
Vol.: (0123456789)
1 3

Plant Soil 
https://doi.org/10.1007/s11104-023-06202-4

RESEARCH ARTICLE

Silicon improves root system and canopy physiology 
in wheat under drought stress

Waseem Ashfaq · Graham Brodie · 
Sigfredo Fuentes · Alexis Pang · Dorin Gupta 

Received: 5 February 2022 / Accepted: 30 July 2023 
© The Author(s) 2023

Abstract 
Aims Root system is an important regulator for une-
venly distributed below-ground resource acquisition. 
In a rainfed cropping environment, drought stress 
(DS) significantly restricts root growth and moisture 
uptake capacity. The fact that silicon (Si) alleviates 
DS in wheat is widely reported, but its effects on the 
wheat root system remain unclear.
Methods The present study investigated the effect 
of pre-sowing Si treatment on two contrasting 
wheat cultivars (RAC875, drought-tolerant; Kukri, 
drought-susceptible) at early growth stages. The 
cultivars were grown in a glasshouse in a complete 
randomized design with four replications and two 
watering treatments. Various root traits and physi-
ological data, including non-destructive infrared 
thermal imaging for water stress indices, were 
recorded.
Results Under DS and Si (DSSi), Kukri had a sig-
nificant increase in primary root length (PRL,44%) 
and lateral root length (LRL,28.1%) compared 

with RAC875 having a substantial increase in PRL 
(35.2%), but non-significant in LRL. The Si-induced 
improvement in the root system positively impacted 
canopy physiology and significantly enhanced pho-
tosynthesis, stomatal conductance and transpiration 
in Kukri and RAC875 under DSSi. Canopy tempera-
ture was reduced significantly in Kukri (4.24%) and 
RAC875 (6.15%) under DSSi, while canopy tempera-
ture depression was enhanced significantly in both the 
cultivars (Kukri,78.6%; RAC875, 58.6%) under DSSi.
Conclusion These results showed that Si has 
the potential to influence below-ground traits, 
which regulate the moisture uptake ability of roots 
for cooler canopy and improved photosynthesis 
under DS. It also suggests a future direction to 
investigate the underlying mechanisms involved 
in wheat’s Si-induced root growth and moisture 
uptake ability.
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Introduction

Risks of crop failures to varying degrees are pre-
dicted to increase due to changing climate (chap-
ter  5: IPCC 2019). Among all the climatic risks, 
drought (substantial and sustained reduction in soil 
moisture availability) is one of the main limiting 
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factors for crop growth and productivity and has 
been widely reported (Khadka et al. 2020). Drought 
stress significantly affects crop productivity by 
impairing various morpho-physiological processes 
and leading to significant yield losses on a global 
scale (Khadka et  al. 2020; Raza et  al. 2023). There 
are various approaches to enhance crop resilience to 
cope with drought stress, either through improved 
plant genetics, improved resource allocation and uti-
lization within the canopy or through supplementa-
tion of nutrients to enhance plant growth of above 
and below-ground parts, specifically when plants are 
under stress. Historically, due to the practical diffi-
culties in phenotyping the hidden half, the persistent 
genetic gains delivered by crop breeding programs 
have relied predominantly on manipulating above-
ground plant features. This overlooks the root system 
improvement and has been subjected to unintentional 
indirect selection with higher grain yield in the tar-
geted environment (Wasson et al. 2012; Bishopp and 
Lynch 2015).

The roots are fundamentally crucial for plants, 
making a root-soil interface for the nutrients and 
water uptake required for optimum growth (Ober 
et  al. 2021). The roots are the first organ to sense 
soil drying and the subsequent origin of the chemi-
cal and hydraulic signals to modulate the plant 
morphology, phenology and physiology. Root char-
acteristics are governed by plant genetics, intercrop-
ping patterns, planting density, edaphic conditions, 
seasonal weather and agronomic practices (Meister 
et  al. 2014). Soil drying increases soil impedance, 
changes the soil texture, reduces the soil water hold-
ing capacity and limits sufficient root growth. To 
optimize soil resource acquisition, useful root func-
tional traits must be identified, and their contribution 
to plant performance must be ascertained (York et al. 
2013). Studies have shown that targeted selection 
for specific root system components could improve 
crop yield in dryland cropping systems. Evidence for 
these claims is taken from the findings of a well-val-
idated crop simulation modelling study conducted in 
Australia that deeper and vertical patterns of wheat 
(Triticum aestivum L.) root systems could signifi-
cantly improve nitrogen and moisture uptake (Lilley 
and Kirkegaard 2011). Root development is highly 
responsive to available edaphic factors and environ-
mental needs where they grow. Even minor varia-
tions in the root’s micro-environment can alter the 

density, pattern and length of the lateral roots (Bao 
et al. 2014).

Wheat has a fibrous root system, and two types 
of roots are mainly prominent in root system archi-
tecture (RSA); (i) seminal or primary axile roots 
(PR), which develop from the embryonic hypocot-
yls of the germinal caryopsis; and (ii) adventitious 
or nodal axile roots, which subsequently emerge 
from the basal nodes of the apical culm and associ-
ated tillers. With the emergence of leaves and tillers, 
fine lateral roots (branches) develop from primary 
and nodal roots. The lateral roots are mainly respon-
sible for nutrient and water uptake and provide 
high plasticity to the overall rooting system (Tang 
et al. 2011). Early root growth and proliferation are 
indispensable in below-ground resource acquisi-
tion (i.e., phosphorus, nitrogen and water) for early 
plant development (Waines and Ehdaie 2007). Root 
traits, i.e., higher root length density (deeper roots), 
reduced horizontal distribution near the topsoil and 
increased branching at depth (Wasson et  al. 2012), 
root penetration to deeper layers and higher subsoil 
extraction (Lilley and Kirkegaard 2011), are consid-
ered essential for efficient soil-resource acquisition 
under drought stress. These RSA components are 
correlated with maintaining and facilitating plant 
productivity in the water-limited environment, along 
with improved above-ground plant traits contribut-
ing to drought tolerance.

