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In plants, roots sense the availability of potassium and
water. This study examined the influence of potassium
availability on root architecture and above-ground
growth under water-deficit condition. We found that
the growth of rice seedlings was further reduced by
low potassium under water stress. We noted consider-
able reduction in the root projected area, maximum
width and width-to-depth ratio. Furthermore, high
potassium supply helped in sustaining the root top and
bottom angles and prevented root steepness under
mild water stress. However, high potassium availabi-
lity did not result in better seedling growth. Root
steepness was more influenced by water than potassi-
um levels under severe water stress.
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DEPENDING on the growing conditions, major factors that
decide rice yields under drought are thickness, density,
depth and distribution of the roots'. Furthermore, changes
that occur in the early stage in the root angle, which con-
tribute in the development of deep root systems, play a
key role in drought tolerance of rice?. A cross-talk may
occur between signalling underlying sensing of water and
nutrients by the roots, and in response to the availability
of water and nutrients, root signals can regulate the
growth of shoots®. Potassium (K) fertilizers are common-
ly applied to alleviate the adverse effects of water stress
on many crops, including rice*®. High K availability can
cause an increase in the root diameter and dry matter®.
Hormonal mechanisms are responsible for the
effects exerted by K on the roots’. K also plays key roles
in maintaining cell-water status®, stomatal opening—
closing® and neutralizing reactive oxygen species®. In
addition, during moisture stress, K might affect the spa-
tial distribution of roots, termed as root architecture.
However, because most previous studies have focused on
root growth'! or have been conducted in the absence of
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water stress®, the effect of K on the spatial distribution of
roots under moisture stress remains unclear. Moreover,
although the effect of water deficit on the roots of rice
was studied earlier?, the collaborative influence of the
availability of water and nutrients remains unclear.
Therefore, the present study aims to examine the interac-
tive effects of K and water availability on root architec-
ture and rice seedling growth.

Materials and methods

Rice (Oryza sativa L.) variety NAUR-1, adapted to
upland and lowland cultivation was used. Between 2017
and 2018, we conducted randomized, factorial-design
experiments with three replicates in a naturally ventilated
polyhouse at Navsari Agricultural University (20.9248°N,
72.9079°E). We pre-soaked rice seeds in deionized water
for 24 h, with five seeds being sown in each semi-
transparent polythene bag (32 x 20.5cm) containing
1.2 kg of a homogeneous mixture of sand and perlite
(ratio of 2: 1, 800 + 400 g). Post emergence of shoots, we
retained only two seedlings in each bag.

We examined three levels of water stresses: no water
stress (NWS; field capacity (FC) of 100%), mild water
stress (MWS; FC of 60%), and severe water stress (SWS;
FC of 40%). We used the gravimetric method to estimate
FC. We used four water-saturated bags which had their
tops covered to prevent evaporative loss, and kept them
overnight to drain excess water. The following formula
was used to calculate the amount of water retained at
100% FC: ((weight of saturated media — weight of oven-
dried media)/weight of oven-dried media) x 100. The
medium was oven-dried at 105 + 1°C overnight to obtain
a constant weight. Day-to-day evapotranspiration loss
was recorded by weighing the four water-saturated bags
daily and determining the difference in their weights at
100% FC. All the bags were initially replenished daily up
to 100% FC using the unmodified Yoshida solution'®
until the emergence of seedlings. Subsequently, we used
the modified Yoshida solution to apply water stress
(Figures 1a and b and 2).
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We modified the Yoshida solution to develop three
treatments of K: K- (Yoshida solution containing 50%
low K, 20 ppm K, 35.7 g/l K»SQO4), KO (Yoshida solution
containing optimal K, 40 ppm K, 71.4 g/l K;S0O.), and K+
(Yoshida solution containing 50% high K, 60 ppm K,
107.1 g/l K»S0.). Besides maintaining all other nutrient
concentrations unchanged, sulphur concentration was
adjusted by the amount of H,SO, (specific gravity: 1.84,
purity: 98%) according to K»SO. used in the treatments
(50 ml/l H2SO4 in KO, 61.14 ml/l in K—, and 38.85 ml/|
in K+). pH of the solution was adjusted to 5.5 before
application.

