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Highlight: Root plasticity to water availability affects the P uptake efficiency of rice by modifying root
architecture. Genotypic variation in root architecture can explain tolerance to low P and water stress.

Abstract: Drought and low phosphorus (P) availability are major limitations for rainfed rice
production. Crop roots are important for soil resource acquisition and tolerance to P and water
limitations. Two pot and two field trials were conducted to evaluate architectural root responses
of contrasting rice varieties to combinations of different levels of P (deficient to non-limiting) and
water availability (water stressed to submergence) and to identify the interactions with different
varieties. Root development was then related to drought and/or low P tolerance. Although shoot
and root growth responded more to P than to water availability, architectural root responses to
water were much more prominent than responses to P availability. Reduced water availability
decreased nodal thickness and increased secondary root branching, both factors partially enhancing P
uptake efficiency and even overcoming a decreased root:shoot ratio under reduced water availability.
In contrast to root thickness and secondary branching, basal lateral root density was strongly
determined by variety and was related to enhanced P uptake. Reduced water availability induces
root modifications which—apart from enhancing drought resilience—also affect P uptake efficiency.
Future research on rice roots and nutrient uptake may hence take into account the large effects of
water on root development.

Keywords: root architecture; lateral rooting; root thickness; root plasticity; phosphorus uptake
efficiency; water availability

1. Introduction

Rice (Oryza spp.) is among the most important grain crops in the world [1]. Its annual
consumption and demand in sub-Saharan Africa is steadily rising [2,3], and to reduce the dependence
on rice imports, there is a large need to increase rice production [2].

Drought and low soil phosphorus (P) availability are two major biophysical limitations to rice
production in sub-Saharan Africa [4–9] which often co-occur. For both water and P, root development
and root characteristics are crucial for efficient resource (water or P) acquisition under limiting
conditions. Especially in low-input agricultural systems, crop roots may provide opportunities for
improved resource acquisition, resource use and yield optimization [10]. Hence, it could be stated
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that the more successful plants have roots that respond flexibly to soil constraints, to the spatial
heterogeneity of soil P [11,12] and to fluctuating water availability [13–15].

Several root architectural traits (i.e., the spatial distribution, arrangement and appearance of
different root types) can influence the P uptake efficiency of crops [16–21]. Similarly, several root
architectural traits (such as root diameter or root length density) can improve water uptake efficiency
and drought tolerance of different crops [13,22–24]. Soil water status and P availability are highly
interrelated through diffusion, aeration, and sorption [25] and both resources have specific behavior
and dynamics in the soil [26,27]. Due to these complex interactions and the heterogeneous spatial
distribution of both P (often stratified in top layers) and water (often more available in deeper layers)
in soils, trade-offs and synergisms in P and water uptake efficiency of roots with respect to root
architectural traits may exist [28]. It is well established that soil P bioavailability increases as the soil
water content increases (due to diffusion and P sorption). However, the net effect of water stress
on P bioavailability and crop response is more complex than these chemical and physical processes
only, due to the counteracting effects of water stress on increasing the effective root area. In that
respect, it might be expected that genotypic variation in response to water stress, related to root traits,
are associated in genotypic variation to P stress.

Genotypic variation in root traits provides a potential genetic resource for plant breeders to
develop genotypes with enhanced water and/or P uptake efficiency [29,30]. In this view, previous
studies focusing on P acquisition have characterized root traits and plasticity of different rice varieties
in response to P availability and tried to link these with P uptake capacity and efficiency [9,31–33].
Similarly, a number of studies have focused on screening genotypic variation in root traits of rice under
different levels of water availability, irrespective of P availability [34–36]. Under combined P and water
limitation, however, roots are expected to simultaneously respond to the availability of both resources.
A main concern is that the response to each of both factors (water and P) could vary in strength. As a
consequence, the response to one of both factors (water and P) can overrule the responses to the other
factor, either in the same or the opposite direction. An example of the latter type of interaction could
be that a potentially enhanced deep rooting in response to water limitations would negatively affect
topsoil foraging and thus P uptake. In the present study we hypothesize that positive root responses
to water availability will have positive effects on P uptake efficiency and vice versa.

Currently, the responses of rice roots to different combinations of both water and P availability
and their interactions are ill-understood. In this study, we aimed to: (i) assess the responsiveness and
robustness of architectural root traits in rice under combinations of different levels of P and water
availability; (ii) link the performance of different varieties under water- and P-stressed conditions
to their architectural root characteristics and root responses; and (iii) assess how root architectural
responses to water availability can affect P uptake efficiency and vice versa.

2. Material and Methods

In this study we distinguish between ‘lowland’ and ‘upland’ soils used for rice cultivation.
Lowland soils, are logically located in lower areas of the landscape and are considered to be flooded
at least once per rice-growing season. They have generally a finer particle size distribution (PSD)
compared to upland soils, set in higher and often sloping areas and hence never flooded. We conducted
one lowland and one upland field trial, as well as two pot trials with soils originating from a lowland
and an upland rice growing field. Soil characteristics are presented in Table 1, and soils were sampled
up to a depth of 30 cm. In terms of water availability, the upper limit is considered to be field
capacity (pF = 2, or a water potential ψ of −9.81 kPa) for upland soils, while for lowland soils soil
submergence (pF = 0, or ψ = −0.098 kPa) can be assumed to be the upper limit. Varieties used in these
experiments were carefully selected based on their previously observed performance under low P and
drought [9,37–39].
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Table 1. Soil characteristics from pot and field experiments. Soils were sampled up to a depth of 30 cm.

Pot Trials Location Coordinates pH Aloxalate Feoxalate Poxalate —-Texture—-

(mg
kg−1)

(mg
kg−1)

(mg
kg−1) (%sand) (%silt) (%clay)

(a) Lowland soil Dakawa,
Tanzania

06◦23′56.6′ ′ S
37◦33′47.5′ ′ E

6.1
(H2O) 670 2600 29 6 71 23

(b) Upland soil Matombo,
Tanzania

07◦02′46.8′ ′ S
37◦47′11.6′ ′ E

6.1
(CaCl2) 1050 1400 31 17 53 30

Field Trials

(c) Lowland field
April–August 2016

Ruvu,
Tanzania

06◦43′12.0′ ′ S
38◦40′48.0′ ′ E

6.4
(H2O) 1150 2800 91 6 70 24

(d) Upland field
July–November 2016

Morogoro,
Tanzania

06◦50′55.7′ ′ S
37◦39′18.2′ ′ E

6.0
(H2O) 925 1410 47 22 61 17

2.1. Pot trial with Lowland Soil

2.1.1. Trial Establishment and Management

This trial was conducted in a greenhouse at the Sokoine University of Agriculture in Morogoro
(6◦50′52.8′ ′ S, 37◦39′31.2′ ′ E; Tanzania). The average daily minimum and maximum temperatures
during the experiment were 22.5 ◦C and 42.4 ◦C respectively.