Silicon (Si) application to alleviate abiotic stresses 
has become a promising prospect in recent decades. 
Although Si is the 2nd most abundant element in 
the geosphere after oxygen, it is not readily avail-
able to plants for uptake due to its polymerized form 
(Debona et al. 2017). The root epidermis absorbs Si 
in monosilicic acid form  (H4SiO4) at <9 pH (Tubaña 
and Heckman 2015) and subsequently translocate it 
to the stem and leaves by the transpirational stream 
through the xylem (Debona et  al. 2017). Although 
Si is considered a non-essential plant element, a 
large number of studies have shown that Si has ben-
eficial effects on plant development and productivity, 
especially under stressful conditions, i.e., drought 
(Debona et  al. 2017; Luyckx et  al. 2017). All soil-
grown plants may contain Si in their tissues rang-
ing from 0.1–10% of their total dry matter (TDM), 
mainly attributed to varying Si uptake ability by the 
roots of different plant species (Debona et al. 2017). 
Based on the amount of biogenic Si found in tissues, 
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plant species are grouped into Si accumulator (accu-
mulate Si up to 10% of their TDM, generally mon-
ocotyledonous families, i.e., Poaceae and Cyper-
aceae), intermediator (melon, cucumber, strawberry) 
and the excluder (tomato, beans, lentil, canola, 
potato; < 1% of their TDM) types (Liang et al. 2006; 
Souri et al. 2021).

The Si role in drought alleviation may be attributed 
to its facilitating role in the up-regulation of aqua-
porin proteins, increased root hydraulic conductivity 
(Liu et al. 2014; Wang et al. 2021), improved photo-
synthetic and antioxidant activities to minimize the 
damaging effect of reactive oxygen species in cells 
(Debona et al. 2017), maximize photosystem II (PSII) 
quantum efficiency (Luyckx et al. 2017) and improved 
osmotic adjustments through osmolytes and hydro-
lytic enzymes accumulation (Biju et  al. 2017; Wang 
et  al. 2021). Impairments in cell water balance, PSII 
efficiency and gaseous exchange apparatus are the 
primary mechanisms by which drought stress affects 
plant productivity. Silicon application has been proven 
to minimize the effects of these impairments (Debona 
et  al. 2017; Luyckx et  al. 2017). The improvements 
in Si-induced plant water use efficiency have been 
associated with increased silicification in the leaf epi-
dermis to prevent water escape through leaf stomata 
(Debona et  al. 2017). These growing evidence sug-
gests that Si may influence various morpho-physio-
logical traits associated with drought stress tolerance. 
However, further research is required to determine 
how Si potentiates drought alleviation mechanisms 
via roots and canopy traits for improved photosynthe-
sis and other canopy related attributes under drought 
stress.

Therefore, given the beneficial role of Si under 
drought stress and the research gaps discussed above, 
the current study aimed (i) to identify and character-
ize phenotypic variability in the canopy-related traits 
and root systems of two wheat cultivars in response to 
pre-sowing Si treatment under drought stress, and (ii) 
to determine the relationship between roots and can-
opy physiology related traits, including computational 
water stress indices (canopy temperature depres-
sion (CTD, °C); canopy temperature  (Tc, °C) crop 
water stress index (CWSI, adimensional); reference 
temperatures for stressed  (Tdry, °C) and non-stressed 
crop  (Twet, °C) and stomatal conductance index,  Ig), 
for optimum plant performance in a drought-stressed 
condition.

Material and methods

Plant material

Two contrasting bread wheat cultivars, RAC875 and 
Kukri, were used as experimental materials. RAC875, 
a wheat breeding line with excellent grain quality, 
had shown a relatively stable grain yield in the dry 
environment of South Australia (Izanloo et al. 2008). 
Kukri, a hard white wheat variety, endures signifi-
cantly lower grain yield in moderate to lower rainfall 
regions (Bennett et al. 2012; Fleury et al. 2010). Both 
cultivars have similar phenology (3–5  days heading 
time difference) under normal growing conditions 
and possess Rht2 semi-dwarfing genes (Izanloo et al. 
2008).

Experimental design and setup

Three factors factorial experiment (two wheat 
cultivars, two Si levels and two watering levels) 
was used to allocate the treatments in a com-
plete randomized design with four replicates (one 
pot = one  replication unit). Before sowing, Si 
was applied in two treatments  (Si0 = 0  mM or no 
Si and  Si1 = 4  mM, sodium metasilicate pentahy-
drate;  Na2SiO3.5H2O was used to make 4  mM Si 
solution with adjusted pH = 7) and thoroughly 
mix into a standard potting mix (4:4:1:1 com-
post pine bark med (0-6  mm): compost pine bark 
coarse (5-12  mm): processed sawdust: river sand, 
pH ~ 6.0) using spray bottle (Alzahrani et  al. 
2018). Plants were grown in round-shaped perfo-
rated nursery pots (25 × 25 cm in height and depth) 
filled with the same mass of oven-dried potting 
mix. Six seeds were sown and later thinned to four 
plants per pot. Polylining was applied to the bot-
tom of each pot to prevent the highly soluble Si 
from leaching.

