, K., SD, SS Pn, E
and gs for both the cultivars. The differences between the
two cultivars and different treatments were analyzed by a
two way ANOVA (Fisher 1921). Tukey’s post hoc honestly
significant difference (HSD) (p < 0.05) was applied to
calculate the significant variance amongst different means
for ¥, K, SD, SS Pn, E and gs for both the cultivars and
the different water treatments and control groups. The
Pearson’s correlation test was applied to investigate the
correlation amongst ¥\, K., SD, SS, Pn, E and gs against
each other and against age of the plant counted as the days
after sowing (DAS). The statistical analysis was performed
using GraphPad prism version 8.4.3.

Result

The A. nuda cultivars Ym and Dy7 showed a significant
decline p < 0.05 in their ¥, k. Pn, E and gs with the
growing age of the plants that were kept well-watered
throughout the course of experiments to rule out the
possibility of decline in these physiological activities due to
soil drying. The ¥, K., Pn, E and gs showed a strong
positive correlation between each other showing r values of
0.8-0.9 with significant p values ranging from p < 0.0001 to
p < 0.00001. The age of plant was strongly negatively
correlated with all the physiological activities with an r
value of -0.9.

Decline in ¥, and K due to aging

The plant age and cultivars both represented a significant
effect on the loss of K, under normal growth conditions p >
0.00001. Due to plant aging, there was a 50% loss of K in
the Ym cultivar of A. nuda whereas; Dy7 plants exhibited a
percent loss of hydraulic conductivity (PLC) of 28% only
(Fig. 1). The results for growth room experiment were
almost similar to the experiment in the field.

A. nuda plants were generally maintained below -1
MPa predawn (PD) W, throughout the duration of their life
but the midday (MD) had a variation of -1 MPa to -1.5 MPa
for Dy7 and Ym. The first two months (60 DAS) A. nuda
plants maintained their predawn leaf water potentials to
below -0.5 MPa for both Ym and Dy7 cultivars. The plants
did not face any water stress but still the MD leaf water
potential dropped to -0.5 MPa for the cultivar Dy7 and — 0.7
MPa for Ym. There existed variations for MD and PD leaf
water potentials of both the cultivars for instance, Ym MD
leaf water potential was declined to -0.7 MPa at the age of
Dy7 67 DAS whereas the same value of MD leaf water
potential was noted in Dy7 at the age of 82 DAS. The MD
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leaf water potential of -1 MPa was recorded for Ym plants
at the age of 82 DAS whereas the same leaf water potential
was recorded for Dy7 at full maturity i.e. at the age of 110
DAS (Fig. 2).

Loss of Evapotranspiration (E)

Aven nuda L. plants generally showed a decline in the
midday E in response to the plant aging p > 0.00001. There
was major decline in the midday E for the cultivar Ym. The
maximum E was 7.4 mmol m* s™* and 8.2 mmol m? s for
Ym and Dy7 respectively. As the A. nuda plants grow older
the amount of water transpired through the stomata
decreased for both the cultivars. At full maturity of the
plants, the E value was 3.8 mmol m? s*and 4.7 mmol m?s™*
for Ym and Dy7 respectively showing a decline of 49% and
43% respectively. At the age of two months 60 DAS the
decline in midday E was 43% with E value of 4.7 mmol m
st for Ym whereas, in the Dy7 plants of same age the
decline in the midday evapotranspiration was only 23%
with a value of 6.3 mmol m*s™ (Fig. 3).

Net photosynthetic rate (Pn)

The age and cultivars had a significant effect on the net
photosynthetic rates of the plants p > 0.00001. The A. nuda
exhibited a decline in the Pn in different ages of the plant
kept under well-watered (WW) condition. The decline was
more prominent in the cultivar Yanmai than Dinyou7. The
maximum Pn was 17.6 umol m? s™ and 18.4 pmol m? s*
for the Ym and Dy7 plants respectively at the midday in the
young seedlings of Ym and Dy7. AT the age of 2 months,
i.e. 60 DAS the A. nuda plants showed a decline of ~11%
decline in the net photosynthetic rates for both the cultivars.
At full maturity, the Pn declined to 60.7 and 51% for Ym
and Dy7 respectively (Fig. 4).

Loss of gaseous exchange through stomata (gs)

Similar to other physiological activities gs was also reduced
with the plant aging and in response to a transient drought in
the A. nuda plants. Dy7 showed a decline of 28% whereas
32% decline was recorded for Ym (Fig. 5). The calculated p
value was p > 0.0001 both for the cultivars and for the age
of plants representing a significant effect of these two
factors on the stomatal conductance.