This experimental set-up was a full factorial design with three P rates, three water levels and two
rice varieties, having four replicates for each treatment combination.

A P-deficient soil (p < 0.01 mg L−1 in soil solution) from a lowland rice field (Table 1, a) was
shade dried and crushed to an aggregate size of ca. 4 mm. To avoid any nutrient deficiency other
than P, the bulk soil was amended with salts of NH4NO3, CaCl2, MgSO4, ZnSO4, CuSO4, H3BO3 and
Na2MoO4 at rates of 29 mg N kg−1, 10 mg Ca kg−1, 6 mg Mg kg−1, 8 mg S kg−1, 0.5 mg Zn kg−1,
0.07 mg Cu kg−1, 0.03 mg B kg−1 and 0.02 mg Mo kg−1 soil.

The bulk soil was split into three parts that were amended with three different P rates based on
the P adsorption capacity (Kd) of the soil. A non-limiting P rate was obtained by amending one part
with dry KH2PO4 salt (279 mg P kg−1, Kd = 139.5 L kg−1) up to an equilibrium P concentration of
2 mg P L−1 in soil solution. A sub-optimal P rate was obtained by amending a second part up to a P
concentration of 0.1 mg P L−1 (18 mg P kg−1, Kd = 180.0 L kg−1) and the difference in K application was
adjusted with KCl. For the deficient P rate (<0.01 mg P L−1 in soil solution), only KCl was amended to
equalize the K application in each P treatment. Hence total K application was 360 mg K kg−1 soil.

Subsequently, 72 pots (height: 40 cm; diameter: 16 cm) were filled with 9.5 kg of dry soil (24 pots for
each P rate) after covering the bottom with a net and were then placed on trays to prevent leakage of soil
and water. Pots meant to be flooded during the experiment were first sealed at the bottom. Pots were
re-wet to field capacity (38% w/w) and subsequently two rice varieties, NERICA4 and NERICA-L-19,
were sown. Both rice varieties are developed by the Africa Rice Center using interspecific crosses
between Oryza sativa (Asian rice) and Oryza glaberrima (African rice). NERICA4 is an upland rice variety
known for its drought tolerance and sometimes also used by farmers in drought-prone lowlands.
NERICA-L-19 is an irrigated lowland rice variety, not adapted to rain-fed conditions. Seedlings were
thinned at 14 days after sowing (DAS) to one plant per pot.

Two top dressings of NH4NO3 were applied at a rate of 317 mg N per pot (33.4 mg kg−1) at 20
and 34 DAS. An additional top dressing of ZnSO4 at a rate of 57 mg Zn per pot (6.0 mg kg−1) was
applied at 10 DAS in order to preclude possible P induced Zn deficiency.

Pots were daily watered back to field capacity until 18 DAS. Then three different water treatments
were imposed based on the predetermined water retention curve. One third of the pots was fully
submerged (Sub) (pF = 0; which corresponds with a matric potential ψ of −0.098 kPa), and another
third was kept at field capacity (FC) (pF = 2, which corresponds with a matric potential ψ of
−9.81 kPa, 38% w/w) on a daily basis. The third part was subject to water stress (WS) (pF = 3–3.5,
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which corresponds with a matric potentialψ of−98.1 to−310.2 kPa, 21% w/w) through gradual drying
by withholding water (reached after ca. five days without watering). This sub-optimal water level was
reestablished three times a week by weighing the pots and carefully adding distilled water up to the
predetermined target weight. Plants in the water-stressed treatment developed symptoms of drought
stress (i.e., leaf rolling) prior to watering, indicating that plants were consistently water-limited.

2.1.2. Data Collection on Shoot Growth and Root Architecture

At 30 DAS, two young developing leaves of each plant were marked using a thin cotton wire.
The marked leaves (matured) were later collected (46 DAS) for δ13C analysis (a measure of the ratio of
stable isotopes 13C : 12C) as a proxy for water stress exploiting the differential isotope discrimination
during photosynthesis under drought stress [40,41]. The δ13C measurements were done using Isotope
Ratio Mass Spectrometry (IRMS) [42] following dry combustion.

The shoots were cut (46 DAS) and oven dried (60 ◦C). After weighing, shoots were manually
crushed with a mortar to a particle size smaller than 2 mm and P concentrations (Pc) were determined
by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) analysis (Thermo Scientific
iCAP 7000 series) after digestion in hot HNO3 (120 ◦C).

Immediately after harvesting the shoots, the root system of each plant was carefully washed out by
soaking and gently shaking in water and then transferred to a dish with clean water. The basal lateral
root density, i.e., the spacing of the lateral S-type branches [33] at the nodal root base (from stubble
up to 15 cm depth), was scored using the ‘shovelomics scoreboard’ developed for maize by [43].
These shovelomics scores for lateral root density are also valuable for rice, while the board could not
be used to determine rice root angles, as this is modified during soil washing. The number of nodal
roots was counted and the average nodal root thickness was measured and scored at the nodal root
base using a transparent ruler (to 0.1 mm). The secondary branching degree, i.e., the degree of higher
order root branching on L-type roots [33] evaluated over the whole root system, was visually scored.
The scores used for the different traits are shown in Table 2. Roots were subsequently oven-dried
(60 ◦C) and stubble and roots were weighed separately. The root:shoot (w/w) ratio, total P uptake
in the shoot (Pup), the P uptake in the shoot per unit root weight (Puproot), and P uptake per nodal
root (Pupnodal) was then calculated. The last two variables are considered as indicators of P uptake
efficiency as they estimate how efficient a root extracts P from the soil, relative to the metabolic cost
(root biomass or number of nodal roots).

Table 2. Scoring values used for evaluating architectural root traits in both pot and field trials.