To estimate the potting mix’s field capacity, 
two perforated pots filled with oven-dried potting 
mix were saturated with tap water and allowed to 
drain for six hours. Following this, 250  g of the 
potting mix was sampled from the centre of each 
pot to record the wet mass. Samples were then 
oven-dried at 70  °C for 72  hours to determine 
the dry mass of sampled potting mix. The gravi-
metric water content (%) of the potting mix was 
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measured using equation-1 (Pepper and Brusseau 
2019).

Growth conditions

Plants were grown in a controlled-temperature 
glasshouse at The University of Melbourne, 
Dookie campus (−36.384 S, 145.707 E) from Sep-
Oct 2019. A glasshouse day/night temperature 
cycle was maintained at 24 ± 1/18 ± 1  °C with an 
average relative humidity of 65–70% (Izanloo et al. 
2008). Photon flux intensity (measured at midday) 
was ~400 μmoles  m−2   s−1 at the top of the plant 
canopy. During the experiment, the glasshouse 
received 11–12  hours of natural day light. One 
week after sowing, water-soluble ICL Peters Excel 
CalMag grower fertilizer containing 15% nitrogen 
(11.5% as  NO3-N, 2.1% as Ur-N, 1.4% as  NH4-N), 
12.4% potassium (K), 2.2% phosphorus (P), 1.8% 
magnesium (Mg), 5.0% calcium (Ca), 0.12% iron 
(Fe), 0.02% boron (B), 0.06% manganese (Mn), 
0.015% copper (Cu), 0.015% zinc (Zn) and 0.010% 
molybdenum (Mo) was applied to ensure recom-
mended nutrient supply.

All pots were irrigated thrice a week with 
85–90% field capacity to prevent excessive water 
drainage. Plant phenology was monitored daily 
using the Zadoks scale for the Z29 stage (before 
the start of pseudo-stem elongation) (Zadoks scale 
29: Zadoks et al. 1974). At this stage,  Si0 and  Si1 
group replicates were treated with two watering 
regimes, drought stress (DS, drought stress only; 
DSSi, drought stress on Si treated pots) where soil 
water content  (SWC) was maintained at 38 ± 3% 
field capacity and control (CSi, silicon treatment 
control and C, absolute control) where SWC was 
maintained at 85–90% field capacity. Before the 
DS application, irrigation was gradually reduced 
for five to seven days for acclimation to attain 
38 ± 3% field capacity. The relative humidity of 
the glasshouse was monitored for the whole grow-
ing cycle. Pots weights were taken daily to calcu-
late the moisture loss by evapotranspiration and 
watered accordingly to maintain the field capac-
ity of DS pots. During the experiment, pots were 

(1)
Gravimetric water contents (%) =

Wet mass (gm)–Dry mass (gm)

Dry mass (gm)
× 100

reshuffled every 2nd week to avoid pseudo repli-
cations and border effects.

Infrared thermal imaging-based computational water 
stress indices

On the 14th day of DS and before the termination 
of the experiment, infrared thermal images (IRTI) 
of each replicate were taken by using a high-per-
formance thermal camera (T-series, Model 1050sc, 
FLIR Systems AB, Täby Sweden) (Fig.  1). Each 
IRTI Pixel holds a 16-bit thermal value in °C unit 
(FLIR T1050sc 2015). Infrared thermal images 
were taken from a constant 2  m distance and at a 
30° angle from the horizontal. Every IRTI was 
taken in controlled glasshouse conditions at a tem-
perature of 24 ± 1  °C to avoid canopy temperature 
acclimatization with the surrounding environment 
and to minimize the pixels temperature variations. 
All IRTI were converted to ‘.dat’ format data files 
to extract temperature data using MATLAB code 
scripted in MATLAB R2017b (Math works Inc. 
Natick, Massachusetts, USA) and Images Analysis 
Toolbox (Fuentes et  al. 2012; Mathworks 2017). 
While processing to calculate  Tc and CWSI, the 
image background temperature effects were sub-
tracted by setting the maximum and minimum ther-
mal pixels within the canopy in the thermal histo-
gram (Fuentes et al. 2012; Maes and Steppe 2012).

Twet and  Tdry are empirical reference temperatures 
estimated through statistical frequency analysis of 
IRTI (Fuentes et al. 2012).

Using empirical reference temperature values and 
 Tc,  Ig was estimated by using eq. (3) as proposed by 
Fuentes et al. (2012) and Maes and Steppe (2012).

where ‘rav’ is the resistance to vapor transfer in the bound-
ary layer, ‘γ’ represents psychrometric constant, ‘s’ is the 
curve slope relating temperature with saturated vapor pres-
sure, ‘rs’ is the stomatal resistance and “rHR” is the parallel 
leaf resistance to the heat transfer and radiative heat loss.

CTD was also calculated from computational 
analysis of IRTI by subtracting the  Tc from the mean 

(2)CWSI =
(Tc−Twet)
(Tdry−Twet)

(3)Ig =
Tdry−Tc

Tc−Twet

=
γ rav+ s rHR

γ r
s
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environmental temperature  (Ta). It is positive when 
 Tc is cooler than  Ta, associated with different levels of 
transpiration (Balota et al. 2007).

Gaseous exchange measurements

On the last day of DS treatment, gaseous exchange 
measurements were recorded non-destructively using 
the flag leaf from each replicate. Photosynthesis (Pn), 
transpirational rate (E) and stomatal conductance 
 (gs) of flag leaves were recorded using a portable 
LICOR-6400 (LICOR, Lincoln, NE, USA). All 
the measurements were made between 09:30 and 
11:30 a.m. under natural daylight conditions.

Plant sampling and harvest

Plants were harvested 14  days after being exposed 
to DS and 49  days after sowing. Fresh shoot 
weight  (FWS) was measured on a scale (±0.01  g) 
in a glasshouse condition at the time of experiment 

(4)CTD = T
a
− T

c

termination. Samples were then oven-dried at 70 °C 
for 72 hours and shoot dry weight  (DWS) was meas-
ured on a scale (±0.001  g) under standard labora-
tory conditions.