Stomatal density and stomatal size

The arrangement of stomata was zigzag and denser in Ym
as compared with Dy7. The stomata of Ym were almost
distributed uniformly in both upper and lower stomata
having the same size, while the stomata of Dy7 showed a
statistically significant variance in distribution, density and
size in upper and lower epidermis under the effect of
drought and in the control.
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E§ 50 A .oo ADy7
EEG 40 - oo
%;é 30 A [ ] AA
£E ] me

E ) laonne® . .

0 50 100 150

Days after sowing (DAS)

Fig. 1: The percent loss of leaf hydraulic conductance over the
growing season in A. nuda cultivars Ym and Dy7. All the means
(except for the second pair of means) represented in the figure
showed significant variance tested by Tukey’s post hoc HSD test
p >0.00001

Age of plants (DAS)
7 15 21 30 37 45 51 60 67 75 82 90 97 102111

0 ——r —
-02 4
0.4
-06 A
0.8 4
14
-1.2 4
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Fig. 2: The Midday loss of ¥, in A. nuda L. plants. The area
between the dotted lines represent the W at which most of the
decline in K., Pn, E and gs occurred and had a significant
variance between the cultivars and the different ages of plant

tested by Tukey’s post hoc HSD test p > 0.00001
*PD stands for Predawn leaf water potential
**MD stands for Midday leaf water potential

Ym leaves had higher number of stomata as compared
to Dy7 both in the upper and lower leaf epidermis. The
mean number of stomata in the upper epidermis of Dy7 was
recorded as 1061.8 + 12.87 mm? while in Ym it was much
higher i.e. 1330.4 + 12.44 mm? (Fig. 6a). The density of
stomata in the lower epidermis was 1124.6 + 8.91 mm? and
1425.8 + 19.64 mm? in Dy 7 and Ym respectively (Fig. 6b)
in the WS plants. The water stressed Dy7 showed 20% less
number of stomata in the upper epidermis and 15% decrease
in the density of lower epidermis stomata. However, Ym
showed only 12% smaller number of stomata in upper
epidermis and 9% smaller number of stomata in the lower
epidermis.

Size of stomata in the upper epidermis was 14.24 +
0.82um and 11.05 + 0.84 in Dy7um and ym respectively
(Fig. 7a) which clearly exhibits the larger stomatal size in
the upper epidermis of Dy7. The stomata of lower epidermis
in both the cultivars showed different sizes. It was 12.59 +
0.65 um and 10.83 + 0.58 um in Dy7 and ym respectively
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(Fig. 7b). A reduction in the size of stomata was also
noticed in the size of upper epidermis of Dy7 that showed a
stomatal size of 11. 1 £ 0.51 um. The stomata in the lower
epidermis of Dy7 and both upper and lower epidermis of
Ym showed negligible reduction in the size of stomata
under the effect of drought.

Overall, there was a significant variant density and
size of stomata in both the cultivars, indicating a significant
role in better water management of the more recent cultivars
as compared to the early one (Fig. 8).

Recovery after drought

The A. nuda showed significantly varied (p < 0.05) in their
capability of recovery from a drought after re-watering.

Loss of K_ under drought and recovery PLC: At 40%
field water capacity the PLC for A. nuda was recorded as 80
and 39% for Ym and Dy?7 respectively. Maximum recovery
of ~88% was noted for plants of Ym and ~ 96% was
recorded for Dy7 at 100% FC. The A. nuda plants when re-
watered to a 50% FC for recovery from a transient drought
of 40%, the recovery of K, was 85 and 35% for Dy7 and
Ym respectively (Table 1). The plants that were not re-
watered did not show any recovery.

Midday ¥, (MPa) differences during drought and Post
drought recovery: During an early ephemeral drought the A
nuda L. cultivar Ym showed higher sensitivity to midday
loss of W|_than Dy7. The Dy7 plants recovered to -2.76 MPa
the next morning for an early morning ¥, of -2.25 MPa the
previous day, the noon W, was reduced to -3 MPa in Dy7
whereas, the same in the Ym plants was recovered to -2.92
MPa only. For an early morning ¥ of -3 MPa Ym plants
exhibited a noon ¥, of -3.5 MPa which is the lethal ¥, for
the ym leaves. The next morning the recovery of V| was to
-3.33 MPa only while the Dy7 leaves, which can tolerate W,
as low as -6 MPa exhibited a noon reduction from -3 MPa to
-3.79 MPa while in the predawn next day the ¥, was
recovered to -3.26 MPa. The Dy7 leaves could tolerate lower
¥, of an early morning of -5 MPa which reduced to -5.72
MPa and recovered to -5.61 MPa (Table 2).