Trait Score 1 2 3 4 5

Nodal root
thickness

Very Thin
<0.5 mm Thin (0.5–0.9 mm) Average

(0.9–1.3 mm)
Thick

(1.3–1.7 mm)
Very Thick
>1.7 mm

Secondary
branching degree

Very Low
(almost no

branchings)

Low (only few
branchings)

Average (average
amount of

branchings)

High (many
branchings)

Very High (lots
of branchings)

Trait score from
shovelomics

board
1 2 3 4 5 6 7 8 9

Basal lateral
root density Very Sparse - - - - - - - Highly Dense

2.1.3. Data Analyses

All statistics were computed in R version 3.2.2, Vienna, Austria [44]. Three-way ANOVAs (Type III,
using ‘aov’ from the {stats} package) were performed on the shoot and root variables with water, P,
and variety as fixed factors and replicate as random factor. Means (µ) and standard errors ( σ√

n ,
with σ = standard deviation and n = the number of observations) were calculated for every treatment
combination and significance between treatment means was determined by calculating the Least
Significant Difference (LSD), after confirming normality of the residuals.
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2.2. Pot Trial with Upland Soil

This trial was simultaneously conducted at the same location as the pot trial with lowland soil,
using a P-deficient soil from a farmer’s upland rice field (Table 1, b). The soil preparation was carried
out in the same way as described in the previous section. This soil was amended with rates of KH2PO4

and KCl in order to obtain the same levels of P availability in soil solution (<0.01, 0.1, and 2 mg P L−1;
corresponding with 0, 50 (Kd = 500.0 L kg−1) and 359 (Kd = 179.5 L kg−1) mg P kg−1).

Pots were filled with 9 kg of upland soil, watered to field capacity (pF = 2, ψ = −9.81 kPa,
28% w/w) and two rice varieties (NERICA4 and Mudgo) were sown. Mudgo (Oryza sativa) is an Indica
rice variety known for its superior performance under low P conditions [37]. It is a variety adapted to
both lowland and upland conditions.

At 18 DAS, one third of the pots was daily watered to field capacity (pF = 2, ψ = −9.81 kPa,
28% w/w), another third was subjected to a sub-optimal water level (pF = 2.7, which corresponds
with a matric potential of ψ = −49.2 kPa, 24% w/w reached after ca. two days without watering) and
another third of the pots was subjected to severe water stress (pF = 3–3.5, ψ = −98.1 to −310.2 kPa,
16% w/w reached after ca. four days without watering). The two water levels below field capacity
were reached through gradual drying by withholding water and they were reestablished three times a
week by weighing the pots and carefully adding distilled water up to the predetermined target weight.
Plants subjected to the lowest water level showed symptoms of drought stress (i.e., leaf rolling) prior
to watering.

In this way, a full factorial design was obtained with three P rates, three water levels and two
varieties, having four replicates for each treatment combination. Data were collected and analyzed in
the same way as explained for the pot trial with lowland soil.

2.3. Lowland Field Trial

2.3.1. Trial Establishment and Management

This field trial was conducted in a lowland rice cultivation area (Table 1, c). The upper 10 cm
of the topsoil was initially removed to reduce P availability. A split plot design with three replicate
blocks was established. Within each block, 12 plots of 3 × 2 m were constructed, leveled, and well
separated by bunds and deep furrows to avoid horizontal water transport between plots.

The set-up resulted in a split plot design with water treatments (field capacity versus soil
submergence) in the main plots and P (0 versus 30 kg P ha−1) × variety (NERICA4, NERICA-L-19,
Mudgo) combinations in the sub plots. The reason for blocking the water treatment into main plots
was to reduce the risk of water flow from submerged sub plots to sub plots kept at field capacity.
Details on the set-up and maintenance of this field trial are given in S1 (Supplementary Information).

2.3.2. Data Collection

At 51 DAS, four adjacent rows at one side of each plot were separated wherein four representative
plants (in height and tiller number) were selected. The upper part of the root system of each selected
plant was excavated by digging out a block of soil (20 × 20 × 20 cm) around the stem. Shoot and root
data were collected as described for the pot trials.

Grain yield was determined in a net plot of 1.6 × 1.8 m (72 hills) excluding border rows and
rows used for root excavation. In each net plot, a sub sample of 3 × 4 hills (12 hills) was selected for
assessment of yield components and plants were cut at soil level. The grains were threshed from the
panicles. The straw (including peduncle and rachis) was oven-dried at 60 ◦C and weighed, while grains
were air-dried before determining weight and moisture content. Subsequently, grains were harvested
in the remainder of the net plot, and the weight and moisture content was determined. Grain yields
are reported at a moisture content of 14%.

Data were analyzed by ANOVA and LSD, as described for the pot trials. Water was split within
the blocks, and plant replicate and replicate blocks were assigned as random factors.
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2.4. Upland Field Trial

This field trial was conducted in an upland cultivation area (Table 1, d). Thirty six plots of 3 × 2 m
were constructed, separated by bunds and leveled. Land preparation and nutrient application was
conducted in the same way (and at equal rates) as for the lowland field trial.

A randomized complete block design (three replicates) was implemented with the factors P, water,
and variety. Two rates of P (0 kg ha−1 and 30 kg ha−1) were applied and the same three varieties
(Mudgo, NERICA4 and NERICA-L-19) were sown. The water treatments were selected based on the
relevance for the respective types of rice systems and were hence different from the lowland trial.
Plots were daily watered to field capacity until 19 DAS. Then half of the plots were only watered twice
a week (average of drying peaks up to pF = 3.5) while the other half was maintained daily at field
capacity. This treatment mimicked dry periods on the field, and after each drying cycle, plants showed
symptoms of drought stress (i.e., leaf rolling). The field was managed in the same way, and the same
data were collected and analyzed as for the lowland field trial.

3. Results

3.1. Pot Trial with Lowland Soil

Shoot growth differed more among the three P levels within each water availability treatment
than among the three water levels within the P levels (Table 3). The largest source of variation in the
dry shoot production, tiller number and plant height was explained by P level (sum of squares from
ANOVA, plant height, and tiller number not shown).

In every treatment combination (P × variety or water × variety), NERICA-L-19 produced more
biomass than NERICA4, but these varietal differences were smaller under non-optimal conditions
(low P or water stress) (Table 3). Lowering P availability had more impact percent-wise on NERICA4
than on NERICA-L-19 relative to optimal growth without P limitation. Sub-optimal P availability
(0.1 mg P L−1) decreased shoot biomass more in NERICA4 (by 50%) than in NERICA-L-19 (by 39%).
Water stress in turn affected NERICA-L-19 more than NERICA4, with reductions of 47% and 36%
respectively (Table 3).

Under water stress and field capacity, δ13C values in NERICA-L-19 were higher (less negative)
than those in NERICA4 (−30.03‰ versus −31.02‰ for FC and −28.65‰ versus −30.68‰ for WS),
while under submerged conditions δ13C values did not differ between both varieties. The δ13C
values strongly differed among water treatments for NERICA-L-19, but not for NERICA4 (Table 3 and
Figure 1). Increased P availability increased the δ13C values, especially under reduced water availability
(Table 3). The responses of the relative biomass production and the corresponding δ13C values under
water stress (relative to field capacity) are presented in Figure 1.
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Table 3. Shoot, root, carbon isotope discrimination, and P uptake data from two varieties grown in a pot trial using lowland soil to which P was applied to achieve
P concentrations in soil solution of <0.01 mg L−1, 0.1 mg L−1, and 2 mg L−1. Water supply was managed to achieve: water stress (WS), field capacity (FC) and
submergence (Sub). Data are presented as means with (standard errors). Probabilities of F-statistics for the treatment effects are presented at the bottom of the table.
(Pc = Shoot P concentration; Pup = Total P uptake by the shoot; Puproot = Shoot P uptake per unit root weight; Pupnodal = Shoot P uptake per nodal root).

