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tolerant) and IR64 (drought susceptible), were meas-
ured weekly in well-watered and vegetative-stage 
drought stress treatments in solid medium with strati-
fied moisture availability. Basal and apical segments 
were collected from older, deeper nodal roots and api-
cal segments from younger, shallow roots for assess-
ment of anatomy and lateral rooting phenotypes. The 
relationship between root anatomy and root respi-
ration rates was tested in solution culture and solid 
medium.
Results Compared to IR64, Azucena had deeper 
root systems and larger diameter roots in both treat-
ments but reduced its living tissue area in response 
to drought, while IR64 roots exhibited less plasticity 
in root diameter. Root respiration rates were posi-
tively correlated with root diameter and living tissue 
area, providing evidence that root anatomy affects 
the metabolic cost of tissues. In response to drought, 
Azucena showed reduced theoretical axial hydrau-
lic conductance in shallow roots and at the base of 
deep roots but slightly greater conductance at the tip 
of deep roots, while IR64 displayed low plasticity in 
metaxylem phenotypes.
Conclusion We propose that the plasticity of root 
phenotypes in Azucena contributes to its drought tol-
erance by reducing the metabolic cost of soil explora-
tion and improving the efficiency of water transport.

Keywords Oryza sativa · Root anatomy · Drought · 
Root respiration · Metaxylem

Abstract 
Aims Growth reductions and yield losses from 
drought could be mitigated by developing rice geno-
types with more efficient root systems. We examined 
spatiotemporal responses to drought in order to deter-
mine whether roots developing in upper vs. deeper 
soil layers respond differently to drought stress.
Methods Root anatomical and architectural phe-
notypes of two rice genotypes, Azucena (drought 
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Abbreviations 
AA  Aerenchyma area
TCA   Cortical area
HP  High phosphorus treatment
LTA  Living tissue area
LP  Low phosphorus treatment
MXA  Median metaxylem vessel area
MXV  Number of metaxylem vessels
percAA  Percent aerenchyma area
RXSA  Root cross-sectional area
TSA  Stele area

Introduction

Rice (Oryza sativa) is the  2nd greatest cereal crop 
in global production (FAO 2018) and is the largest 
food source for populations in developing economies 
(McLean et  al. 2013). Rice is extremely susceptible 
to yield loss from abiotic stresses such as drought and 
nutrient deficiency. Global rice production is domi-
nated by irrigated and rainfed lowland paddy systems, 
which require greater water consumption than other 
cereals (McLean et  al. 2013). Rice suffers greater 
yield loss than other cereals at similar levels of water 
stress (Daryanto et al. 2017). Rising global tempera-
tures are expected to exacerbate drought-related yield 
losses in the future (Lobell and Gourdji 2012). Root 
phenotypes that improve water acquisition under 
drought can sustainably increase rice production and 
promote food security for low-input farmers and their 
communities.

Root phenotypes are key components of tolerance 
to edaphic stresses, including drought. Since growth 
and maintenance of living root tissue utilizes inter-
nal carbon and nutrients, efficient soil exploration 
requires optimized partitioning of these resources 
within the root system (Lynch 2013). The metabolic 
cost of root systems varies with root number and 
length and anatomical phenotypes, such as root diam-
eter, the extent of aerenchyma formation, and the size 
of the cortex, stele, and vascular tissue. Phenes that 
reduce root system cost, including fewer nodal roots, 
reduced living tissue area via smaller root diameter, 
greater aerenchyma formation or root cortical senes-
cence, greater cortical cell size, and reduced cortical 
cell file number, can promote greater root elonga-
tion, deeper soil exploration, and greater resource 
capture (Lynch 2013, 2019). Crops with anatomical 

traits that reduce metabolic cost per unit root length 
perform better under drought and low nutrient stress, 
as demonstrated in maize (Chimungu et al. 2014a, b; 
Saengwilai et al. 2014; Lynch 2015; Castañeda et al. 
2018) and common bean (Strock et  al. 2018, 2019; 
Strock and Lynch 2020). Though the benefit was not 
directly attributed to metabolic cost savings, rice lines 
that developed greater aerenchyma produced more 
lateral roots, greater biomass and yield under drought 
(Niones et al. 2012, 2013). The aforementioned root 
phenotypes have been shown to vary significantly 
among diverse rice genotypes (Terashima et al. 1987; 
Kondo et al. 2000; Uga et al. 2008, 2009; Vejchasarn 
et  al. 2016), which suggests that root respiration 
requirements can also vary within rice. Although 
studies have shown a clear relationship between root 
anatomical phenotypes and root respiration rates in 
maize (Saengwilai et al. 2014; Castañeda et al. 2018; 
Strock et  al. 2018), barley (Schneider et  al. 2017b), 
and common bean (Phaseolus vulgaris) (Strock et al. 
2018), this relationship has not been demonstrated in 
rice, which has much greater extent of aerenchyma 
formation than other crops.

A second factor influencing the efficiency of soil 
resource foraging is the placement of roots in soil 
domains where growth-limiting resources are most 
abundant. Rice genotypes that can take up water in 
deep soil are often more vigorous under drought 
(Gowda et  al. 2011, 2012; Uga et  al. 2013; Arai-
Sanoh et al. 2014), since moisture is often still avail-
able in deep soil (Wasson et al. 2012; Lynch 2013). 
Deep rooting could be achieved by steeper root 
growth angle, fewer nodal roots with smaller diam-
eter, fewer longer lateral roots, or lower metabolic 
cost per unit length of root tissue leading to deeper 
rooting (Lynch 2013). In maize and common bean, 
these ideotypes have been demonstrated as benefi-
cial under nutrient and drought stress (Lynch 2019). 
In rice, deeper rooting via steeper root growth angle 
improves drought tolerance, and a gene, DRO1, 
which influences root growth angle, has been cloned 
and utilized in breeding programs (Uga et al. 2013; 
Kitomi et al. 2015). Greater lateral root proliferation 
from deep nodal roots may aid in water uptake from 
deep soils as well, and the benefits of greater lateral 
root length and density at depth have been docu-
mented in previous drought studies in rice (Kano 
et al. 2011; Gowda et al. 2012; Suralta et al. 2015; 
Hazman and Brown 2018).
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Genotypes that not only access more water but use 
water more efficiently may have greater growth under 
drought stress. Variation in metaxylem size and num-
ber may affect water use efficiency and drought toler-
ance. Roots with smaller metaxylem vessels have less 
axial hydraulic conductance (Tyree and Ewers 1991), 
thereby allowing the plant to conserve soil water 
resources and maintain hydration of the root tip and 
surrounding rhizosphere (Lynch et al. 2014). Smaller 
metaxylem vessels are also more resistant to cavita-
tion and collapse (Sperry and Saliendra 1994; Guet 
et  al. 2015). Studies in wheat showed that smaller 
metaxylem vessels in seedling seminal roots improved 
yield under drought (Richards and Passioura 1989). 
Maize genotypes that reduced nodal root metaxylem 
area and axial hydraulic conductance had better per-
formance under drought than genotypes that did not 
display this type of plasticity (Klein et  al. 2020). In 
a greenhouse study, drought-tolerant rice cultivars 
had greater numbers of xylem vessels, and a greater 
increase in xylem vessel number with drought stress, 
than the drought susceptible cultivar (Abd Allah et al. 
2010). In another pot study, an increase in xylem ves-
sel number along with increased xylem vessel diam-
eter was observed in response to drought in the Indica 
variety ‘Mudgo’, while NERICA4 (derived from O. 
sativa L. X O. glaberrima Steud.) reduced xylem ves-
sel number but increased xylem vessel diameter with 
drought (de Bauw et  al. 2019). In a diversity panel 
of Indica rice genotypes, there was genetic variation 
for several anatomical traits including late metax-
ylem vessel number and diameter in both control and 
water-deficit conditions, though the mean difference 
between water-deficit and control treatments was only 
-7% for late metaxylem vessel diameter and -2% for 
late metaxylem vessel number (Kadam et al. 2017).