Root crown scanning and image analysis

One uniformly grown plant was chosen from each pot 
for root traits measurement, and the stem was detached 
from the roots at the crown. The pots were briefly 
immersed in water, and the root crown was delicately 
washed with a water hose and nozzle to free them from 
debris and potting mix. Excess moisture on the root 
crowns was blotted with laboratory tissues and stored 
in 70% (v/v) alcohol at 4 °C until they were imaged to 
assess root morphological traits.

The root crown was carefully cut along the main 
axis for scanning, divided into 2–3 portions and 
spread evenly in a specialized root positioning tray 
(20 × 30  cm; made of translucent acrylic material) 
(Cai et  al. 2015). A small paintbrush was used to 
gently separate primary and lateral roots and avoid 
overlapping or touching the tray edges. For roots to 
float and minimize overlap, the root positioning tray 

Fig. 1  Example of the 
image analysis graphic user 
interface showing the input 
thermal image (top left) and 
segmented binary image 
(top right) with the temper-
ature intensity distribution 
(bottom) for the calculation 
of the representative canopy 
traits (canopy temperature, 
 Tc; stomatal conductance 
index,  Ig, canopy tempera-
ture depression, CTD; crop 
water stress index, CWSI 
and reference temperatures 
for stressed  (Tdry) and non-
stressed  (Twet) plants)



 Plant Soil

1 3
Vol:. (1234567890)

was filled with 1–2 cm of water. The roots were then 
dual scanned with a flatbed scanner (Epson Perfection 
V800 Photo, Dual Lens System) for grayscale images. 
The transparent root positioning tray allows the roots 
to be scanned from above and below simultaneously 
to remove any noise or shadow effect on the root 
image. During the scanning process, water (scanning 
fluid) was changed regularly after every 2nd scan for 
clear images and to remove any noise from the previ-
ously scanned roots. The TIFF format grayscale root 
images were analyzed with RhizoVision Explorer at 
400 dpi (Seethepalli and York 2020). The complete 
root system of each replication was scanned to avoid 
any associated errors. For root phenotyping and char-
acterizing of cultivars under abiotic stress environ-
ments, root fragments with a diameter > 0.34  mm 
were selected for parameters related to primary roots. 
A segment with a diameter ≤ 0.34 mm was chosen for 
parameters related to lateral roots (Cai et  al. 2015) 
(Fig. 2). Detailed descriptions of all the extracted root 

crown traits used in this study are given in Table  1 
of both Mattupalli et al. (2019) and Seethepalli et al. 
(2021) studies.

Statistical analysis

All statistical analysis and data graphics were cre-
ated using R statistical software (R Core Team 2021) 
through the R integrated development environment 
RStudio (RStudio Team 2021). To determine how 
root’s functional traits, IRTI water stress indices 
and gaseous exchange parameters of two contrast-
ing wheat cultivars were performed in response to 
Si treatment under DS, a two-way ANOVA was per-
formed (p < 0.05) to test the effects of Si treatment, 
DS and their interactions within the cultivars. Means 
and standard errors (SE) for all the studied traits were 
calculated using the ‘dplyr’ package of the R software 
(Wickham et al. 2021).

Fig. 2  Example of a representative segmented wheat root 
crown image, taken by RhizoVision Explorer; A showing 
primary roots (blue in colour, diameter with >0.34  mm) and 
lateral roots (red in colour, diameter with ≤0.34 mm) network 

and used to extract studied root features; B showing red outline 
within the root crown as root perimeter, multicolored boxes are 
representing holes in the root crown, and outer blue line cover-
ing the whole root system representing convex hull
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To study the possible relationships or trade-offs 
among root morphological traits, water stress indices 
and gaseous exchange traits, scatter plot matrices for 
linear regression and correlation analysis for pairwise 
relationships were constructed by using the ‘ggpairs’ 
function of the ‘GGally’ package (Schloerke et  al. 
2021). To determine the multivariate ordination of 
studied traits for Si levels under DS, principal com-
ponent analysis (PCA) was performed separately for 
each cultivar by using the ‘prcomp’ function of the 
default ‘stats’ package after centring and scaling the 
data. The ‘ggplot2’ package was used for plotting and 
data visualization.

Results

Effect of Si on root morphology under drought stress

The means and SE of root traits extracted from grey-
scale images using RhizoVision Explorer root ana-
lyzer software are shown in Fig.  3. Results showed 
that Si treatment significantly (p < 0.05) improved 
most of the extracted root crown traits (except aver-
age diameter) from both cultivars under C and DS. 
Overall, root crowns, which were sampled from Si-
treated pots, had significantly higher (p < 0.001) total 
root length (TRL) (Kukri-CSi, 32%; Kukri-DSSi, 
58%; RAC875-CSi, 48%; RAC875-DSSi, 28%) than 
respective untreated pots (Fig. 3A).

Results showed that under CSi and DSSi, Si treat-
ment significantly increased (p < 0.001) primary root 
length (PRL, roots with >0.34  mm in diameter) in 
both the cultivars when compared with respective 
untreated controls (C and DS, respectively). However, 
compared to Kukri, no significant effect of Si treat-
ment was observed on the lateral root length (LRL, 
roots with ≤0.34 mm in diameter) of RAC875 under 
DSSi. The magnitude of the Si effect on PRL and 
LRL of RAC875 and Kukri was different. Under 
DSSi, Kukri, a susceptible cultivar, had a higher per-
cent increase in PRL (44%) and LRL (28.1%) com-
pared with RAC875 having a significant increase in 
PRL (35.2%) but a non-significant increase in LRL 
(Fig. 3B and C).