V
ar

ie
ty Water P Shoot

Mass δ13C
Nodal
Roots Root Mass Root-Shoot

Ratio Pc Pup Puproot Pupnodal

(mg L−1) (g) (‰) (number
plant−1) (g) (mg P

kg−1)
(mg P

plant−1) (mg P g−1)
(mg P

nodal−1)

N
ER

IC
A

4

Sub pF = 0
2 11.5 (1.9) −30.99 (0.08) 146 (16.9) 2.57 (0.55) 0.22 (0.02) 4391 (127) 50.3 (8.1) 35.3 (3.0) 0.34 (0.028)

0.1 5.1 (0.9) −30.70 (0.25) 64 (8.3) 1.09 (0.09) 0.23 (0.03) 1782 (88) 9.2 (1.6) 11.1 (0.7) 0.15 (0.031)
<0.01 1.5 (0.1) −31.28 (0.09) 34 (2.3) 0.38 (0.02) 0.26 (0.01) 1127 (159) 1.6 (0.2) 4.9 (0.7) 0.05 (0.007)

FC pF = 2
2 12.7 (0.7) −30.72 (0.20) 98 (3.8) 2.18 (0.31) 0.17 (0.02) 4440 (483) 56.6 (7.2) 42.1 (5.9) 0.58 (0.074)

0.1 5.9 (0.7) −31.20 (0.13) 64 (8.0) 0.93 (0.07) 0.16 (0.01) 2154 (126) 12.8 (2.2) 19.0 (1.2) 0.22 (0.068)
<0.01 2.4 (0.4) −31.13 (0.07) 41 (3.2) 0.47 (0.07) 0.20 (0.01) 2085 (175) 5.1 (1.0) 12.4 (1.1) 0.12 (0.015)

WS pF =3–3.5
2 5.4 (0.4) −30.25 (0.31) 37 (1.9) 0.73 (0.06) 0.14 (0.01) 3284 (243) 17.8 (2.0) 30.2 (3.4) 0.48 (0.57)

0.1 3.8 (0.1) −30.50 (0.42) 36 (3.4) 0.74 (0.10) 0.19 (0.03) 2478 (141) 9.5 (0.6) 15.4 (2.1) 0.27 (0.026)
<0.01 2.4 (0.2) −31.30 (0.19) 27 (1.5) 0.34 (0.02) 0.14 (0.01) 2332 (157) 5.7 (0.8) 19.8 (3.2) 0.22 (0.035)

N
ER

IC
A

-L
-1

9

Sub pF = 0
2 21.0 (2.4) −30.71 (0.20) 367 (24.2) 8.11 (1.61) 0.39 (0.06) 3031 (163) 62.7 (4.7) 18.5 (3.0) 0.17 (0.009)

0.1 9.6 (2.0) −30.46 (0.10) 191 (32.4) 3.48 (0.84) 0.35 (0.01) 1510 (134) 14.2 (2.7) 6.7 (0.6) 0.08 (0.009)
<0.01 3.0 (0.5) −30.92 (0.07) 88 (9.5) 0.90 (0.15) 0.31 (0.02) 1044 (44) 3.2 (0.6) 4.1 (0.4) 0.04 (0.003)

FC pF = 2
2 18.6 (0.7) −29.77 (0.32) 153 (5.6) 3.56 (0.48) 0.19 (0.02) 2822 (136) 55.5 (3.9) 31.0 (1.9) 0.37 (0.006)

0.1 12.7 (0.8) −29.64 (0.35) 130 (10.1) 2.14 (0.13) 0.17 (0.00) 1856 (115) 23.2 (0.4) 17.1 (1.7) 0.18 (0.014)
<0.01 5.3 (0.2) −30.67 (0.07) 108 (4.3) 1.26 (0.07) 0.24 (0.01) 1337 (94) 7.0 (0.3) 7.5 (1.1) 0.07 (0.006)

WS pF = 3–3.5
2 7.6 (0.3) −27.95 (0.29) 77 (6.3) 1.11 (0.13) 0.15 (0.02) 3263 (77) 25.0 (1.3) 50.4 (9.0) 0.33 (0.028)

0.1 6.3 (0.3) −28.64 (0.14) 60 (9.0) 1.07 (0.18) 0.17 (0.02) 1903 (201) 11.8 (0.8) 18.1 (2.4) 0.21 (0.026)
<0.01 3.8 (0.3) −29.36 (0.25) 37 (3.5) 0.43 (0.05) 0.11 (0.01) 2115 (271) 7.9 (0.5) 28.7 (1.4) 0.23 (0.034)

Water *** *** *** *** *** ** *** *** ***
P *** *** *** *** ns *** *** *** ***

Variety *** *** *** *** *** *** ** ns ***
Water × P *** * *** *** * *** *** * **

Water × Variety ** *** *** *** *** * ns *** ns
P × Variety ** ns *** ** ns * ns ns **

Water × P × Variety ns ns *** ** ns ** ns ** ns

* Significance in this table was based on a p-level of ‘*’ <0.05, ‘**’ <0.01 and ‘***’ <0.001; while ns = not significant.
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Figure 1. Relative biomass production (under water stress relative to field capacity) plotted against carbon 
isotope discrimination (δ13C) in two rice varieties (NERICA-L-19 and NERICA4) grown in lowland soil. P 
was applied to achieve P concentrations in soil solution of <0.01 mg L−1, 0.1 mg L−1, and 2 mg L−1. Error 
bars represent the standard error on the δ13C. 

Root mass increased with increasing P availability. Under non-limiting P availability, reduced water 
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Puproot consistently increased with decreasing water availability, although for NERICA4 this 
response was only significant at <0.01 mg P L−1 and not observed under water stress with 0.1 and 2 mg P 
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Figure 1. Relative biomass production (under water stress relative to field capacity) plotted against
carbon isotope discrimination (δ13C) in two rice varieties (NERICA-L-19 and NERICA4) grown in
lowland soil. P was applied to achieve P concentrations in soil solution of <0.01 mg L−1, 0.1 mg L−1,
and 2 mg L−1. Error bars represent the standard error on the δ13C.