Phenotypic variation along the root axis may also 
be important. For example, larger, fewer metaxylem 
vessels near the root tip and more, smaller metaxylem 
vessels near the root base occurs in some drought 
tolerant wheat varieties (Wasson et al. 2012; Kadam 
et al. 2015). Other studies have observed metaxylem 
constriction at the base of nodal and lateral roots in 
rice (Vejchasarn et  al. 2016; Hazman and Brown 
2018). Less axial hydraulic conductance in basal 
regions of roots may be a beneficial strategy in rice to 
moderate water movement to shoot to ensure that root 
tissues, particularly the growing tips and surrounding 
rhizosphere, maintain sufficient water for growth.

Cultivars in Indica and Japonica, the two main 
varietal groups within rice, have distinctly differ-
ent root morphologies. Indica types tend to have 
small diameter, highly branched roots and smaller 
metaxylem vessels, while Japonica types tend to 
have larger diameter roots with less branching and 
larger metaxylem vessels (Yoshida and Hasegawa 
1982; Gowda et al. 2011). Many high-yielding low-
land varieties, such as IR64 (Indica type), perform 
best in high-input environments where water and 
nutrients are available in shallow soils. Upland vari-
eties, such as Azucena (Japonica type), are often 
more resistant to abiotic stresses, though their yield 
potential is typically less. The relative drought tol-
erance of Azucena has often been attributed to its 
large diameter, deep roots, which improve penetra-
tion of hard soils and permit access to deep soil 
moisture (Gowda et al. 2011). It has been noted that 
Azucena responds to drought with increased root 
length density at depth (Henry et  al. 2011), which 
likely results from both longer roots and more deep 
branching. Some studies in rice support the idea 
that root plasticity is beneficial for drought stress 
tolerance (Kano et  al. 2011; Henry et  al. 2012; 
Kadam et  al. 2015; Suralta et  al. 2016). However, 
the benefits of root plasticity may be limited to low-
input agricultural systems (Schneider and Lynch 
2020) and must be evaluated in managed, higher-
input systems.

One difficulty with identifying adaptive pheno-
types for use in crop breeding is that both drought 
and root development are dynamic processes. In 
a typical terminal drought environment, moisture 
becomes increasingly stratified as upper soil layers 
dry while deeper layers may retain considerable mois-
ture. Roots should be able to acquire water and nutri-
ents during drought if they continue to explore deep 
soil. Although terminal drought is just one of a large 
number of potential drought scenarios, it is common 
enough that researchers and plant breeders have tar-
geted deeper rooting as an important trait for drought 
tolerance in rice and other crops (Gowda et al. 2012; 
Lynch 2013; Arai-Sanoh et  al. 2014). However, 
a deep rooting phenotype does not always ensure 
drought tolerance in rice, as exemplified by some 
varieties of upland rice that are identified as “deep 
rooting” that are also quite stress prone e.g. Morob-
erekan (Henry 2013). Careful characterization of root 
system phenes and spatiotemporal dynamics above 
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and below ground will more accurately explain and 
predict drought tolerance in crop plants (Vadez 2014).

In this study, we explored root phenotypic responses 
to progressive drought in deep and shallow roots of 
two genotypes with contrasting drought tolerance. We 
compared responses of older, deeper roots with those 
of younger shallower roots, with weekly sampling to 
capture the dynamics of these responses. We hypoth-
esized that apical segments of deep nodal roots would 
have greater axial hydraulic conductivity and greater 
lateral root branching density than shallow roots or 
basal segments of deep roots that developed earlier in 
the drought. We expected that these responses would 
accelerate over time as the upper soil strata became 
increasingly dry. We also tested the impact of root anat-
omy on root respiration rates in solid growth media and 
solution culture. We expected root diameter to decrease 
and aerenchyma area to increase during drought and 
that the respiration rate per unit root length would be 
positively associated with root diameter and negatively 
associated with aerenchyma area.

Materials and methods

Time course of drought responses

Two genotypes, Azucena (tropical japonica, upland, 
drought tolerant) and IR64 (indica, lowland, drought 
susceptible) (Supplementary Table 1) were grown in 
three biological replicates for each of five harvests 
of plants from drought and well-watered treatments. 
Plants were arranged in a randomized complete block 
design in the greenhouse.

Plastic mesocosms (15  cm diameter × 1.2  m tall) 
in greenhouses at Penn State University (Univer-
sity Park, PA, USA, 40° 48 7.4  N, 77° 51 46.5  W) 
were lined with a polyethylene liner and filled with 
a growth medium of 40% (by volume) medium-
grade silica sand (0.3–0.5 mm, U.S. Silica, Berkeley 
Springs, WV, USA), 40% vermiculite (Griffin Green-
house Supplies, Morgantown, PA, USA), 5% perlite 
(Griffin Greenhouse Supplies, Morgantown, PA, 
USA), 15% sifted field soil (Hagerstown silt loam; 
64% silt, 21% clay, 15% sand; fine, mixed, semi-
active, medic Typic Hapludult), and slow-release fer-
tilizer pellets at 3.2 g/L (Osmocote Plus, 15% N, 9% 
P, 12% K, 1% Mg, 6% S, 0.02% B, 0.05% Cu, 0.4% 
Fe, 0.06% Mn, 0.02% Mo, 0.05% Zn, 3–4  month 

release). Seeds were manually de-hulled, sterilized 
with 10% (v/v) NaOCl in water, and rinsed with 
deionized water. Wire single-mesh baskets (14.3  cm 
diameter, 13  cm tall, Winco, NJ, USA) were placed 
into the top 10 cm of the mesocosm and filled with 
the same growth medium for measurement of nodal 
root angle. Seeds were planted directly into meso-
cosms inside the baskets. Temperature was main-
tained at 25–28  °C, and supplemental LED lights 
(200 μmol  m−2  s−1 PAR) provided a 14-h day length 
when ambient light was less than 600 μmol   m−2   s−1 
PAR. Plants were watered daily with ~ 300 mL deion-
ized water from the top of the mesocosm using a drip 
ring irrigation system and weekly with 100 mL 1 mM 
 CaCl2. Mesocosms could drain through mesh at the 
bottom, providing aerobic conditions in both treat-
ments. Two weeks after germination, drought treat-
ment was imposed by withholding water except for 
weekly  CaCl2 treatment to the top of the pot of both 
treatments. Volumetric water content was measured 
biweekly using time-domain reflectometry (TDR100, 
Campbell Scientific, Logan, UT, USA) with probes 
inserted 30.5 cm from the top and bottom of the mes-
ocosm to measure surface soil drying as well as mois-
ture content of deep wetter soil. Gravimetric moisture 
content was measured in 50 mL of medium collected 
at 30 cm from the top and bottom of mesocosms dur-
ing each harvest using fresh and dry weight of the 
medium.