We examined 405 root samples that represented the
root system of five seedlings in each treatment at three-
time intervals (7, 14 and 21 days after emergence
(DAE)). Before scanning, the roots were placed under
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Day-by-day weight loss of bag (g) and amount of modified Yoshida solution applied (ml/bag) in different water stress treatments.

water in a scanner acrylic tray (23.1 x 15.5 x 7 cm?®) for
45 min and then stained with a natural red dye (0.25 g/l)
to optimize the contrast and decrease the diffraction of
scanner light from the roots. Root images were taken
using a scanner (HP Scanjet G2410) at a resolution of
600 dpi. A 40 mm diameter circular scale marker placed
under the scanner tray and all the images were captured
with the scale marker (Figure 1c). To calculate root dry
weight, we used the root samples of 21 DAE. We kept
these samples in a hot-air oven at 65° + 1°C overnight till
a constant weight was achieved.

We computed the root architecture features through
digital imaging of root traits (DIRT; figure 3)™. All
scanned images were adjusted at a masking threshold of 3
before computation (Figure 1d and e). We converted
DIRT results in pixels to metric units, except for the
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a, Rice root projected root area; b, root depth; c, average root density at 21 DAE (days after emergence). NWS (no water stress), MWS

(mild water stress) and SWS (severe water stress), K— (low potassium), KO (optimum potassium), K+ (high potassium; mean + SEm).

average root density (which is the ratio of foreground to
background pixels within the root shape) using the
following formula

Scale marker diameter

Calibration factor = — — .
Circle ratio (pixels)

The circle ratio (pixels) was computed by the DIRT plat-
form.

Root depth (mm) = Length (pixels) x calibration factor.

Maximum width (mm) = Maximum width (pixels)

x calibration factor.

Projected root area (mm?) = Area (pixels)

x calibration factor2.

At 21 DAE, we measured the length (cm) and dry weight
(9) of shoots of the same seedlings from each treatment
that were sampled for root imaging. Analysis of variance
was used to estimate treatment effects and we considered
differences between mean values to be statistically
significant if p > 0.05 (Table 1)*°.
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Results
Vertical features of root architecture

We found that the projected root area (PRA), reduced
with an increase in water stress, and a low K level caused
a larger decrease in PRA (Figure 4a). A reduction of
51% and 66% was observed in PRA under MWS and
SWS respectively, with a low K supply (K -) when com-
pared with NWS seedlings grown with optimal K (KO0). In
addition, a 25% decrease in PRA was noted due to low K
supply under the water stress treatments (K — MWS and
K — SWS) compared with that under optimal K level. We
found no significant effect of high K level (K+) under
MWS and SWS treatments on root area compared to
MWS and SWS treatments with optimum K supply.

Although seedling root depth (RD), increased under
water stress, it decreased by up to 28.7% and 31.1% un-
der MWS and SWS respectively, at low K level when
compared with MWS and SWS at optimal K level (Figure
4 b). However, in contrast to low K level, a high K level
increased RD by 9.3% and 10% in MWS and SWS over
optimum K level respectively. Moreover, the influence of
high K on RD under the absence of water stress was not
strong.
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We observed that the average root density decreased
with increase in water stress (Figure 4 ¢). Compared with
an optimal K level under MWS, a low K level under
MWS reduced root density by 33%. However, the root
density values from seedlings grown at a high K level
under MWS were statistically equal to those obtained
with an optimal K level under NWS. We did not find any
significant difference in root density between SWS with a
low or high K levels and SWS with optimum K level.

Horizontal features of root architecture

We observed that the maximum width (MW) of the roots
reduced with an increase in water deficit (Figure 5a). The
root width substantially decreased under low K level.
Compared with MWS and SWS with optimal K supply, a
reduction of 41% and 43% in root width was noted under
MWS and SWS respectively, with low K availability.