Root mass increased with increasing P availability. Under non-limiting P availability,
reduced water availability (i.e., FC & WS) reduced root mass, but for NERICA4 this difference was not
significant between submergence and field capacity. Water stress reduced root mass by 10 to 70% for
NERICA4, and 50 to 86% for NERICA-L-19, while severe P deficiency reduced root mass by 53 to 85%
for NERICA4, and 61 to 89% for NERICA-L-19.

For both varieties, larger root:shoot ratios were observed with increased water availability
(from WS to FC, up to Sub). Under submergence only, the root:shoot ratio of NERICA-L-19 was
48% larger than the one of NERICA4 (Table 3).

Total P uptake by NERICA-L-19 was 25% larger than by NERICA4. Without P limitations,
water stress reduced total P uptake in both varieties (compared to field capacity or submerged
conditions), while at sub-optimal P availability, total P uptake increased from submerged conditions to
field capacity.

Puproot consistently increased with decreasing water availability, although for NERICA4 this
response was only significant at <0.01 mg P L−1 and not observed under water stress with 0.1 and
2 mg P L−1. Under 2 mg P L−1, NERICA-L-19 had a larger Puproot than NERICA4 under water stress,
while the reverse was true under submerged conditions.

Within each P level, decreasing water availability significantly increased the Pupnodal,
although this trend was reversed going from field capacity to water stress under non-limiting P
(Table 3 and Figure 2). However, the smallest Pupnodal was consistently observed under submerged
conditions. The negative effect of submergence versus field capacity on P uptake efficiency was highly
consistent in both varieties, and it was the most prominent for NERICA-L-19. Phosphorus availability
increased the Pupnodal, but under water stress such effect was not significant between <0.01 and
0.1 mg P L−1. For 0.1 and 2 mg P L−1 the Pupnodal of NERICA4 was significantly larger than that of
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NERICA-L-19. At sub-optimal P availability, an equal or larger shoot mass, larger P uptake and a larger
P uptake efficiency was achieved in both varieties under field capacity compared to soil submergence
(Table 3), while under field capacity a similar or even smaller root mass was observed.
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Figure 2. P uptake (mg) per nodal root versus the nodal root thickness scores from NERICA-L-19
grown in lowland soil (pots) under combinations of P rates (<0.01, 0.1, and 2 mg P L−1) and water
levels (water stress, field capacity, and soil submergence). Standard errors of the means are presented
by the error bars. With decreased water availability root thickness decreases and P acquisition efficiency
(Pupnodal) increases. Reduced soil P availability decreases P uptake per nodal root.

Within each P level, nodal root thickness strongly decreased under reduced water availability and
this response was larger under non-limiting P (Table 4). The response of nodal root thickness to water
availability was larger in NERICA-L-19 than in NERICA4. NERICA-L-19 developed significantly
thicker roots under submergence compared to NERICA4. Under soil submergence, nodal root thickness
significantly increased with increasing P availability from <0.01 up to 0.1 mg P L−1 while under water
limitations none of these P effects on nodal root thickness were significant. The response of nodal
root thickness to water availability was stronger than its response to P availability, as illustrated for
NERICA-L-19 in Figure S1 (Supplementary Information) and this reduced nodal thickness under
reduced water availability clearly relates with an increased Pupnodal (Figure 2).

Basal lateral root density was significantly larger for NERICA-L-19 compared to NERICA4.
Except under submerged conditions with 2 mg P L−1, NERICA-L-19 showed a significantly reduced
lateral root density which is not different from that of NERICA4 (Figure 3). The order of magnitude of
other responses to P and water availability was much smaller compared to these differences between
both varieties (Figure 3).
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Table 4. The scores for the root architectural variables (i.e., nodal root thickness score, basal lateral root density score, and secondary branching degree) from both the
lowland (left) and upland (right) pot trial. For the lowland trial two varieties, NERICA4 and NERICA-L-19, were grown under combinations of P rates (P concentration
in the soil solution of <0.01 mg L−1, 0.1 mg L−1, and 2 mg L−1) and water levels (water stress (WS), field capacity (FC), and submergence (Sub)). For the upland trial
two varieties, NERICA4 and Mudgo, were grown under combinations of P rates (P concentration in the soil solution of <0.01 mg L−1, 0.1 mg L−1, and 2 mg L−1) and
water levels (severe water stress (severe WS), moderate water stress (moderate WS) and field capacity (FC)). All plants were harvested at 46 DAS. Data are presented
as means with (standard errors). Probabilities of F-statistics for the effects of water, P and variety selection and their interactions on architectural the root variables in
both trials are given at the bottom.

Lowland Pot Trial (Dakawa Soil) Upland Pot Trial (Matombo Soil)

V
ar

ie
ty

Water P (mg L−1)
Nodal Root

Thickness Score
Secondary

Branching Degree

V
ar

ie
ty

Water P (mg L−1)
Nodal Root

Thickness Score
Secondary

Branching Degree

N
ER

IC
A

4

Submerged
pF = 0

2 4.13 (0.13) 2.13 (0.13)

N
ER

IC
A

4

FC pF = 2
2 4.63 (0.20) 2.63 (0.24)

0.1 3.50 (0.29) 3.13 (0.32) 0.1 4.63 (0.24) 3.75 (0.25)
<0.01 3.25 (0.14) 3.38 (0.24) <0.01 3.00 (0.20) 2.63 (0.24)

FC pF = 2
2 2.88 (0.13) 2.75 (0.14) Moderate WS

pF = 2.7

2 3.13 (0.13) 3.75 (0.14)
0.1 2.75 (0.14) 2.75 (0.25) 0.1 3.13 (0.13) 4.00 (0.20)

<0.01 3.00 (0.00) 3.25 (0.14) <0.01 2.50 (0.20) 3.00 (0.20)

WS pF = 3–3.5
2 2.00 (0.00) 4.50 (0.20)

Severe WS pF
= 3–3.5

2 3.00 (0.20) 5.00 (0.00)
0.1 1.63 (0.13) 4.75 (0.25) 0.1 2.75 (0.14) 4.88 (0.24)

<0.01 2.00 (0.00) 3.63 (0.13) <0.01 1.63 (0.24) 3.88 (0.43)

N
ER

IC
A

-L
-1

9

Submerged
pF = 0

2 4.25 (0.14) 2.50 (0.00)

M
ud

go

FC pF = 2
2 4.50 (0.29) 2.88 (0.43)

0.1 4.38 (0.24) 2.63 (0.13) 0.1 4.38 (0.24) 2.88 (0.13)
<0.01 3.75 (0.14) 3.25 (0.14) <0.01 3.38 (0.43) 3.13 (0.13)