Three plant replicates were harvested from each 
genotype and treatment weekly from two to six 
weeks after germination. Stomatal conductance was 
measured on abaxial leaf tissue at 12 pm using a leaf 
porometer (SC-1, Meter Group Inc, Pullman, WA, 
USA) one day before harvest. Tiller number was 
counted manually. To measure sap exudation rate, 
shoots were cut 3 cm above the soil surface at 9 am 
and collected to be dried in a drying oven. The 3 cm 
stem segments were all immediately covered with a 
50  mL pre-weighed polypropylene centrifuge tube 
filled with cotton. At 1  pm, tubes were removed, 
capped, and weighed. Sap exudation rate was calcu-
lated as sap weight exuded per hour (g/h). The root 
systems and media mix contained within the plastic 
liner were laid horizontal and pulled from the pots, 
and the liner was cut open to expose the roots and 
media. Media samples were taken at this time for 
gravimetric moisture content. The maximum depth 
of the root system was recorded, and the remaining 
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media was gently washed from the root system. Clean 
root systems were preserved in bags with 70% (v/v) 
ethanol in water for later analysis.

Nodal roots were classified into thick and thin 
classes based on root diameters, but only thick nodal 
root data is presented here. Mean cross-sectional 
areas of thick and thin nodal roots, respectively, were 
0.423–0.565  mm2 and 0.154–0.181  mm2 in Azucena 
and 0.247–0.288  mm2 and 0.118–0.134  mm2 in IR64. 
Deep roots were those emerging between 50–90° 
from horizontal in the basket, while shallow roots 
emerged above 50° and had a length less than 50% of 
the maximum length of the root system.

From each plant, 2 cm segments of subapical root 
tissue were harvested for anatomy measurement at 10 
and 20 cm from the root tip in three thick (Azucena 
mean: 0.827  mm2, IR64 mean: 0.455  mm2) shallow 
roots (Supplementary Fig.  1). In three thick deep 
nodal roots (length greater that 50% of the maximum 
root length of the root system), 2  cm samples were 
taken at 10 and 20 cm from the tip (subapical tissue) 
and 10 and 20 cm from the root base (basal tissue). 
Total nodal root number was counted, and the number 
of deep roots was measured by counting the number 
of roots emerging between 50–90° from horizontal in 
the basket. For lateral root measurements, one shal-
low and one deep (divided in half into basal and api-
cal segments) intact, representative nodal root per 
plant were scanned on a flatbed scanner (Epson V700 
Photo) and analyzed for S-type and L-type lateral root 
length (SLRL, LLRL) and density (SLRD, LLRD) 
using WinRHIZO Pro 2019 (Regent Instruments Inc, 
Quebec, Canada). Small lateral roots were classified 
as 0.10–0.25 mm diameter, and large lateral roots as 
roots 0.25–1.1  mm diameter for both genotypes as 
measured in WinRhizo.

Anatomy samples were placed in plastic histocaps 
and dried using a critical point drier (Leica EM CPD 
300, Leica Microsystems Inc, Buffalo Grove, IL, 
USA) to maintain root structure. Root cross-sectional 
images were taken using laser ablation tomography 
(Hall et  al. 2019). For laser ablation, samples were 
moved into a 355-nm Avia 7000 pulsed laser beam 
that vaporizes the samples in the plane of focus of 
a Canon T3i camera with a 53 micro lens (MP-E65 
mm). Cross-sectional images of roots were measured 
with Mipar® software to quantify total root cross-
sectional area (RXSA), stele area (TSA), median 
late metaxylem vessel area (MXA), number of late 

metaxylem vessels (MXV), and aerenchyma area 
(AA). Cortical area (TCA) was calculated as: RXSA 
– TSA. Percent aerenchyma area (percAA) was calcu-
lated as a proportion of cortical area: AA/(TCA)*100. 
Living tissue area (LTA) was calculated as: RXSA 
– AA – MXA. Theoretical root axial hydraulic con-
ductance (hydraulic conductance, kg m  MPa−1   s−1) 
was calculated using the modified Hagen-Poiseuille 
Law:

where d is the mean diameter of each metaxylem 
vessel (m), ρ is the xylem sap fluid density assumed 
to be water (1000 kg  m−3), and η is the viscosity of 
the xylem sap assumed to be water (1 ×  10–9 MPa s) 
(Tyree and Ewers 1991). Shallow, subapical, and 
basal anatomy measurements represented the 
mean value from samples at 10 and 20  cm from 
either the root tip or base. All data preparation and 
statistics including ANOVA and pair-wise t-tests 
were performed in R v 3.5.3 (R Core Team 2016). 
The ANOVA was carried out on a linear model 
(Treatment*Genotype) to see whether the terms 
of the model were significant using the anova() 
and lm() functions from the base R package. For 
correlations, a linear regression model was fit to the 
data, the r (and  R2) statistics calculated, and then this 
correlation was tested for significance using both 
r and n, all with the ggpmisc R package (Aphalo 
2021). The corrplot package (Wei and Simko 2017) 
was used to generate correlation matrix plots, and 
the ggplot2 package (Wickham 2016) was used to 
generate all other plots.

Measurement of root respiration in solution culture

Genotypes Azucena and IR64 were grown in 
4 biological replicates for this solution culture 
experiment. Seeds were dehulled, sterilized in 
10% (v/v) NaOCl in water, rinsed with deionized 
water, and soaked in deionized water for 2–4  h. 
Seeds were germinated on rolled germination paper 
(10 seeds per roll, 40.6 X 20.3  cm, Anchor Paper 
Company, St. Paul, MN, USA) that was soaked 
with 0.5 M  CaSO4 at 28  °C for 3 days in the dark, 
and seedlings were then moved to a light chamber 
for 4  days. Plants were placed in a hydroponic 
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tank with 100L of half-strength Yoshida nutrient 
solution (Yoshida et  al. 1976), changed every 
three days and pH adjusted daily, in a greenhouse 
maintained at 20–23 °C air temperature and 22–26° 
solution temperature with supplemental LED light 
(200 μmol  m−2  s−1 PAR) for a 14-h day. Plants were 
arranged by genotype in two blocks within one tub.

At 4  weeks after transplanting, shoots were 
collected and dried, and 2  cm root samples were 
taken from each nodal root on the plant (ranging 
from 4–9 roots) at 5 cm from the root tip (subapical 
tissue) and 10 cm from the root base (basal tissue) 
in thick and thin nodal roots separately. Thick and 
thin nodal root classifications were determined by 
visually comparing root diameters within each root 
system (means at 5  cm from tip and 10  cm from 
base: Azucena 0.423–0.565  mm2; IR64 0.247–0.288 
 mm2) and three thin (Azucena 0.154–0.181 
 mm2, IR64 0.118–0.134  mm2). Any lateral roots 
were excised from the nodal root samples, which 
were kept hydrated in a damp paper towel before 
measurement. Root samples were placed in a root 
respiration chamber attached to a Licor 6400XT 
(Licor Inc., Lincoln, NE, USA) closed system in 
a 27  °C water bath, and the rate of  CO2 evolution 
was recorded for 5  min. Data were later scaled by 
total length of root tissue in the chamber (µmol 
 CO2  cm−1   s−1). Root samples were then transferred 
to histocaps in 70% (v/v) ethanol in water, dried in 
a critical point drier (Leica EM CPD 300, Leica 
Microsystems Inc, Buffalo Grove, IL, USA), and 
ablated on the laser ablation system to obtain root 
cross-section images. Root images were analyzed 
with Mipar® software to quantify RXSA, TSA, 
TCA, MXA, MXV, AA, percAA, LTA, and axial 
hydraulic conductance. All data preparation and 
statistics were performed in R v 3.5.3 as described 
above.

Root respiration of roots grown in solid medium

Based on previous phenotyping of the Rice Diver-
sity Panel (RDP1) (Vejchasarn 2014), twelve geno-
types were chosen for variation in root cross-sectional 
area within each of the Indica and Japonica varietal 
groups, for a total of 24 genotypes (Supplementary 
Table 1).