Interestingly, no significant effect (p = 0.46) of 
pre-sowing Si treatment was observed on the average 
diameter (AD) of root crowns in both RAC875 and 

Kukri under CSi and DSSi (Fig. 3D). Root tips (RT), 
an important indicator of root proliferation, were also 
calculated from root image analysis. Results showed 
that RT was significantly higher (p < 0.01) in both the 
cultivars under DSSi (RAC875, 13.1%; Kukri, 26.1%) 
when compared with respective DS pots (Fig. 3E).

Effect of Si on computational water stress indices 
under drought stress

Mean values ± SE of all the IRTI traits are presented 
in Fig.  4, showing a significant (p < 0.05) treat-
ment effect on most of the traits. For  Tc, compared 
to RAC875, a statistically significant difference was 
observed in Kukri under CSi when compared with 
absolute C. Under DS, an increase in  Tc was observed 
for both cultivars. However, under DSSi, a significant 
reduction in  Tc was recorded in Kukri (4.24%) and 
RAC875 (6.15%) in comparison with DS replicates of 
respective cultivars (Fig. 4A). Both cultivars had neg-
ative mean CTD values (eq.  4, RAC875, −1.96  °C; 
Kukri, −1.86 °C) under DS due to increased  Tc and 
reduced transpiration (Fig.  4B). However, Si treat-
ment significantly enhanced the CTD in both cul-
tivars (RAC875, 78.6%; Kukri, 58.6%) under DSSi. 
Results showed that CWSI increased in RAC875 and 
Kukri under DS. Interestingly, no significant differ-
ences were observed in CWSI (eq. 2) in both the cul-
tivars with Si and both watering treatments (C, CSi, 
DS, DSSi) (Fig.  4C). However, a decreasing trend 
was observed in RAC875 and Kukri, showing that Si 
reduced CWSI under DS conditions. The results also 
suggest that the CWSI threshold for both cultivars is 
still below the observed CWSI under controlled and 
drought-stressed conditions.

The automated IRTI statistical frequency analysis 
was also able to discriminate between reference leaves 
temperature data points for  Tdry and  Twet. Variation in 
 Twet and  Tdry can lead to variation in  Tc. Although  Twet 
responses were significant under CSi for both culti-
vars, data did not show any significant differences in 
 Tdry of both the cultivars under CSi treatment when 
compared with their respective Cs. Reference leaves 
temperature  (Tdry and  Twet), calculated from Si-treated 
replicates of both cultivars, had significantly lower 
values under DSSi when compared with respective DS 
(Fig. 4D and E).  Tdry and  Twet were also used to cal-
culate the  Ig (eq. 3) through the leaf energy balance, 
an important physiological attribute that is directly 
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proportional to  gs. In RAC875, a non-significant 
effect of Si was observed in  Ig under CSi, compared 
with Kukri in the same treatment. Representative data 
showed that Si treatment significantly increased  Ig in 

both the cultivars under DSSi treatment compared 
with respective DS controls. The percent increase in 
 Ig was almost the same in both Kukri (27.3%) and 
RAC875 (26.7%) under DSSi (Fig. 4F).

Fig. 3  Effect of silicon on various extracted root traits of two 
contrasting wheat cultivars (RAC875 and Kukri) under control 
and drought stress. Values are given as means ± SE of four 

replicates. Statistical comparisons were performed within each 
cultivar. Different letters on error bars within each treatment 
denote the significant effect of silicon (p < 0.05)
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Effect of Si on gaseous exchange traits under drought 
stress

Except for  Pn in Kukri, gaseous exchange traits  (Pn, 
 gs, E) were non-significant under control with Si 
treatment (Fig.  5). Under DS, a significant decrease 
was observed in the  Pn of both cultivars (Kukri, 60%; 
RAC875, 53.2%) compared to the respective controls 
of each cultivar. However, Si treatment substantially 
reduced this decline (Kukri, 40.2%; RAC875, 30.6%) 

and led to a significant increase (p < 0.05) (Fig. 5A). 
Silicon treatment did not significantly change  gs 
under CSi in both cultivars. Under DSSi, however, 
Si-treated Kukri and RAC875 plants exhibited sub-
stantially higher  gs (Kukri, 26.8%; RAC875, 26.6%) 
than the respective DS replicates (p < 0.05) (Fig. 5B). 
Similarly, Si treatment did not significantly change 
leaf transpiration of both the cultivars under CSi, 
whereas, under DSSi, Si-treated plants of Kukri and 
RAC875 had significantly higher transpirational rates 

Fig. 4  Effect of silicon on water stress indices of two contrast-
ing wheat cultivars (RAC875 and Kukri) under control and 
drought stress. Values are given as means ± SE of four rep-
licates. Statistical comparisons were performed within each 
cultivar. Different letters on error bars within each treatment 

denote the significant effect of silicon (p < 0.05). A. canopy 
temperature  (Tc); B. canopy temperature depression (CTD); C. 
crop water stress index (CWSI); D. reference temperature for 
the stressed plant  (Tdry); E. reference temperature for the non-
stressed plant  (Twet); F. stomatal conductance index  (Ig)
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(Kukri, 16.9%; RAC875, 28.7%) than in the DS repli-
cates (Fig. 5C). These results showed that exogenous 
Si treatment could enhance gaseous exchange traits of 
drought-tolerant and drought-susceptible wheat culti-
vars under controlled drought stress conditions.