FC pF = 2
2 2.50 (0.20) 3.75 (0.32) Moderate WS

pF = 2.7

2 3.63 (0.13) 4.50 (0.20)
0.1 3.00 (0.00) 3.75 (0.14) 0.1 3.50 (0.20) 4.38 (0.24)

<0.01 3.13 (0.13) 3.00 (0.20) <0.01 2.38 (0.13) 3.25 (0.14)

WS pF = 3–3.5
2 1.63 (0.13) 4.50 (0.20)

Severe WS pF
= 3–3.5

2 3.00 (0.00) 4.88 (0.13)
0.1 2.00 (0.00) 5.00 (0.00) 0.1 2.75 (0.14) 5.13 (0.24)

<0.01 1.75 (0.14) 4.00 (0.00) <0.01 1.75 (0.14) 3.88 (0.32)

Water *** *** Water *** ***
P ns * P *** ***

Variety * * Variety ns ns
Water × P *** *** Water × P ns **

Water × Variety *** * Water × Variety ns ns
P × Variety *** ns P × Variety ns ns

Water × P × Variety ns ** Water × P × Variety ns ns

* Significance in this table was based on a p-level of ‘*’ <0.05, ‘**’ <0.01 and ‘***’ <0.001; while ns = not significant.
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(right panel, b) and NERICA 4 (light) and Mudgo (dark) in the upland pot trial (left panel, a). Each soil was subjected to three P-rates (<0.01, 0.1, and 2 
mg P L−1) and three different water levels. The density scores are based on the Maize ‘shovelomics board’ [43] and were determined after root harvest 
at 46 DAS. For each trial, NERICA4 has the smallest basal lateral root density for all treatment combinations. 
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Figure 3. Side-by-side boxplots of basal lateral root density scores from the roots of NERICA4 (light) and NERICA-L-19 (dark) in the lowland pot trial (right panel, b)
and NERICA 4 (light) and Mudgo (dark) in the upland pot trial (left panel, a). Each soil was subjected to three P-rates (<0.01, 0.1, and 2 mg P L−1) and three different
water levels. The density scores are based on the Maize ‘shovelomics board’ [43] and were determined after root harvest at 46 DAS. For each trial, NERICA4 has the
smallest basal lateral root density for all treatment combinations.
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Secondary branching degree strongly increased under reduced water levels for both varieties,
but for NERICA4 this response to water availability was not significant under severe P deficiency nor
between submergence and field capacity at 0.1 mg P L−1. For NERICA-L-19 this response to water
was consistently significant except between submergence and field capacity under severe P deficiency
(Table 4).

3.2. Pot Trial with Upland Soil

Shoot responses and δ13C values (Table 5) are described and discussed in S2 (Supplementary
Information). Root and shoot biomass responses to P availability were larger than the responses
to water availability. NERICA4 was most sensitive to reduced P availability but less sensitive to
water stress.

The root:shoot ratio of Mudgo decreased under severe water stress but not for NERICA4.
Under moderate and severe water stress, the root:shoot ratio of NERICA4 was significantly larger than
that of Mudgo, while there was no difference in root:shoot ratio between both varieties under field
capacity. With decreasing P availability, the root:shoot ratio of both varieties consistently increased,
and the more so for NERICA4 than for Mudgo under P deficiency. The root:shoot ratio increased
with increasing water availability under severe P deficiency, but remained unaffected by water under
non-limiting and suboptimal P (Table 5).

Pc, Pup, Puproot, and Pupnodal increased with increasing P availability, but the magnitude of
these responses depended on both water level and variety. Under 0.1 and 2 mg P L−1 the Pup of
Mudgo was larger than that of NERICA4. For Mudgo, Puproot consistently increased with decreasing
water availability (i.e., from FC to moderate WS and extended to severe WS), while this trend was not
consistently observed for NERICA4, especially not at <0.01 and 0.1 mg P L−1. At 0.1 and 2 mg P L−1,
the Puproot of Mudgo was generally larger by 56% compared to NERICA4.

Compared to field capacity, the Pupnodal increased with decreased water availability for both
varieties, but this effect was not significant for NERICA4 under severe water stress. Under severe
water stress, Mudgo had a larger Pupnodal than NERICA4 (factor 1.35). At 0.1 and 2 mg P L−1,
Mudgo developed a larger number of nodal roots compared to NERICA4, while the Pupnodal at
0.1 (and <0.01) mg P L−1 in Mudgo was similar to that of NERICA4 and significantly larger under
2 mg P L−1 (Table 5).

Nodal root thickness strongly decreased under reduced water and reduced P availability, but the
magnitude of the response was larger for water than for P (Table 4). Nodal root thickness remained
unaffected by variety.

Basal lateral root density was strongly affected by variety only and was much larger for Mudgo
than for NERICA4 (Figure 3).

Secondary branching degree strongly increased under reduced water availability, although this
effect was not significant at <0.01 mg P L−1 between field capacity and moderate water stress.
Under moderate and severe water stress, secondary branching degree significantly decreased when
going from sub-optimal P availability to severe P deficiency, but this was not observed under field
capacity (Table 4).

3.3. Lowland Field Trial

Details on shoot responses, δ13C values, and grain yields (Table 6) are described in S2
(Supplementary Information). Growth reductions (in terms of biomass) by the absence of P fertilization
were smallest for Mudgo (24%), followed by NERICA-L-19 (34%) and largest for NERICA4 (45%).
Grown at field capacity, Mudgo and NERICA-L-19 displayed a slightly larger δ13C compared to
NERICA4 (respectively averages of −29.59‰ and −29.37‰ versus −29.97‰), while such differences
under submergence were less obvious.
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Table 5. Shoot, root, carbon isotope discrimination, and P uptake data from two varieties grown in a pot trial using the upland soil to which P was applied to achieve
P concentrations in soil solution of <0.01 mg L−1, 0.1 mg L−1, and 2 mg L−1. Water supply was managed to achieve: Severe water stress (severe WS), moderate water
stress (moderate WS) and field capacity (FC). Data are presented as means with (standard errors). Probabilities of F-statistics for the treatment effects are presented at
the bottom of the table. (Pc = Shoot P concentration; Pup = Total P uptake by the shoot; Puproot = Shoot P uptake per unit root weight; Pupnodal = Shoot P uptake per
nodal root).