Plastic pots (42 height × 20 diameter) were 
filled with a 40% vermiculite (Griffin Greenhouse 

Supplies, Morgantown, PA, USA) and 60% silica 
sand (0.3–0.5  mm, U.S. Silica, Berkeley Springs, 
WV, USA). Phosphorus treatment was applied 
using alumina-buffered P buffering at 1  µM for 
low P and 320 µM for high P (Lynch et  al. 1990) 
mixed directly into the media. Fertilizer was 
applied twice daily using 500  mL per application 
of modified Yoshida nutrient solution containing 
1 μM P at pH 5.5 (Yoshida et  al. 1976) and once 
per week substituting with plain water. Genotypes 
and treatments were arranged in a randomized 
complete block design in the greenhouse with 
four biological replicates. Two seeds were planted 
directly into pots and thinned to one plant per 
pot one week after germination, on April 3, 2012 
and grown under natural light in a greenhouse at 
25–28 °C for 11 weeks.

At 11  weeks after germination, root systems 
were extracted and washed over wire mesh and 
root samples were taken for root respiration rates. 
Four nodal roots that reached at least 2/3 the depth 
of the pot were excised, and lateral roots were 
cut off. Roots were then cut into three segments: 
0–5  cm, 5–12  cm, and 12–20  cm from the root 
tip. Root segments were then placed into a root 
respiration chamber attached to a Licor 6400XT 
(Licor Inc., Lincoln, NE, USA) in the closed 
configuration, and respiration rates were measured 
as described above. Root segments were placed 
back into 70% (v/v) ethanol in water and stored for 
anatomy measurement. Laser ablation tomography 
(Hall et al. 2019) was used to take high-resolution 
transverse cross-sectional images of each root 
sample. Root anatomical measurements including 
RXSA, TSA, TCA, MXA, MXV, AA, percAA, 
and LTA were quantified from images using 
Mipar® image analysis software. Data preparation 
and statistics were performed in R v 3.5.3 as 
described above. Raw data, including shoot and 
root traits by genotype and treatment, are shown in 
Supplementary Table 1.

Samples of shoot tissue were dried, ground, and 
ashed at 495 °C for 12 h. Ashed tissue was dissolved 
in 100  mL HCl and analyzed spectrophotometri-
cally for P concentration using the Murphy-Riley 
method (Murphy and Riley 1962). Total P content 
per plant shoot was calculated as P concentration in 
tissue multiplied by shoot dry biomass.
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Results

Effects of water stress on shoot growth and root 
architectural phenotypes in Azucena and IR64

In mesocosms in the drought treatment, soil moisture 
decreased in shallow soil in both genotypes but was 
greater in deep soil at the bottom of the mesocosms 
(Supplementary Fig.  2). There were no differences 
between genotypes in volumetric or gravimetric water 
content at the top or bottom of the mesocosms.

The drought tolerant genotype Azucena main-
tained 55% greater shoot dry biomass and 54% fewer 
tillers than IR64 under well-watered conditions at 
week 6 (Fig. 1, Table 1, Supplementary Table 2). Dif-
ferences in shoot dry biomass between drought and 
well-watered treatments did not emerge until week 5, 
when shoot dry biomass of Azucena was reduced by 
67% with drought, though it was not significantly dif-
ferent in IR64 (Supplementary Table 2). By week 6, 
drought stress had reduced shoot dry biomass by 61% 
in Azucena and 39% in IR64, but nevertheless, Azu-
cena still maintained 33% greater shoot biomass and 
33–354% fewer tillers than IR64.

Measurements of sap exudation rates showed sig-
nificant effects of drought by week 3, though geno-
typic differences were not detected under drought at 
any time (Supplementary Table  2). Stomatal con-
ductance fell in both genotypes over the course of the 
drought, with significant treatment effects detectable 
by 4 weeks (Supplementary Table 2).

Nodal root number and deep root number (roots 
emerging at angles greater than 50° from horizontal) 
were both reduced due to drought treatment, but deep 
root number was more strongly affected (Table 1). At 
early stages of growth under well-watered conditions, 
Azucena had 43–45% fewer nodal roots than IR64, 
but nodal root numbers were comparable between 
genotypes by 5 weeks after emergence (Fig. 1, Sup-
plementary Table  2). Under drought, Azucena and 
IR64 had similar numbers of nodal roots at most sam-
pling times, except at week 5 when IR64 increased 
nodal root number coincidently with an increase in 
tiller number (Fig. 1, Supplementary Table 2).

Azucena generally exhibited deeper rooting than 
IR64. Azucena developed deep roots earlier, and by 
six weeks had 21-fold more deep roots than IR64 
under well-watered conditions and threefold more 
deep roots with drought (Fig.  1, Supplementary 

Table  2). Azucena increased the number of deep 
roots by ~ ninefold in well-watered and by ~ 3.75-fold 
under drought from week 2 to 6, but IR64 maintained 
a small number of deep roots throughout the experi-
ment with no treatment effect. Azucena maintained 
a greater proportion of deep nodal roots (45–63%) 
compared to IR64 (6–22%) under both treatments. 
IR64 increased its proportion of deep nodal roots 
in drought-treated plants compared to well-watered 
plants, but not significantly until week 6, while Azu-
cena had a slightly reduced proportion of deep roots 
with drought (15% less at week 6) (Supplementary 
Table 2).

Lateral root growth was greater near deep root apices 
than in shallow roots

L-type lateral roots continued to grow during drought 
on the apical segments of deep (older) nodal roots 
(L-type lateral root length, Fig.  2, Supplementary 
Tables 3 and 4). Azucena had greater L-type lateral 
root length than IR64 at 5 weeks in well-watered con-
ditions, but there were no significant genotypic differ-
ences under drought at any time. L-type lateral root 
density of deep apical segments increased in response 
to drought at week 5 in Azucena and at week 6 in 
IR64 (Supplementary Table  3). Apical segments of 
deep roots bore 88–95% greater L-type lateral root 
length than those of shallow roots at all sampling 
times and over both treatments and genotypes, despite 
few differences in L-type lateral root branching den-
sity (Fig. 2, Supplementary Table 4), indicating that 
shallow roots had very short lateral roots.

When apical versus basal segments of deep roots 
were compared, there were no significant differences 
in L-type lateral root length in either genotype or 
treatment (Fig. 2, Supplementary Table 4). Genotype 
and treatment had little effect on L-type lateral root 
length of basal segments, with only a few significant 
effects at p-value < 0.1 (Supplementary Table  4). 
L-type lateral root density was not significantly dif-
ferent between apical and basal segments in the well-
watered treatment, but in IR64, L-type lateral root 
density rose more quickly in apical segments than in 
basal segments over the course of the drought, so that 
at week 5 IR64 had greater L-type lateral root den-
sity near the apex. A similar pattern was suggested in 
Azucena but variability was too great to detect sig-
nificant differences.
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Fig. 1  Shoot dry biomass (a), tiller number (b), nodal root 
number (c), number of roots below 50 degrees (d), stomatal 
conductance (e), and maximum root length (f) of Azucena 

(dashed line) and IR64 (solid line) under control and drought 
stress in greenhouse mesocosms
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S-type lateral root length increased over time in 
apical segments of deep roots in the well-watered 
treatment, but in the drought treatment this increase 
was attenuated in Azucena and eliminated in IR64 
(Fig. 3, Supplementary Table 3). S-type lateral root 
length was usually less in apical segments of shal-
low roots than in apical segments of deep roots 
in both treatments. At week 6, S-type lateral root 
length was 72–75% greater in apical segments of 
deep roots compared to those of shallow roots in 
both treatments for Azucena but greater only in the 
well-watered treatment in IR64. In contrast, S-type 
lateral root density was consistently greater in api-
cal segments of shallow roots than deep roots. Basal 
segments of deep roots increased S-type lateral root 
length over time in both treatments to a greater 
extent than apical segments of deep roots, but there 
were no differences between basal and apical seg-
ments in S-type lateral root density (Fig. 3, Supple-
mentary Table  4). Drought reduced S-type lateral 
root density on basal segments of IR64 but not Azu-
cena (Fig. 3, Supplementary Table 3).