Relationship among root traits, water stress indices 
and gaseous exchange parameters

From the studied traits, a Pearson correlation matrix 
was established for each cultivar using a set of nine 
statistically significant traits from root image analysis, 
IRTI water stress indices and gaseous exchange traits 
to identify correlation among these independent traits 
(Fig. 6). Scatter plot matrices for RAC875 and Kukri 
showed that Si-induced TRL had a strong positive 
correlation with LRL (RAC875, p < 8.4e−04; Kukri, 
p < 3.1e−03) and PRL (RAC875, p < 3.3e−04, Kukri, 
p < 1.8e−04) as compared to control (Fig.  6A and B, 
upper panel). Results showed that TRL has a linear 
increase with PRL and LRL under DSSi (Fig.  6A 
and B, lower panel). Similarly, results from Si-treated 
replicates under DS showed that PRL and LRL have 
a strong positive association with each other in both 
the cultivars (RAC875, p < 0.02; Kukri, p < 0.04) as 
compared with untreated controls (RAC875, p = 2.1; 
Kukri, p = 4.7).

Data showed that  Tc is strongly influenced by root 
traits in both cultivars and showed a negative corre-
lation.  Tc also showed a strong negative association 
with CTD under control and Si-treated DS replicates 
in both the cultivars (Fig.  6A and B, lower panel). 
However, no significant relationship of root traits 
(except PRL in RAC875) was found with calculated 
 Ig both under Si treated (CSi & DSSi) and control 
(C & DS) replicates (Fig.  6A and B, upper panel). 
Si-induced root traits significantly enhanced CTD 
in RAC875 (TRL, p < 0.003; LRL, p < 0.002; PRL, 
p < 0.02) and Kukri (TRL, p < 0.03; PRL, p < 0.03). 
Among gaseous exchange traits, the panel showed 
that  Pn is linearly enhanced with the increase in Si-
induced root traits in Kukri compared with RAC875 
under DSSi (Fig. 6A and B, upper and lower panel).

Multivariate analysis

Principal component analysis (PCA) was performed 
on root crown traits, computational water stress 
indices,  Pn and E  (gs not presented due to lower 

explained variance on the factor map) of each culti-
var under drought and Si treatment effect (Fig.  7). 
The PCAs obtained from the standardized cultivar-
by-traits data matrix of RAC875 and Kukri explained 
a total cumulative variance of 80.9% (PC1 = 63.3% 
and PC2 = 17.6%) and 78.6% (PC1 = 56.7% and 
PC2 = 21.9%), respectively for the first two principal 
components. Replicated data was used to construct 
PCA to better represent variance from the data set. 
As per the rotated PCA matrix of RAC875 (Fig. 7A) 
and Kukri (Fig. 7B), PC1 was greatly influenced by 
TRL, PRL, LRL, and RT with a higher positive factor 
loading on the factor map, suggesting that these four 
independent variables vary together with Si effect. In 
contrast, PC2 was greatly influenced by the  Pn and  Ig 
with higher positive factor loading on the factor map. 
The biplot ordination of RAC875 and Kukri exhibited 
distinct separation, showing Si′s positive contribu-
tion to overall root crown traits, computational water 
stress indices, and  Pn under drought stress treatment.

The loading of vectors on the PCA plots 
(Fig. 7A, B) also illustrates the relationship among 
different variables. The corresponding vectors of 
variables with an angle of <90° show a positive 
relationship, and corresponding vectors of variables 
with an angle of >90° show a negative association 
with each other. Among the loaded traits on PCA 
factor maps, a group of highly correlated variables, 
i.e., TRL and PRL, contributed the most to the  Pn in 
both cultivars with the Si effect. Due to the obtuse 
angle on the factor map, it is also shown that Si-
induced TRL, PRL, and LRL positively contributed 
to maintaining the  Tc and CWSI at a lower level in 
both cultivars under drought stress.

Discussion

Several pieces of research have shown that Si has a 
positive impact on alleviating drought stress through 
different physiological mechanisms, including vari-
ous osmotic adjustments, enhanced antioxidant 
responses, modification in gas exchange attributes, 
and regulation of compatible solutes (Alzahrani et al. 
2018; Debona et al. 2017; Ashfaq et al. 2022). Previ-
ously reported literature showed that applying 4 mM 
silicic acid salt mitigated abiotic stress effects effec-
tively (Alzahrani et al. 2018; Ashfaq et al. 2022). The 
current study presented a novel analysis of Si-induced 
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Fig. 6  Scatter plot matrix showing a relationship among 
extracted root traits, infrared thermal imaging water stress 
indices and gaseous exchange parameters of (A) RAC875 and 
(B) Kukri under silicon (Si) and drought stress treatments. The 
lower panel of the plot showed linear pairwise regression, and 
the upper panel of the plot showed a correlation among plot-
ted root traits, IRTI water stress indices and gaseous exchange 
traits. The correlation matrix only shows significant correlation 

values at p ≤ 0.05, leaving non-significant boxes empty. Aster-
isks highlight the level of significance according to p values 
(“***” if p value <0.001, “**” if p value <0.01, “*” if p value 
<0.05). Abbreviations are total root length (TRL), lateral root 
length (LRL), primary root length (PRL), canopy tempera-
ture  (Tc), stomatal conductance index  (Ig), canopy temperature 
depression (CTD), photosynthesis  (Pn), stomatal conductance 
 (gs) and transpiration (E)
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improvement in root system components of two con-
trasting bread wheat cultivars that would potentially 
correlate to cooler canopy traits and higher photosyn-
thetic efficiency in drought-stressed conditions.