At 40% FC drought condition the midday ¥, was-1.5

MPa and -2.5 MPa for Dy7 and Ym respectively. A. nuda
plants re-watered to 100% FC showed a recovery to -0.4
MPa and -0.9 MPa for Dy7 and Ym respectively. The plants
that were rewatered to 50% FC showed recovery of a
midday W¥_ to -1 MPa and -1.7 MPa for Dy7 and Ym
respectively (Table 1).
Loss of E under drought and post drought recovery: The
A. nuda plant also lost midday transpiration at 40% FC.
Yanmai showed a decline of 53% in the midday
transpiration, under the same water stressed condition the
Dingyou7 plants showed 47% decline in the midday
transpiration.

The A. nuda plants showed a variation in the recovery
of midday E from the drought under different watering
schemes. At 100% FC the recovery for MD transpiration
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Fig. 3: Loss of midday evapotranspiration (E= mmol m?2 s™) in A.
nuda plants under normal growth conditions, all the means differed
significantly tested by post hoc test Tukey’s HSD p > 0.00001
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Fig. 4: Loss of midday net photosynthetic rates (Pn = pmol m? s%)
in Avena nuda L. plants with the aging of plant under well -
watered growth conditions, the area between the dotted lines
represent the significant variation of Pn in the cultivars and the
age Tukey’s HSD test p > 0.00001
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Fig. 5: Loss of gs (mol m? s™) in A. nuda with plant aging under
well-watered conditions. The different gs values calculated at
different ages showed statistically significant effects of plant age
on the gs the means differed significantly for both the cultivars
and ages p> 0.00001

rates were 7.1 and 5.4 mmol m? s™ showing a recovery of
87 and 73% for Dy7 and Ym respectively. The recovery
under 50% FC was 5.6 mmol m? s™ and 4.1 mmol m? s*
representing a recovery of 68 and 55% for Dy7 and Ym
respectively (Table 1).
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Fig. 6: (a) Stomatal Density of Dy7 and Ym in upper epidermis
(b) The density of stomata in the lower epidermis of both the
cultivars. The values are mean (n = 5). The different letters
represent significant variance at p < 0.05. The error bars exhibit
range of standard deviation from the calculated mean
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epidermis. (mean + SD mean). The different letters represent
significant variance at p < 0.05

Fig. 8: (a) Dy7 lower epidermis (b) Dy7 upper epidermis (c) Ym
lower epidermis (b) upper epidermis showing size and density of
stomata in the epidermis

Leaf gas exchange

Recovery of net photosynthetic rate (Pn): The young
plants of A. nuda plants also exhibited loss of Pn under a
transient 40% FC drought condition. The decline in Pn was
43 and 56% for Dy7 and Ym plants respectively.

After the transient drought the A. nuda that were
recovered under a 100% FC showed a Pn recovery of 92
and 85% and under 50% FC, watering scheme it was 79
and 64% for Dy7 and Ym plants respectively. The plants
with no watering did not recover their Pn instead further

decrease was recorded in the Pn values (Table 1).

Post drought recovery of stomatal conductance (gs):
Under a drought of 40% FC, the plants showed a loss of
~58% for both the cultivars.

The plants showed a varied recovery from the transient
drought. The recovery at 100% FC was 60 and 80% for Ym
and Dy7 plants respectively. At 50% FC, the plants showed
a recovery of ~53% for both the cultivars (Table 1). The
plants kept under no watering condition could not recover
from the drought condition and a further decline in the
stomatal conductance was noticed for them until full loss of
gs and death of plant.

Discussion

The present study investigated the intraspecific variations in
the plants of Avena nuda L. The study comprised of two
cultivars Ym and Dy7 with contrasting resistance to soil
water status (Wang et al. 2017). These plants exhibited a
variation of -1.5 MPa to -2.5 MPa in their midday leaf water
potential for Dy7 and Ym respectively, at 40% FC. The
cultivars not only showed a variation in their hydraulic
response towards a transient drought condition but also in
their ability to recover from drought condition in different
watering patterns. The effect of age of plant varied on the
different physiological activities of A. nuda cultivars.