Root anatomical phenotypes depend on root position 
and age

Root anatomical phenotypes were measured in 
thick nodal roots in shallow and deep parts of the 
root system over time in well-watered and drought 
conditions. Similar data was collected for thin nodal 
roots with nearly identical results (not shown). 
Here, we compare 1) subapical anatomy (10 and 
20 cm from the root tip) of shallow vs. deep roots 
(Fig. 4), where shallow roots were defined as emerg-
ing above 50° from the basket and having less than 
half the length of the entire root system, while deep 
roots were longer and emerged below 50°; and 2) 
subapical (10 and 20 cm from the root tip) vs. basal 
(10 and 20 cm from the root base) anatomy of deep 
roots (Supplementary Fig.  3). In the well-watered 
treatment, each of these segments developed in sim-
ilarly moist medium and variation was likely due to 
earlier (basal segments) vs. later (apical segments) 
development. However, in the drought treatment, 
basal segments developed during early stages of 

Table 1  Effects of drought 
treatment, genotype, 
harvest date, root sampling 
position and interaction 
on thick nodal root 
anatomical phenotypes, root 
architectural phenotypes, 
and shoot phenotypes. 
ANOVA results from 2 
genotypes (IR64, Azucena), 
2 drought treatments, 5 
harvest dates, and 3 root 
sampling position (shallow, 
deep apex, deep base) with 
3 replicates (n = 3). F-values 
and significance levels 
(p-value ≤ 0.1 + , 0.05*, 
0.01**, 0.001***, not 
significant (ns)) are shown 
for each trait

Treatment Genotype Harvest date Root 
sampling 
position

Treat-
ment* 
Genotype

Shoot phenotypes
  Shoot dry biomass 56.94*** 23.58*** 71.02*** 18.64***
  Tiller number 54.68*** 120.66*** 151.76*** ns
  Sap exudation rate 208.02*** 4.62* 20.43*** 3.24+

  Stomatal conductance 219.47*** 10.53** 60.82*** ns
Root architectural phenotypes

  L-type lateral root length ns ns 37.11*** 137.21*** 10.94**
  S-type lateral root length 19.90*** ns 17.06*** 81.33*** ns
  L-type lateral root density 26.65*** 15.89*** 4.05* ns 6.49*
  S-type lateral root density ns ns 3.84* 252.61*** ns
  Nodal root number 204.42*** 9.90** 75.40*** ns
  Deep root number 31.33*** 71.07*** 18.27*** 32.96***

Root anatomical phenotypes
  Root cross-sectional area 141.49*** 374.24*** 172.66*** 97.58*** 2.95+

  Living tissue area 51.41*** 206.85*** 89.92*** 83.25*** ns
  Stele area 17.92*** 929.28*** 187.45*** 87.06*** 3.86+

  Percent aerenchyma area ns ns ns 52.95*** ns
  Metaxylem vessel area 54.65*** 928.94*** 49.20*** 83.83*** 3.83+

  Metaxylem vessel number 8.81** 274.88*** 37.23*** 133.76*** ns
  Axial hydraulic conductance 47.12*** 600.68*** 24.79*** 34.27*** 13.95***
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drought, while apical segments of deep roots devel-
oped in moist deep soil later in drought, and apical 
segments of shallow roots developed in dry shallow 
soil later in drought (Supplementary Fig. 2).

Anatomical phenes were significantly affected 
by treatment, cultivar, harvest date, and sampling 
position, with the exception of percent aeren-
chyma, which was only affected by sampling posi-
tion (Table 1, Fig. 5). Under both well-watered and 
drought conditions, most anatomical phenotypes 
were positively correlated (Supplementary Fig.  3). 
Percent aerenchyma was unrelated to area pheno-
types in deep roots and was negatively correlated 
in shallow roots. Correlations were similar in well-
watered plants, with the exception that there were 
fewer and weaker significant correlations of per-
cent aerenchyma with other anatomical phenotypes 
(Supplementary Fig. 3).

Subapical segments of shallow roots usually had 
greater diameter than those of deep roots, a pattern 
reflected in all the area phenotypes (Fig. 4). This dif-
ference was attenuated in roots from drought treated 
plants. In deep roots, root cross-sectional area was 
less in drought-treated than in well-watered plants, 
but subapical segments were less affected than 
basal segments in Azucena (Fig.  6, Supplementary 
Table  4). In IR64, cross-sectional area was similar 
between subapical and basal segments, but living tis-
sue area was less in basal segments in both treatments 
(Fig.  6). Percent aerenchyma was greater in basal 
compared with subapical segments in both genotypes 
and treatments (Fig. 6).

Xylem phenotypes were affected by sampling posi-
tion in both genotypes. Late metaxylem vessel num-
ber was generally greater in shallow than in deep 
roots, while median metaxylem area was similar, 

Fig. 2  L-type lateral root length (a, b) and branching density 
(c, d) of thick nodal roots of Azucena (dashed line) and IR64 
(solid line) under well-watered or drought stress treatments in 
greenhouse mesocosms. In plots a and c, apical samples were 
collected 10–20  cm from the tip of deep nodal roots (trian-
gle) and shallow nodal roots (circle). In plots b and d, apical 

segments collected 10–20 cm from the tip (triangle) are com-
pared with basal segments collected 10–20 cm from the base 
(square) of deep nodal roots. Branching density is expressed as 
number of L-type lateral roots per cm nodal root length. Error 
bars represent standard error
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especially with drought (Fig. 4). Median metaxylem 
area in shallow roots was less drought-treated than 
in well-watered plants by 5 weeks in both genotypes 
(Supplementary Table 3). Metaxylem vessel number 
was greater in basal segments than in subapical seg-
ments of IR64, and median metaxylem vessel area 
increased during the drought in Azucena in basal seg-
ments but remained mostly consistent in subapical 
segments (Fig. 6).

Root anatomical phenotypes exhibited greater 
plasticity in response to drought treatment in 
Azucena than in IR64

Azucena consistently had larger diameter roots and 
more, larger metaxylem vessels than IR64. Azucena 
had 30–55% greater root cross-sectional area, 29–54% 

greater living tissue area, 33–58% greater metaxylem 
vessel area, 22–49% greater ratio of total metaxylem 
vessel area to root cross-sectional area, 14–43% 
greater metaxylem vessel number, and 71–86% 
greater axial hydraulic conductance than IR64 under 
both treatments, while there was no difference in 
percent aerenchyma between genotypes (Figs.  4–6, 
Supplementary Table 3). All root anatomical pheno-
types were significantly affected by drought treatment 
except percent aerenchyma (Table 1). Azucena main-
tained greater trait values than IR64 in most cases, 
even considering the greater reductions with drought.