Table 1. Summary of analysis of variance for water stress (WS),
potassium (K) and their interactions (WS x K) on root architecture and
seedling growth

P values

Parameters” WS K WS x K
Projected root area (mm?) at

7 DAE * * ns

14 DAE * * ns

21 DAE * * *
Root depth (mm) at

7 DAE * * ns

14 DAE * * *

21 DAE * * *
Maximum width (mm) at

7 DAE * * ns

14 DAE * * ns

21 DAE * * *
Average root density at

7 DAE * * ns

14 DAE * * *

21 DAE * * *
Maximum width-to-depth ratio at

7 DAE

14 DAE

21 DAE * * ns
Root top angle (°) at

7 DAE * * ns

14 DAE * * ns

21 DAE * * *
Root bottom angle (°) at

7 DAE * * ns

14 DAE * * ns

21 DAE * * *
Root dry weight (g) * * *
Shoot length (cm) * * *
Shoot dry weight (g) * * *
Total dry weight (g) * * *

*Root parameters of 7 and 14 DAE (days after emergence) are
presented in the Supplementary Figures 1 and 2 and total dry weight (g)
in Supplementary Figure 3. *Significant at p > 0.05, ns: not significant.
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However, we found that seedlings supplied with high K
under MWS and SWS showed 20% and 48% more wide
roots respectively, against seedlings of MWS and SWS
with optimal K supply.

Water stress caused a reduction in the MW/RD ratio
(Figure 5b). We observed that the MW/RD ratio in-
creased by 6.5% at high K level, but decreased by 12.3%
with low K supply compared with that under optimal K
level for seedling under no water stress. Although K
availability did not affect the MW/RD ratio at 21 DAE
under different water stress treatments, there was a
significant interaction at 7 and 14 DAE (Supplementary
Figure 2 a and b).

We observed the narrowest root top angle (RTA) under
NWS and the widest SWS (Figure 5c¢). Compared with
NWS, RTA increased by 6° and 17.2° under MWS and
SWS respectively, with optimum K level. However, simi-
lar effects of different K levels on RTA were found under
MSW. Rice seedlings that were exposed to SWS with a
high K level exhibited narrower RTA (49.9°) compared
with those exposed to SWS with a low K supply (61.9°).
However, RTA determined under SWS with high K level
was similar to that under MWS with optimal K level
(46.0°).

Water stress also increased the root bottom angle
(RBA, Figure 5d). Compared with NWS (55.0°), RBA
values were 63.7° and 74.1° under MWS and SWS
respectively, with optimal K supply. Furthermore, rice
seedlings demonstrated RBA values of 71.7° and 79.4°
when treated with MWS and SWS respectively, with low
K level. The values increased by 8° and 5.3° under MWS
and SWS with optimal K supply respectively. These find-
ings indicate that roots are more narrowly spread at the
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Figure 5. a, Rice root maximum width; b, maximum width-to-root

depth ratio; c, root top angle; d, root bottom angle at 21 DAE
(mean + SEm).
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bottom under water stress with low K availability. How-
ever, no difference in RBA was observed between seed-
lings grown with high K supply under MWS and those
supplied with optimum K under MWS. Under SWS, high
K supply reduced RBA by 10° over optimal K level.

Root dry weight

We observed that root dry weight (RDW), decreased with
increase in water stress (Figure 6b). Compared with
RDW of seedlings grown under MWS and SWS with opti-
mal K supply, a reduction of 31% and 49% was noted in
RDW of rice seedlings grown under MWS and SWS at a
low K level respectively. Also, compared with rice seed-
lings grown under SWS with optimum K level, an
increase of 15.6% was observed in the RDW of rice seed-
lings grown under SWS at high K level. However, we did
not find such an increase in seedlings treated with MWS.

Seedling growth

The shoot length of rice seedlings subjected to MWS and
SWS with optimum K supply was 16% and 30%, lower
than that of seedlings under NWS respectively (Figure
6a). Furthermore, no significant difference in shoot
length was observed between seedlings supplied with low
and high K solution under NWS. However, we found that
the shoot length of seedlings exposed to MWS and SWS
at low K level was 21% and 24% lower respectively, than
that of seedlings grown under MWS and SWS with
optimum K. Furthermore, the supply of high K to rice
seedlings exposed to MWS and SWS showed increased
shoot length by 12.8% and 24.8% respectively, against to
those grown under MWS and SWS with optimum K
supply. The shoot dry weight of seedlings reduced with
an increase in water stress (Figure 6b). This reduction
was higher by 40% in rice seedlings exposed to MWS at
low K level than those exposed to MWS at optimum K
level. The shoot dry weight values were similar between
seedlings subjected to MWS at high K level and those
subjected to MWS at optimum K level. However, no
significant difference in shoot dry weight values was
observed between seedlings supplied with low and high K
under SWS. The total dry weight values were similar
between seedlings under MWS and SWS with high K
level and those under MWS and SWS at optimum K level
(Supplementary Figure 3). However, seedlings from MWS
and SWS at low K level exhibited a significant decrease
in total dry weight.