Characterizing root traits and their implications for 
final grain yield

The current study showed that Si treatment facilitated 
overall root growth irrespective of water availabil-
ity and drought tolerance status of the studied wheat 
cultivars (Fig.  3A, B and C). Comparing both culti-
vars revealed that the percent increase in root traits 
was higher in Kukri (susceptible cultivar) than in 
RAC875 (tolerant cultivar). The observed improve-
ments in the root traits of contrasting wheat cultivars 
may be due to the positive effects of Si leading to bet-
ter water relations, photosynthetic efficiency (Debona 
et al. 2017), and ultimately, above and below-ground 

plant growth (Steinemann et al. 2015). Cultivars with 
extended and deep root systems can better utilize sub-
soil moisture at the onset of drought to meet evapo-
transpiration demand (Lynch and Wojciechowski 
2015; Wasson et  al. 2012) and helpful in conserv-
ing more moisture and nutrients for the reproductive 
phase (Palta et  al. 2011). The early root growth and 
rooting depth correlate positively to post-anthesis 
water use, facilitating faster crop establishment, leaf 
area development and shoot biomass increment at 
later growth stages (Lynch and Wojciechowski 2015). 
The exact mechanisms for Si-induced root growth 
in both cultivars are not known. However, Yin et al. 
(2014) previously reported that Si regulates 1-amino-
cyclopropane-1-carboxylic acid (the precursor of eth-
ylene) and polyamine levels under drought to enhance 
root growth and root/shoot ratio, thus contributing to 
increased water uptake. Such Si-induced modulations 
in root development also lead to silica aggregation in 

Fig. 7  The PCA biplot for 
extracted root crown traits, 
computational water stress 
indices, leaf transpiration 
and photosynthesis of (A) 
RAC875 and (B) Kukri 
under drought and silicon 
treatment effects. Abbrevia-
tions are total root length 
(TRL), primary root length 
(PRL), lateral root length 
(LRL), average diam-
eter (AD), root tips (RT), 
canopy temperature  (Tc), 
stomatal conductance index 
 (Ig), canopy temperature 
depression (CTD), crop 
water stress index (CWSI), 
reference temperature for 
the stressed  (Tdry) and 
non-stressed plants  (Twet), 
photosynthesis  (Pn), transpi-
rational rate (E)
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the root endodermal cell walls. Endodermal silicifica-
tion contributes positively by decreasing root growth 
inhibition followed by desiccation (Soukup et  al. 
2017).

Soil compaction due to dry period becomes a sig-
nificant limiting factor for roots to proliferate and 
ultimately reduces crop productivity. Higher root tip 
number due to improved root branching indicates bet-
ter root proliferation, which could be beneficial for the 
plants growing under water limited environments Pre-
viously, Colombi et al. (2017) explained how root tips 
and root diameter can positively influence root pen-
etration under different soil strengths. In the current 
study, Si treatment positively increased the root tips 
of both wheat cultivars under well-water and drought 
conditions. However, studies showed that root tip 
geometry must also be considered when referring to 
root tips for drought studies (Colombi et al. 2017). A 
smaller root tip radius is desirable, enabling a higher 
root elongation in compact soil. Further experimenta-
tions are required to see the possible effect of Si treat-
ment on root tips through detailed studies on root tip 
diameter under drought stress. The current study also 
found that the pre-sowing Si treatment has a non-sig-
nificant effect on the calculated average root diameter 
in both cultivars, irrespective of soil moisture avail-
ability. This might be because the increase in root 
diameters is controlled by the genotypic architecture 
and independent of Si treatment affect (Liu et  al. 
2014). Previously it was reported that an increase in 
root diameter was not a desirable trait, and roots with 
higher TRL with smaller root diameter at depth are 
more adapted to drought-stress environments (Schop-
pach et al. 2013).

Gaseous exchange traits

Drought stress causes severe disruptions to the plant 
photosynthetic system and, therefore, the photosyn-
thetic flux. The plant’s ability to maintain higher pho-
tosynthesis is interlinked with vigorous root system, 
especially in a water-limited environment (Cattivelli 
et al. 2008), as shown in Figs. 7A and B. A deep and 
vigorous rooting system contributes to drought avoid-
ance by enabling access to subsoil moisture and facil-
itating higher transpiration for cooler canopies and 
better photosynthesis under drought stress (Kulkarni 
et al. 2017). Wheat root system growth is stimulated 
through the daily allocation of photosynthetic carbon 

during the early growth stages. In the current study, 
gaseous exchange traits were significantly decreased 
with drought stress. Still, Si significantly reduced this 
decrease in drought-tolerant and susceptible wheat 
cultivars (Fig. 5A, B and C). The Si-induced increase 
in net photosynthesis might be due to up-regulation 
of key genes expressions related to photosynthesis 
with Si addition (Detmann et  al. 2012). The other 
possible reason for the increase in net photosynthesis 
would be increased leaf erectness after Si treatment, 
which in turn reduce leaf-shading for better light 
transmittance (Tamai and Ma 2008). The Detmann 
et al. (2012) concluded that Si application stimulates 
source capacity coupled with higher sink demand 
which in turn improves nitrogen remobilization for 
higher grain yield in rice.

Previously, it was reported that stomatal conduct-
ance and maximal photosynthesis positively cor-
related with higher grain yield, especially under 
drought (Cattivelli et  al. 2008). Various research 
studies have attempted to investigate the mechanistic 
bases of photosynthesis and the stomatal conductance 
relationship, but the underlying mechanisms are still 
unclear (Detmann et al. 2012). Stomatal conductance 
regulation mostly depends on leaf and mesophyll cell 
wall thickness. In the current study, Si has shown an 
influence on regulating stomatal conductance under 
drought. Silicon interacts with several endogenous 
phytohormones, including abscisic acid (ABA), to 
improve stress tolerance. ABA plays a major role in 
cellular signaling and it was reported that Si appli-
cation regulates the ABA biosynthesis through tran-
scription of PYL1, PYL4, and PYR8 genes and 
enhances the stomatal conductance and other gaseous 
exchange traits (Arif et al. 2021).