V
ar

ie
ty Water P Shoot Mass δ13C Nodal Roots Root Mass Root-Shoot Ratio Pc Pup Puproot Pupnodal

(mg L−1) (g) (‰) (number
plant−1) (g) (mg P

kg−1)
(mg P

plant−1) (mg P g−1)
(mg P

nodal−1)

N
ER

IC
A

4

FC pF = 2
2 15.1 (1.3) −31.35 (0.09) 118 (9.5) 2.63 (0.29) 0.17 (0.01) 3542 (65) 53.2 (3.8) 29.8 (1.5) 0.45 (0.014)

0.1 9.9 (0.8) −31.36 (0.14) 88 (8.4) 1.87 (0.28) 0.19 (0.02) 1649 (60) 16.2 (1.0) 12.2 (1.7) 0.18 (0.004)
<0.01 0.9 (0.1) −30.91 (0.18) 27 (2.2) 0.40 (0.05) 0.44 (0.02) 832 (49) 0.8 (0.1) 2.1 (0.1) 0.03 (0.003)

Moderate WS
2 11.9 (0.7) −30.57 (0.20) 82 (4.9) 2.25 (0.17) 0.19 (0.01) 3915 (155) 46.6 (3.6) 32.1 (2.1) 0.58 (0.046)

0.1 8.5 (0.9) −31.02 (0.27) 71 (5.0) 1.88 (0.19) 0.23 (0.02) 1758 (85) 14.8 (1.2) 9.5 (1.1) 0.21 (0.010)
<0.01 0.9 (0.2) −31.37 (0.07) 26 (1.1) 0.34 (0.06) 0.42 (0.06) 1127 (155) 1.1 (0.3) 3.3 (1.1) 0.04 (0.013)

Severe WS pF
=3–3.5

2 7.1 (0.9) −29.97 (0.11) 66 (11.3) 1.33 (0.19) 0.19 (0.02) 3764 (54) 26.7 (3.1) 26.6 (2.7) 0.44 (0.083)
0.1 6.1 (0.7) −30.30 (0.14) 48 (4.1) 1.61 (0.25) 0.26 (0.02) 1489 (69) 9.1 (1.3) 7.4 (0.7) 0.19 (0.018)

<0.01 1.0 (0.1) −31.34 (0.11) 16 (2.2) 0.37 (0.05) 0.37 (0.04) 771 (21) 0.8 (0.1) 2.3 (0.2) 0.05 (0.005)

M
ud

go

FC pF = 2
2 17.2 (2.3) −30.59 (0.19) 150 (12.2) 3.02 (0.74) 0.17 (0.02) 4188 (276) 72.6 (12.5) 35.1 (3.3) 0.47 (0.047)

0.1 14.5 (2.1) −30.70 (0.06) 159 (16.7) 3.40 (0.63) 0.23 (0.02) 1599 (27) 23.2 (3.3) 9.9 (1.3) 0.15 (0.009)
<0.01 1.2 (0.2) −30.84 (0.16) 37 (2.6) 0.48 (0.09) 0.40 (0.03) 719 (36) 0.9 (0.1) 2.0 (0.1) 0.02 (0.002)

Moderate WS
2 15.4 (0.5) −29.33 (0.18) 127 (4.1) 2.85 (0.24) 0.19 (0.02) 4921 (469) 76.3 (9.1) 44.6 (5.6) 0.60 (0.065)

0.1 12.2 (1.0) −30.25 (0.40) 120 (7.9) 2.53 (0.32) 0.21 (0.01) 2054 (72) 24.9 (1.8) 13.8 (0.5) 0.21 (0.010)
<0.01 1.0 (0.1) −30.85 (0.06) 28 (2.3) 0.32 (0.06) 0.31 (0.04) 826 (63) 0.8 (0.1) 2.9 (0.3) 0.03 (0.006)

Severe WS pF
= 3–3.5

2 10.0 (0.6) −28.94 (0.47) 93 (3.8) 1.40 (0.22) 0.14 (0.01) 6210 (340) 62.0 (5.1) 68.3 (7.3) 0.66 (0.042)
0.1 9.1 (0.5) −29.03 (0.25) 81 (6.9) 1.70 (0.19) 0.19 (0.01) 1853 (61) 16.9 (1.4) 14.3 (2.4) 0.21 (0.009)

<0.01 1.2 (0.1) −30.20 (0.11) 25 (2.9) 0.24 (0.03) 0.21 (0.01) 980 (101) 1.1 (0.1) 5.4 (0.6) 0.05 (0.008)

Water *** *** *** *** ** *** ** ** **
P *** *** *** *** *** *** *** *** ***

Variety *** *** *** ** *** *** *** *** ns
Water × P *** *** *** * ** *** * ** ns

Water × Variety ns * ns ns ** *** ns *** *
P × Variety ** ns *** ns ** *** *** *** *

Water × P × Variety ns ns ns ns ns ** ns *** ns

* Significance in this table was based on a p-level of ‘*’ <0.05, ‘**’ <0.01 and ‘***’ <0.001; while ns = not significant.
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Table 6. Shoot, root, carbon isotope discrimination, and P uptake data from the lowland field trial. Three varieties (NERICA4, NERICA-L-19 and Mudgo) were
grown in a lowland field under two different P rates (0 kg P ha−1 (0P) versus 30 kg P ha−1 (+P)) and two different water treatments (field capacity (FC) versus
submergence (Sub)). Data were collected at 51 DAS except for grain yield which was estimated at crop maturity stage. Data are presented as means with (standard
errors). Probabilities of F-statistics for the treatment effects are given at the bottom. (Pc = Shoot P concentration; Pup = Total P uptake by the shoot; Puproot = Shoot P
uptake per unit root weight; Pupnodal = Shoot P uptake per nodal root).

V
ar

ie
ty Water

P Shoot Mass δ13C Nodal Roots Root
Mass

Root-Shoot
Ratio Pc Pup Puproot Pupnodal Grain Yield

(g) (‰) (number
plant−1) (g) (mg P

kg−1)
(mg P

plant−1)
(mg P
g−1)

(mg P
nodal−1) (kg ha−1)

N
ER

IC
A

4

Sub
+P 16.45 (0.92) −29.75 (0.05) 164 (5.9) 3.17 (0.21) 0.19 (0.01) 2425 (93) 40.2 (3.0) 20.5 (1.4) 0.24 (0.014) 3960 (1090.2)
0P 9.23 (0.99) −29.66 (0.10) 120 (6.4) 1.88 (0.19) 0.21 (0.01) 1910 (143) 18.8 (3.6) 14.4 (1.8) 0.15 (0.021) 3170 (741.2)

FC
+P 17.40 (1.08) −29.95 (0.06) 140 (7.3) 3.23 (0.24) 0.19 (0.01) 2131 (56) 37.1 (2.6) 18.1 (1.2) 0.27 (0.016) 3947 (233.4)
0P 9.41 (1.07) −29.99 (0.07) 98 (6.3) 1.84 (0.20) 0.20 (0.01) 2110 (165) 20.8 (3.0) 15.8 (1.6) 0.20 (0.023) 3044 (405.9)