The plants become accustomed to dry soil and their
capability to maintain their productivity under scarce water
conditions is recognized as an evolutionary process,
generally this is attributed to the woody plants but
herbaceous plants have also been reported to adjust to the
dryer environments (Lens et al. 2016). The A. nuda cultivars
showed a significant variation in their resistance to xylem
embolism under normal watering conditions where the
environmental conditions were constant throughout our
experiments. These variations in the resistance of a
herbaceous plant species are suggested to be dependent on
the age of plant rather than the environmental conditions
(Déria et al. 2018). The cultivar Dy7 showed greater
resistance to midday ¥ and K decline in response to plant
aging than Ym that revealed greater dependence of plant’s
hydraulic traits on the plant age, the cultivar Ym showed a
significant decline in W, and K_ with growing age of the
plants. In agreement with our findings for A. nuda, Lovisolo
et al. (2010) also reported the variation in the midday leaf
water potential due to differences between different verities
of grapevines Vitis vinifera L. In contrast, fluctuations in the
hydraulic behaviors of the same variety has been also
reported (Charrier et al. 2018) that may arise due to
interaction of plants with different environmental
conditions, therefore it is not universal for a given plant
variety (Feng et al. 2019). This variation might be driven by
many factors that may be structural or age of plant. Large
intraspecific variation in xylem resistance has also been
shown to result in heterogeneous mortality across the
canopy in a tree species exposed to drought, with
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Table 1: Loss of ¥\, K|, gs, E and Pn under drought and recovery after re-watering to 50 % FC and 100 % FC. The different means for all
the parameters represented differed significantly p < 0.05. W = Leaf water potential (MPa), K_ = PLC percent loss of leaf hydraulic
conductance (%), gs stomatal conductance mol m? s™, E = evapotranspiration (mmol m2s %), Pn = net photosynthesis rate (umol m? s

Genotype Yo Ko gs E Pn
Well- watered Control 100% FC

Ym -0.002 100 0.71 7.90 17.60
Dy7 -0.002 100 0.78 8.03 18.20
Transient drought condition 40% FC

Ym -25 20 0.30 3.56 9.93
Dy7 -15 59 0.32 4.40 12.30
Recovery after re-watering to 100% FC

Ym -1.0 88 047 5.46 15.00
Dy7 -04 96 0.60 7.16 16.90
Recovery after re-watering to 50% FC

Ym -1.8 35 0.36 4.10 11.30
Dy7 -0.7 85 0.42 5.60 14.63

Table 2: Midday ¥, sensitivity of Dy7 and Ym plants, during vegetative growth period

Time 5-6am 12-1 pm 5-6 am 12-1 pm
Genotype Dy7 Dy7 Ym Ym

1 0.021 0.31 0.0023 0.323
5 05 0.89 0.5 1.42
7 1.0 1.87 1.0 1.98
9 15 2.04 15 2.32
10 20 2.78 20 2.98
11 25 3.04 25 3

12 3.1 3.79 3 35
13 35 4.09 -

14 4.0 459 -

15 45 5.23 -

16 5.0 5.72 -

17 5.5 6 -

considerable impacts on plant photosynthesis even after
rehydration (Cardoso et al. 2020).

Plants need carbohydrates and ATP’s generated by
their breakdown for their survival, without loss of water
through stomata the plants cannot capture carbon for
assimilation. This is a sort of trade between the plant and
environment in which, plants give water and take carbon to
prepare food. When plants transpire more water the
hydraulic conductance increased in turn, the net
photosynthetic rate also increased (Sack and Scoffoni 2013).
In line with our results, Locke and Ort (2014) have reported
that the photosynthetic activity is dependent on the age of
plant showing a decrease in photosynthesis with the
growing age of plant. Our results for the A nuda L. plant
species showed a strongly negative correlation between the
age of plant and the assimilation rates (Fig. 4). The gs in
plants depends on the amount of soil water. The loss of K,
and gs in A. nuda were positively correlated with each other
for both the cultivars. The stomatal conductance in A. nuda
cultivars was affected by the amount of water in soil and age
of plant for both the cultivars whereas, inter-varietal
differences also existed between the selected cultivars as
Dy7 showed lesser decline in stomatal conductance in
comparison with the cultivar Ym. McAdam at al. (2016)
have also reported reduction in the gs of plants due to the
loss of leaf turgidity in response to dryer soil. The stomatal