Discussion

Although the genetics of the rice variety regulates its root
architecture, a broad variation of phenotypic plasticity is
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observed due to the availability of nutrients'é and water'?,
and this is crucial for the drought tolerance of rice®2. In
the present study, we found water and K availability both
interact in regulating the root system of rice seedlings
(Figures 7 and 8). We observed a decrease in PRA and
average root density with an increase in water stress. This
detrimental effect was more at a low K level; however,
such reduction in PRA and average root density was not
seen in seedlings exposed to MWS and SWS at optimum
and high K levels. Similarly, a study reported that K
increased the root surface area, volume and root tip num-
ber in tomato under atmospheric drought!®, The strong
effects of water deficit on these traits indicate that both K
and water are limiting factors that may independently
regulate these root traits. The translocation of sugar
depends on K availability*® which triggers cell division?,
whereas cell elongation depends on cell turgor? and
water content. The results of this study indicate that an
optimum K level is crucial for the development of the
root system because rice seedlings exposed to NWS with
a low K level exhibited decreased root area compared
with seedlings exposed to NWS with an optimum K level.
This finding may be attributed to the loss of turgidity
resulting from low water absorption® and the sub-optimal
levels of auxin in the root tip under low K availability??.
The horizontal and vertical elongation of the roots is
responsible for the exploration of soil area and uptake of
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Figure 6. a, Rice seedling shoot length; b, shoot and root dry weight;
¢, seedlings growth at 21 DAE (mean + SEm).
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soil resources. In the present study, we calculated the root
depth, maximum width and ratio of maximum width to
root depth to determine whether the roots expand prefer-
entially in the horizontal or vertical direction. We found
that the root depth increased and maximum width
decreased with increase in water stress, resulting in a low
MW)/RD ratio. This finding indicates that with increasing
water deficit, the roots expand vertically rather than hori-
zontally to reach the water source deep down in the soil,
thus resulting in steeper root growth. However, with K
sufficiency under water stress, the roots expanded hori-
zontally, resulting in an increased root width and
MW/RD ratio. We also observed that roots exhibiting
steep growth had wide root top and bottom angles under
MWS and SWS, suggesting that the roots had lesser sur-
face contact area with the surrounding medium. On farm-
lands, these characteristics can restrict the acquisition of

CURRENT SCIENCE, VOL. 120, NO. 6, 25 MARCH 2021

water and nutrients efficiently from the soil. In this study,
high K supply helped maintain the top and bottom angles
in seedlings exposed to MWS. However, high K availa-
bility did not exert this positive effect in seedlings
exposed to SWS. These results suggest that in addition to
increasing the translocation of mineral nutrients in the
xylem under water stress?3, K fertilization maintains RTA
and RBA, thus increasing the root-soil contact area and
may play a key role to nutrient acquisition by reaching
more soil areas. The synthesis, transport and signalling of
auxin are the main factors involved in the development
of rice roots?*. An auxin-inducible DRO gene controls
root depth. This gene regulates the root top angle, thus
deciding the direction of root elongation?. However, the
mechanisms through which K availability results in
variations in root top and bottom angles remain unclear.
However, K was found to affect auxin signalling and
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translocation in rice; the K transporter altered membrane-
bound auxin efflux proteins?>2?¢ and may change the root
angle.

Water stress caused a reduction in seedling growth, and
reduction in root dry weight, shoot dry weight, and seed-
ling height was more with low K availability. However,
high K level could ameliorate these effects and increase
shoot length, shoot dry weight and root dry weight. The
beneficial effects of a high K level were more pro-
nounced in seedlings exposed to MWS. The application
of high K under SWS did not increase total dry weight
compared with optimum K level under SWS. These re-
sults are in agreement with that of a previous study?’.

Conclusion

This study shows that the interaction of K and water
stress influences the three-dimensional distribution of
roots. This can be beneficial for exploring underground
resources in order to promote the growth of rice seedlings
above the ground under MWS depending upon K availa-
bility. The results emphasize the need to maintain K
availability in soils under water stress. These findings
provide insights into the role of K in drought tolerance
through modification of root architecture. Additional
studies should examine the degree to which root architec-
ture is shaped by water and K availability in a broad
genetic background.
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