Crop water stress indices

Most remote sensing techniques have been used 
to indirectly study plant water status by estimat-
ing crop water stress indices  (Tc, CTD, CWSI). The 
current study revealed the genotypic differences in 
drought stress tolerance as detected by IRTI. Canopy 
temperature is an important physiological attribute 
related to plant water status and other metabolic pro-
cesses like gaseous exchange traits (Biju et al. 2018; 
Maes and Steppe 2012). Normally,  Tc is determined 
by the evaporative cooling via leaf transpiration, 
which is a control-feedback function among stomatal 
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conductance and root hydraulic conductivity (Ober 
et al. 2021). However, during drought stress or when 
atmospheric demand for transpiration increases,  Tc is 
primarily a function of root system capacity to sup-
ply enough water to meet transpiration demand. Cur-
rent study results revealed that under control, both 
RAC875 and Kukri continue to transpire through 
open stomata to maintain  Tc (Biju et al. 2018). Under 
severe drought, stomatal closure to control leaf tran-
spiration is a common plant response, ultimately 
increasing  Tc (Fig.  4A). However, under DSSi, a 
higher percent decrease in  Tc in a susceptible cultivar 
might be due to increased stomatal conductance for 
enhanced transpiration compared to a tolerant cultivar 
(Fig. 5B, C), as previously reported by Detmann et al. 
(2012) and Hossain et al. (2002).

Canopy temperature depression is a measure of 
transpirational efficiency and has been used for the 
phenotyping of crops under environmental stresses, 
especially drought (Biju et  al. 2018; Kumar et  al. 
2017; Maes and Steppe 2012). The current study 
showed that CTD decreased with the increase in 
DS and was negative in both cultivars. However, 
under DSSi, CTD in RAC875 and Kukri is signifi-
cantly enhanced. This means that after Si treatment, 
both cultivars adapted more to DS by conserving 
extra moisture in their tissues due to the Si-induced 
extended root system (Fig.  3) and improved root 
hydraulic conductivity. The CWSI is the most com-
monly used thermal drought stress index and is 
closely correlated with the soil moisture level, leaf 
water potential and evapotranspiration (Maes and 
Steppe 2012). In the current study, drought severity 
tends to be a notable increase in CWSI in both culti-
vars (Fig. 4C). Previously, Biju et al. (2018) reported 
that CWSI increases in lentil cultivars with the sever-
ity of drought stress. Results showed that Si-treated 
replicates had improved their water status under 
drought, and it is within the expectation as exhibited 
with lower CWSI values. Although grain yield was 
not part of this study. However, a decrease in CWSI 
with Si treatment might be linked with improved bio-
mass and grain yield.

The stomatal conductance index, estimated 
through IRTI, uses the same leaf scale input data as 
CWSI, and it is correlated with stomatal conduct-
ance, provided  Ta, wind speed, and constant fac-
tor (G) relating to  gs, and  Ig remain constant (Maes 
and Steppe 2012). They also reported that  gs rapidly 

respond to the changing leaf water status by regulat-
ing various gas exchange fluxes for maximum pho-
tosynthesis and controlling  Tc. As wind varied little 
in the current study, a positive linear relationship 
was observed between stomatal conductance and  Ig 
(Fig. 6A and B). As shown in Fig. 5B, both cultivars 
have a significant increase in stomatal conductance, 
as demonstrated by a substantial increase in  Ig under 
DSSi. Still,  Ig was higher in the susceptible cultivar 
(Fig. 4F). These results are consistent with previous 
findings stating  Ig and  gs showed a linear relation-
ship in various horticultural crops, including grape-
vines (Fuentes et al. 2012) and olive trees (Egea et al. 
2017).

Multivariate data analysis

The PCA results from RAC875 (Fig.  7A), and Kukri 
(Fig. 7B) are in agreement with the criteria set by Sneath 
and Sokal (1973) that PC1 and PC2 must explain at least 
70% of the total explained variation to avoid overfitting. 
The length of plotted traits eigenvectors explained the 
quality of representation on the factor map. The loading 
of plots for both cultivars shows the extent of the rela-
tionship between the original variables and respective 
PCs. The PC1 of RAC875 and PC2 of Kukri strongly 
correlated with root length, gaseous exchange traits and 
CTD, suggesting that these independent variables were 
intercorrelated, showing positive association. In both 
cultivars, the TRL was highly dependent on PRL and 
LRL, which improved CTD and  Pn under drought stress. 
As reported in this study,  Tc is primarily a function of 
the root system’s capacity to supply enough water to 
meet transpiration demand to enhance  Pn. Overall, the 
results suggest that Si treatment regulated the water 
stress indices and photosynthetic activity, translating into 
improved canopy physiology and higher crop growth, 
including root characteristics under drought stress.

Conclusion

This study suggests that Si enhances root functional 
traits for moisture and nutrient uptake with improved 
photosynthesis, stomatal conductance, transpira-
tion and computational crop water stress indices in 
a drought-stress environment. Thus, along with the 
drought-tolerant cultivar, the beneficial role of Si 
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in stimulating root growth and mitigating drought 
stress at early growth stages was also confirmed in 
the drought-susceptible cultivar. Overall, the cur-
rent study demonstrates that pre-sowing Si treatment 
improves wheat adaptability by upregulating plant 
physiological traits and provides a basis for fur-
ther studies about the role of Si in regulating root-
sourced chemical signalling and other physiological 
attributes under terminal and intermittent drought 
stress, both in controlled and field conditions.
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