density and size may be one of the reasons for better water
use efficiency by the A. nuda cultivar Dy7 (data not shown
here) because the number of stomata was lower in Dy7 than
Ym in both the upper and lower leaf epidermis. Fewer
numbers of stomata are considered an important
evolutionary attribute of plants. Wheat cultivars have been
reported to show similar adaptation to dryer environment
with lower number of stomata in the leaf epidermis (Dunn et
al. 2019). The cultivar Dy7 possessed larger stomata size for
water stressed and control plants in comparison with the Ym
plants. The pattern of stomata on the leaf epidermis is
determined genetically, Dy7 plants showed less number of
stomata in the present study (Fig. 8a, b). This attribute could
be very useful for plant breeding. Bread wheat has been
shown to genetically control the development of stomata in
their leaf surfaces and exploiting these genes can be useful
for better adaptation of cereal crops in the scenario of
climate change with dryer and hotter environment
prevailing in most parts of the world (Dunn et al. 2019). The
size and number of stomata in the present study showed a
strong negative correlation, Dy7 showed fewer numbers of
stomata at both the leaf surfaces in general but the upper
epidermis of Dy7 showed the least stomatal density.
Shahinnia et al. (2016) have reported the negative
correlation between the stomatal size and density in wheat
Triticum aestivum L., representing the lower number and
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larger size of stomata as an important evolutionary
adaptation against dryer environmental conditions.

Besides the aforementioned factors, the stomatal
regulation might also controlled by other factors like ABA
hormone signaling and its amount in the leaf and other
tissue (McAdam and Brodribb 2015). Creek at al. (2019)
have reported that a decline in evapotranspiration of woody
angiosperms can actually preserve plants from loss of
hydraulic conductance for both the stem and leaf. The A.
nuda showed some level of recovery of leaf water potential
from drought by partial re-watering to a field water capacity
of 50% and maximum recovery after re-watering to 100%
FC showing the fatal leaf water potential or deadly drought
level was much lower for this plant species. The dynamics
of leaf hydraulic conductance and fatal leaf water potential
might be different for different plant species. Interspecific
differences existed between the different plant species that
might possibly be affected by many factors such as, the
level and duration of drought, age of plant, post size, the
experimental layout (Poorter et al. 2012) and the
environmental conditions. The woody plants species
behaved differently for upper and lower parts of the plant
under a drought stress, the level of drought could be mortal
for the leaves occurring near the tip of the plants, but lower
leaves, stem and roots may still survive. This seemed an
adaptive characteristic of plant species to shed some of the
leaves for the survival of other parts of the plant, a strategy
to minimize the burden on the plant so the reserved food
could be utilized for the plant survival (Griffiths et al.
2014). These findings suggested that although the leaves
might not recover from a severe drought but this did not
mean death of the whole plant.

The leaf hydraulic conductance depicts the resistance
of movement of water from the different pathways inside
the plant until it move out of the plant through transpiration.
Two main resistances faced by this movement of water
through plant tissue consist of the pathway inside the xylem
and the resistance of plant tissue outside the xylem (Buckley
et al. 2017). The pathways inside xylem and the tissue
outside xylem exert different magnitude of resistance upon
the water movement from roots to the leaves (Trifilo et al.
2016). These two pathways determine the xylem embolism
and resistance of different plant species to it, because these
exert different scale of resistance for diverse plant species.
The xylem embolism in A. nuda in the present study had a
significant negative correlation with leaf water potential,
stomatal conductance, and photosynthesis transpiration rates
and resistance to embolism. Ogasa et al. (2013) have
reported a negative correlation between the recovery of
xylem embolism from a moderate drought stress and the
resistance to xylem embolism in seven tree species. In
agreement with the findings of Skelton et al. (2017) for
eight plant species at canopy level and underneath
vegetation in an evergreen forest, the A. nuda plants in the
present study showed recovery of leaf hydraulic and
physiological traits under a severe drought of 40% field

water capacity. Representing the ability of this species to
recover from relatively severe drought conditions, its
hydraulic system is preserved and a complete hydraulic
failure requires extreme drought for this plant species. The
hydraulic and physiological performance, of two cultivars
varied for different plant parameters in the present studies.

Conclusion

Avena nuda cultivars showed resistance against drought
with better performance of the cultivar Dy7 in comparison
with Ym. The cultivar Dy7 could maintain better hydraulic
and physiological activities than Ym under the effect of both
drought and age. The post drought recovery under different
watering patterns was also better in Dy7 than the Ym. The
cultivar Dy7 displayed a lower number while a bigger size
of stomata on both the leaf surfaces but more reduced
number of stomata in the upper surface of leaf, which may
be an important factor in controlling the plant hydraulic
efficiency, and better yield under drought conditions.
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