Compared with IR64, Azucena exhibited greater 
reductions in root cross-sectional area and living tis-
sue area in response to drought in subapical segments 
of deep roots (30–42% reduction in Azucena at week 
6, 0–25% reduction in IR64 at week 6), while shallow 

Fig. 3  S-type lateral root length (a, b) and branching density 
(c, d) of thick nodal roots of Azucena (dashed line) and IR64 
(solid line) under well-watered or drought stress treatments 
in greenhouse mesocosms. In plots a and c, apical samples 
were collected 10–20 cm from the tip of deep nodal roots (tri-
angle) and shallow nodal roots (circle). In plots b and d, api-

cal segments collected 10–20  cm from the tip (triangle) are 
compared with basal segments collected 10–20  cm from the 
base (square) of thick deep nodal roots. Branching density is 
expressed as number of S-type lateral roots per cm nodal root 
length. Error bars represent standard error
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roots of both genotypes had 34–44% reduction with 
drought at week 6 (Fig.  4, Supplementary Table  3). 
In shallow roots, IR64 had 30% greater percent aeren-
chyma area with drought treatment, whereas Azucena 
showed no differences between drought and well-
watered plants. In contrast, deep roots had 18–25% 
less percent aerenchyma with drought at week 6 in 
both genotypes.

Azucena showed greater plasticity of metaxylem 
vessel number and axial hydraulic conductance than 
IR64 in both shallow and deep roots (Figs.  4, 6, 
Supplementary Table  3). Although metaxylem ves-
sel number is generally correlated with area pheno-
types (Supplementary Fig.  3), at week 6 it was 9% 
greater in shallow roots and 22% less in deep roots 
in drought compared with the well-watered treat-
ment in Azucena. Root axial hydraulic conductance 
was 49% less in shallow and 44% less in deep roots 
in response to drought in Azucena but not different 
between treatments in IR64 (Fig. 4). Median metax-
ylem vessel area of shallow roots was 25–29% less in 
both genotypes in response to drought, counteracting 
the greater vessel number in Azucena. Median metax-
ylem vessel area was 21% less with drought in deep 
roots of IR64.

In the well-watered treatment, metaxylem area 
and axial hydraulic conductance were greater in shal-
low roots than in deep roots in Azucena but not IR64 
(Fig. 4, Supplementary Table 4). At week 6, Azucena 
shallow roots had 11% greater median metaxylem 
vessel area and 31% greater axial hydraulic conduct-
ance than deep roots.

Root anatomical phenotypes affect root respiration 
rates

In order to assess the impact of variation in root ana-
tomical phenotypes on root metabolic cost, we meas-
ured root respiration rates and root anatomical pheno-
types in rice roots grown in solid growth media under 
high and low P treatment and in solution culture, 

since insufficient P was previously shown to result in 
thinner nodal roots (Vejchasarn et  al. 2016). Plants 
were grown with moderate phosphorus stress, with 
38% less biomass and 38% fewer tillers than plants 
grown in high phosphorus (Table 2). Genotypic vari-
ation and phosphorus treatment effects resulted in 
variation in root cross-sectional area and living tissue 
area (Table  2, Supplementary Table  1), which were 
expected to affect respiration rates. Respiration rates 
were positively related to root cross-sectional area 
and its components, cortical and stele areas, and liv-
ing tissue area, but negatively associated with percent 
aerenchyma (Table 3). Across all genotypes, root res-
piration rates were 17% greater in apical segments of 
roots grown in low P compared with those grown in 
high P (Table 2, Supplementary Fig. 4).

In solution culture, respiration rates per unit length 
of root tissue had even stronger positive correla-
tions with root anatomical phenotypes than in solid 
medium, with strong correlations in subapical seg-
ments of both thick and thin nodal roots (Table 3). In 
Azucena, thick nodal roots consistently had greater 
root respiration per length compared to IR64 due to 
its greater root cross-sectional, living tissue, cortical, 
and stele area (Supplementary Fig.  5). Root cross-
sectional area, stele area, cortical area, and living tis-
sue area correlated positively with respiration rates 
per unit length in apical segments, while there were 
no relationships between anatomical phenotypes and 
respiration rates calculated per gram of tissue (p-val-
ues > 0.05, data not shown). Percent aerenchyma area 
was negatively associated with respiration rate only 
when all segments were combined (Table 3).

Discussion

In this study, we investigated the dynamic 
responses of root architecture and anatomy to 
drought in two genotypes representing the Japonica 
and Indica varietal groups of rice. IR64 is a high-
yielding Indica cultivar with minimal drought tol-
erance, while Azucena is a lower yielding but mod-
erately drought-tolerant (Guiderdoni et  al. 2006; 
Venuprasad et  al. 2007) deep-rooting Japonica 
cultivar (Gowda et  al. 2012). Azucena is adapted 
to upland conditions (Guiderdoni et  al. 2006) and 
benefits from the ability of its thick nodal roots to 
penetrate dry soils and reach deep water in a field 

Fig. 4  Root anatomical phenotypes of Azucena (dashed line) 
and IR64 (solid line) at 10–20  cm from the root tip of deep 
(triangle) and shallow (circle) thick nodal roots under drought 
stress in greenhouse mesocosms. a root cross-sectional area, b 
living tissue area, c stele area, d cortical area, e aerenchyma 
area, f late metaxylem vessel number, g median late metax-
ylem vessel area, and h theoretical axial hydraulic conduct-
ance. Error bars represent standard error

◂
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setting. We confirmed in these experiments that 
Azucena has a greater number of deep nodal roots 
of larger diameter than IR64 even under drought 
(Figs. 1, 4). Azucena and IR64 had similar lateral 
root branching patterns (Figs. 2, 3), but the greater 
length and depth of nodal roots of Azucena would 
place more lateral roots in deeper soil, where more 
moisture is available.

If the “steep, cheap, and deep” ideotype pro-
posed for maize (Lynch 2013) applies to rice, then 
fewer nodal roots should contribute to performance 
under drought by conserving resources for elonga-
tion rather than proliferation of nodal roots, result-
ing in greater root depth (Gao and Lynch 2016). 
Both cultivars significantly reduced nodal root 
number with drought (Fig.  1), which may redirect 
resources to root elongation and deep root prolif-
eration for both cultivars, in addition to reflecting 
reduced overall growth. The greater depth of nodal 
roots in Azucena would increase the efficiency of 
the remaining nodal roots for water and nutrient 
uptake as drought progresses.

Lateral root plasticity

We expected lateral root length and density to be 
greater in deep roots in response to drought, as has 
been observed in other studies with rice, including in 
the field (Kano et al. 2011; Gowda et al. 2012; Suralta 
et al. 2015). Increased development of L-type lateral 
roots at depth is beneficial in most drought scenarios, 
and QTLs and alleles have been identified for lateral 
root phenotypes in rice (Lyu et al. 2013; Niones et al. 
2015; Suralta et al. 2015). Interestingly, both cultivars 
in this experiment continued to elongate L-type lat-
eral roots over time in both basal and apical segments 
of deep nodal roots, even under drought. L-type lat-
eral roots can become quite long and could contrib-
ute substantially to deeper soil exploration even if 
they arise from the more basal segments of the nodal 
root. In previous research using the same growth sys-
tem, four rice cultivars grown with drought stress had 
much greater lateral root length and branching density 
on apical segments of nodal roots compared to well-
watered plants (Hazman and Brown 2018). Neither of 

Fig. 5  Representative root cross-sectional images from laser 
ablation tomography of Azucena and IR64 under drought and 
well-watered conditions in shallow and subapical deep nodal 

root tissue at 5–6  weeks after emergence. All samples are 
taken at 10 or 20 cm from the root tip
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the cultivars in the present study exhibited as strong 
a difference between treatments. L-type lateral root 
density and length in apical segments of nodal roots 
under drought were similar in the two studies, but in 
the present study, nodal roots had greater lateral root 
branching in the well-watered treatment, possibly 
due to cultivar differences. Deep apical segments of 
Azucena had a notable increase in L-type lateral root 
density at week 5 of drought, though density, but not 
length, of its L-type lateral roots then declined from 
weeks five to six (Fig. 2). Reallocation of resources to 
development of fewer but longer L-type lateral roots 
could be advantageous under drought, since this could 
potentially place growing lateral roots in deeper soil. 
The continued development of L-type lateral roots in 
Azucena and IR64 probably benefits both genotypes 
under drought stress but may provide greater benefit 
to Azucena because of the deeper angle and greater 
length of the nodal roots on which the lateral roots are 
borne. The responses of Azucena provide an exam-
ple of phene synergism, where the combined effects 
of nodal root length combined with lateral root length 
and density would most likely exceed the additive 
effects of these phenes individually.

Shallow nodal roots, on the other hand, showed 
little increase in L-type or S-type lateral root length 
over time in either treatment, despite greater branch-
ing density of S-type lateral roots compared with 
deep nodal roots in both treatments and cultivars 
(Figs.  2, 3). This difference in lateral root develop-
ment between shallow and deep nodal roots could 
not be attributed to a drier growth medium, since the 
moisture content of shallow soil was just as great as 
deep soil in the irrigated treatment (Supplementary 
Fig. 2). The difference in branching between shallow 
and deep nodal roots therefore appears to be develop-
mentally controlled rather than a response to the local 
environment.

Living tissue area was related to root metabolic cost

Reduced living tissue area has been proposed as a 
desirable trait for reducing the cost of soil exploration 
in crops, since roots with fewer living cells would 
require less maintenance respiration per unit length 
(Lynch 2011, 2013). Root cortical senescence in bar-
ley (Schneider et al. 2017b, 2017a) and reduced liv-
ing tissue area via fewer cortical cells or development 
of root cortical aerenchyma in maize (Chimungu et al. 

2014b; Saengwilai et al. 2014; Castañeda et al. 2018) 
were associated with less root respiration and bet-
ter plant performance with water and nutrient stress. 
Phenotypes that reduce root metabolic cost may also 
contribute to drought tolerance in rice. Azucena 
showed greater reduction in root cross-sectional area 
and living tissue area in response to drought stress 
compared to IR64 (Fig.  4, Supplementary Fig.  5, 
Supplementary Table  3), which would be expected 
to reduce the metabolic cost of root exploration. The 
plasticity of living tissue area in Azucena compared 
to IR64 was driven by cortical, stele, and percent 
aerenchyma areas. Greater root cross-sectional area 
and living tissue area reductions may have allowed 
Azucena to conserve metabolic energy to permit con-
tinued axial root growth to access deep water under 
drought, despite the fact that metabolic cost per unit 
root length was still greater for Azucena even after 
drought-related reductions.

We found a positive relationship between root 
respiration rates per unit root length and phenotypes 
associated with root diameter: cortical area, stele 
area, and living tissue area, and a negative relation-
ship with root cortical aerenchyma (Table  3), while 
there was no correlation between these root phe-
notypes and respiration rates per gram of root tis-
sue (data not shown). Because it has larger diameter 
roots, respiration rates per unit length for nodal roots 
of Azucena were greater than those of IR64 (Sup-
plementary Fig.  5), while there was little difference 
between genotypes when comparing respiration rates 
per gram of root tissue (data not shown). The greater 
metabolic cost per unit length of Azucena roots likely 
drove the greater drought-induced plasticity of root 
diameter, which resulted in production of relatively 
cheaper roots under stress to permit greater axial root 
elongation for deeper soil exploration. In the solid 
medium experiment, both genotype and low phospho-
rus were used to create a range of nodal root diam-
eters, since low phosphorus was previously reported 
to reduce root diameter (Vejchasarn et  al. 2016; de 
Bauw et  al. 2019). Similar effects of root anatomy 
on respiration were found in both solid medium and 
hydroponic experiments (Table  3). An exception to 
this general rule occurred in the apical segment of 
nodal roots grown in solid medium, which had less 
cross-sectional area with low phosphorus, yet also 
had greater respiration rates than high phosphorus 
roots (Table 2). Low phosphorus tends to favor axial 
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growth rather than lateral root branching (Borch et al. 
1999; Hanlon et al. 2018), and the respiration rate of 
the axial root tip could reflect preferential allocation 
of resources to the tip to support exploration for more 
phosphorus.

We expected that the extent of aerenchyma formation 
would be negatively correlated with respiration rate 
per unit root length, as it is for maize (Zhu et al. 2010; 
Saengwilai et  al. 2014; Castañeda et  al. 2018). We 
found only weak relationships in mature nodal root 

Fig. 6  Root anatomy of subapical versus basal segments of 
deep nodal roots. Root anatomical phenotypes of Azucena 
(dashed line) and IR64 (solid line) in basal (square) and subap-
ical (triangle) deep thick nodal root tissue under drought stress 
in greenhouse mesocosms. a root cross-sectional area, b living 
tissue area, c stele area, d cortical area, e aerenchyma area, f 
late metaxylem vessel number, g median late metaxylem ves-
sel area, and h theoretical axial hydraulic conductance. Error 
bars represent standard error. Apical tissue was measured at 10 
and 20 cm from the tip, so if roots were < 20 cm, basal tissue 
anatomy was not measured

◂

Table 2  Effects of low phosphorus treatment, genotype, and 
interaction on shoot phenotypes and variation of shoot pheno-
types within treatments. ANOVA results from 24 genotypes 
and 2 phosphorus treatments (HP, LP) with 4 biological repli-
cates (n = 4). F-values and significance levels (p-value ≤ 0.1 + , 

0.05*, 0.01**, 0.001***, not significant (ns)) are shown for 
each trait. Mean and 95% confidence intervals (CI) for each 
shoot trait within HP and LP treatment as well as mean percent 
reductions in response to treatment are shown

Root segment Treatment Genotype T*G Mean HP ± 95% CI Mean LP ± 95% CI Mean percent 
reductions

Root phenotypes

  Root cross-sectional area 
 (cm2)

0–5 cm 7.48 ** 2.88*** ns 0.45 ± 0.05 0.37 ± 0.04 14.07%

5–12 cm ns 7.54*** ns 0.63 ± 0.05 0.62 ± 0.05 ns (-1.33%)

12–20 cm ns 8.56*** ns 0.72 ± 0.06 0.72 ± 0.05 ns (2.59%)

  Living tissue area  (cm2) 0–5 cm 19.47*** 4.52*** ns 0.35 ± 0.04 0.27 ± 0.03 14.30%

5–12 cm ns 4.64*** ns 0.31 ± 0.04 0.28 ± 0.02 ns (1.31%)

12–20 cm ns 4.39*** ns 0.29 ± 0.03 0.28 ± 0.03 ns (11.92%)

  Stele area  (cm2) 0–5 cm 15.14*** 11.40*** ns 0.03 ± 0.00 0.02 ± 0.00 11.56%

5–12 cm ns 22.04*** ns 0.04 ± 0.00 0.04 ± 0.00 ns (0.05%)

12–20 cm ns 26.10*** ns 0.04 ± 0.00 0.04 ± 0.00 ns (2.86%)

  Cortical area  (cm2) 0–5 cm 6.90** 2.60*** ns 0.42 ± 0.04 0.34 ± 0.04 14.08%

5–12 cm ns 6.86*** ns 0.60 ± 0.05 0.59 ± 0.05 ns (1.46%)

12–20 cm ns 7.98*** ns 0.68 ± 0.05 0.68 ± 0.05 ns (4.42%)

  Percent aerenchyma area 0–5 cm ns ns ns 18.92 ± 3.74 21.07 ± 4.82 ns (17.01%)

5–12 cm ns ns ns 53.70 ± 3.27 55.70 ± 2.44 ns (-0.45%)

12–20 cm ns 1.49 + ns 63.50 ± 2.43 63.99 ± 2.44 ns (-1.94%)

  Metaxylem vessel area 
 (cm2 ×  103)

0–5 cm 2.95 + 10.11*** 2.10** 1.22 ± 0.19 1.09 ± 0.13 -2.03%

5–12 cm ns 15.34*** ns 1.35 ± 0.12 1.38 ± 0.12 ns (-6.42%)

12–20 cm ns 20.27*** ns 1.53 ± 0.12 1.50 ± 0.12 ns (-3.3%)

  Metaxylem vessel number 0–5 cm ns 3.50*** ns 4.25 ± 0.26 4.02 ± 0.25 ns (0%)

5–12 cm ns 6.14*** ns 4.83 ± 0.25 4.73 ± 0.31 ns (20%)

12–20 cm ns 6.75*** ns 4.88 ± 0.23 5.10 ± 0.26 ns (0%)

  Root respiration rate (µmol 
 CO2  cm−1  s−1 ×  106)

0–5 cm 3.57 + 3.77*** 1.48 + 2.66 ± 0.34 3.03 ± 0.34 -16.59%

5–12 cm ns 6.11*** 2.14** 1.37 ± 0.17 1.32 ± 0.16 ns (9.56%)

12–20 cm 2.88 + 3.69*** ns 1.39 ± 0.17 1.23 ± 0.15 12.75%

Shoot phenotypes

  Shoot dry biomass (g) 117.34*** 35.78*** 4.06*** 25.87 ± 3.44 16.10 ± 2.53 37.80%

  Tiller number 230.56*** 62.88*** 6.56*** 14.52 ± 1.58 9.06 ± 1.26 37.60%

  Total P (mg  plant−1) 124.89*** 10.34*** 3.35*** 139.10 ± 15.92 67.80 ± 9.07 51.26%
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tissues of rice, but stronger correlations when the less 
aerenchymatous apical tissue was included (Tables  2, 
3). Rice has considerably greater aerenchyma formation 
than maize, comprising 42–75% of cortical area in rice 
(Supplementary Table 4) versus 0–20% of cortical area in 
greenhouse or field-grown maize (Zhu et al. 2010). Rice 
therefore has proportionately less living tissue area in 
the cortex than maize, and much of its living tissue area 
is found in the outer cell layers (epidermis, exodermis) 
and in the stele. Even so, the relationship between root 
respiration per root length and root diameter-associated 
anatomical phenotypes indicates that root anatomy can 
have a significant impact on root system metabolic cost 
and therefore drought tolerance in rice.

Xylem responses to drought were stronger in shallow 
roots

Previous research on the effects of drought on xylem 
phenotypes in rice has been mixed, with some studies 
showing no effect (Kadam et  al. 2015), and others 
showing that some cultivars have smaller and fewer late 
metaxylem vessels with drought (Yambao et  al. 1992; 
Mostajeran and Rahimi-Eichi 2008; Henry et  al. 2012; 

Hazman and Brown 2018). In this study, we found 
that plasticity of metaxylem phenotypes was greater in 
shallow than in deep nodal roots. In subapical and basal 
segments of deep nodal roots, median xylem vessel area 
was barely affected by drought, and metaxylem vessel 
number was significantly reduced only in Azucena, 
resulting in 28% less theoretical axial conductance in 
basal segments and 40% reduction in subapical segments 
after six weeks of drought (Fig.  5, Supplementary 
Table 3). The number of xylem vessels was almost always 
greater in shallow than in deep roots in both cultivars, 
but their median area was only greater in well-watered 
Azucena plants (Fig. 4). Shallow roots of Azucena had 
significantly less metaxylem area with drought treatment, 
which resulted in less axial hydraulic conductance 
(Fig.  4, Supplementary Table  3). These changes were 
consistent with the hypothesis that a larger number 
of smaller metaxylem vessels would provide more 
hydraulic safety in drier soil, such as that experienced by 
the shallow roots. The fact that even subapical segments 
of deep nodal roots displayed reductions in theoretical 
axial hydraulic conductance suggests that metaxylem 
trait plasticity could be responding to both global and 
local signals.

Table 3  Correlations between root anatomical phenotypes and 
root respiration rates in plants grown in solid growth media 
under high P (HP) and low P (LP) and in solution culture. Cor-
relations between root anatomical phenotypes and total P con-
tent per plant with root respiration rates at various sampling 

positions from the root tip as well as in all positions combined 
are shown. Only  R2 values with significance less than α = 0.1 
are shown. Significance values are represented as p-value ≤ 0.1 
†, 0.05*, 0.01**, 0.001***; positive ( +) and negative (-) rela-
tionships are also indicated

Solid growth medium

Root respiration sample Root cross-
sectional area

Stele area Cortical area Percent  
aerenchyma area

Living  
tissue area

Total P

HP 0–5 cm 0.034† -
5–12 cm 0.37** + 0.27** + 0.35*** + 0.13** + 
12–20 cm 0.29** + 0.13** + 0.29*** + 0.13** + 
Combined 0.020† + 0.17*** - 0.10*** + 

LP 0–5 cm 0.174 = ** + 0.16** + 0.12** + 0.25** + 0.05* + 
5–12 cm 0.45** + 0.28** + 0.44*** + 0.09* + 0.22** + 0.03† + 
12–20 cm 0.44** + 0.18 = 9** + 0.48*** + 0.22** + 
Combined 0.02† - 0.02† - 0.36*** - 0.10*** + 0.02† + 

Solution culture
5 cm from tip, thick nodal roots 0.69** + 0.79** + 0.67** + 0.64** + 
5 cm from tip, thin nodal roots 0.70** + 0.68** + 0.69** + 0.67** + 
10 cm from base, thick nodal roots
10 cm from base, thin nodal roots
All combined 0.15* + 0.15* + 0.14* + 0.24** - 0.44*** + 
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Summary

Root phenotypes have a significant impact on drought 
tolerance of crop plants. We demonstrate here that in 
addition to cultivar differences in root phenotypes, 
it is important to consider the temporal and spatial 
aspects of root responses to drought. Even within the 
same root class, i.e. nodal roots, we observed differ-
ences in architectural and anatomical phenotypes 
depending on the age and developmental stage of the 
root, as reflected in the differing anatomy, lateral root 
branching phenotypes, and drought responses of shal-
low (younger, shorter) compared with deep (older, 
longer) nodal roots. As drought progresses, the apices 
of the growing roots of these two classes are exposed 
to very different soil environments. We therefore 
expected much stronger drought responses in shal-
low roots compared with deep roots. For some traits, 
shallow roots had much greater plasticity than deep 
roots, e.g. root cross-sectional area, median metax-
ylem vessel area, and L-type lateral root branching, 
but in other cases the shallow roots had similar or 
less plasticity than deep roots, e.g. metaxylem vessel 
number and S-type lateral root branching. The pheno-
typic responses to drought in shallow and deep roots 
were consistent with proposed strategies to reduce the 
metabolic cost of soil exploration, with greater diam-
eter reductions in larger-diameter shallow roots and in 
Azucena compared with IR64. The greater plasticity 
of root phenotypes in Azucena in combination with 
deeper, longer nodal roots likely contributes to its 
drought tolerance.
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