N
ER

IC
A

-L
-1

9

Sub
+P 21.77 (1.34) −29.67 (0.09) 406 (13.9) 7.17 (0.46) 0.33 (0.02) 2099 (89) 45.3 (2.9) 12.6 (1.0) 0.11 (0.007) 4925 (543.6)
0P 13.91 (1.06) −29.99 (0.11) 314 (15.8) 4.64 (0.37) 0.34 (0.02) 1847 (109) 26.4 (3.1) 10.8 (1.8) 0.08 (0.008) 4884 (435.6)

FC
+P 21.96 (1.92) −29.28 (0.12) 276 (14.5) 5.30 (0.42) 0.25 (0.01) 1613 (46) 35.9 (3.8) 14.6 (1.3) 0.13 (0.009) 4212 (377.6)
0P 15.00 (0.70) −29.45 (0.09) 274 (14.5) 3.90 (0.24) 0.26 (0.01) 1759 (42) 26.1 (1.3) 12.3 (0.8) 0.10 (0.005) 3504 (275.7)

M
ud

go Sub
+P 22.24 (1.22) −30.04 (0.07) 313 (9.1) 4.40 (0.30) 0.20 (0.01) 2925 (67) 64.6 (3.2) 28.0 (1.2) 0.21 (0.011) 4060 (449.4)
0P 16.95 (1.38) −30.12 (0.06) 232 (8.0) 3.12 (0.22) 0.19 (0.01) 2245 (129) 38.1 (3.6) 19.9 (2.1) 0.16 (0.013) 3535 (937.7)

FC
+P 21.69 (1.46) −29.53 (0.05) 240 (16.9) 3.67 (0.28) 0.17 (0.01) 2306 (160) 50.8 (6.0) 23.4 (2.8) 0.21 (0.015) 3435 (104.5)
0P 16.59 (1.35) −29.64 (0.10) 196 (6.0) 2.82 (0.14) 0.18 (0.01) 2290 (82) 38.5 (3.8) 21.9 (1.7) 0.19 (0.016) 2626 (637.5)

Water ns ns ** *** *** ** * ns ns p = 0.052
P *** * *** *** ns *** *** *** *** p = 0.052

Variety *** *** *** *** *** *** *** *** *** *
Water × P ns ns ** ns ns *** * 0.058 ns ns

Water × Variety ns *** *** *** *** ns ns ns ns ns
P × Variety ns ns ns ns ns ns ns ns * ns

Water × P ×
Variety ns ns * ns ns ns ns ns ns ns

* Significance in this table was based on a p-level of ‘*’ <0.05, ‘**’ <0.01 and ‘***’ <0.001; while ns = not significant.
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The root:shoot ratio decreased going from submergence to field capacity for NERICA-L-19,
while this response was not significant for Mudgo and NERICA4. Root:shoot ratios were larger for
NERICA-L-19 compared to those of Mudgo and NERICA4 (Table 6).

Pc increased with P fertilization under submergence but not under field capacity. The Pc was
largest for Mudgo, followed by NERICA4, and was smallest for NERICA-L-19. Pup increased under
submerged conditions compared to field capacity, only when P was applied and Pup was largest for
Mudgo and smallest for NERICA4. The differences in relative P uptake by the contrasting varieties
(indicator for low P tolerance) correspond with strong differences in basal lateral density, and this
tolerance is enhanced under reduced water availability (Figure 4). The latter response is not related
with a response in basal lateral density, but rather related with a response in nodal root thickness and
secondary branching degree (Table 7).
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Figure 4. Relative P uptake of different rice varieties (i.e., the P uptake without P fertilization relative
to the P uptake when P is sufficiently available) in relation to the observed basal lateral density
(analyzed at 51 DAS). Three varieties (NERICA4, Mudgo, and NERICA-L-19) were grown on a lowland
rice field with (30 kg P ha−1) and without (0 kg P ha−1) P fertilization and they were subjected to two
water treatments (soil submergence versus field capacity). The higher basal lateral branching density
relates with the low P tolerance of contrasting varieties and reduced water availability additionally
enhances this relative P uptake.

The Puproot significantly increased with P fertilization and Puproot was larger for Mudgo
compared to NERICA4, for which it was larger than for NERICA-L-19. The Pupnodal increased with P
fertilization for both NERICA4 and Mudgo, but not in NERICA-L-19. The Pupnodal of NERICA-L-19
was smaller than that of Mudgo and NERICA4 (both with and without P fertilization), while the
Pupnodal of Mudgo was larger than that of NERICA4 with P fertilization only (Table 6).
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Table 7. The scores for root architectural traits (i.e., nodal root thickness score, basal lateral root density score, and secondary branching degree) of three varieties
(NERICA4, NERICA-L-19 and Mudgo) grown in two field sites in Tanzania. For the lowland field, plants were grown under two different P rates (0 kg P ha−1 (0P)
versus 30 kg P ha−1 (+P)) and two different water treatments (field capacity (FC) versus submergence (Sub)). For the upland field, plants were grown under the same
two different P rates (0 kg P ha−1 (0P) versus 30 kg P ha−1 (+P)) and two different water treatments (drought versus field capacity (FC)). Roots were harvested and
analyzed at 51 DAS. Data are presented as means with (standard errors). Probabilities of F-statistics for the treatment effects are given at the bottom.

Lowland Field Trial (Ruvu) Upland Field Trial (Morogoro)

V
ar

ie
ty

Water P Nodal Root
Thickness Score

Basal Lateral Root
Density Score

Secondary
Branching Degree Water P Nodal Root

Thickness Score
Basal Lateral Root

Density Score
Secondary

Branching Degree

N
ER

IC
A

4

Sub
+P 4.08 (0.08) 3.71 (0.29) 2.42 (0.15) FC +P 3.0 (0.20) 2.7 (0.40) 2.4 (0.14)
0P 3.79 (0.10) 4.08 (0.40) 2.54 (0.13) 0P 2.6 (0.18) 2.1 (0.22) 2.1 (0.08)

FC
+P 3.33 (0.07) 2.46 (0.23) 3.08 (0.13) drought +P 2.7 (0.12) 3.5 (0.30) 2.8 (0.17)
0P 3.13 (0.07) 3.13 (0.30) 2.96 (0.07) 0P 2.4 (0.16) 2.7 (0.29) 2.4 (0.14)

N
ER

IC
A

-L
-1

9

Sub
+P 3.50 (0.11) 7.00 (0.21) 3.75 (0.13) FC +P 2.4 (0.13) 4.7 (0.37) 3.0 (0.13)
0P 3.25 (0.10) 8.79 (0.27) 3.83 (0.18) 0P 2.3 (0.10) 3.9 (0.34) 2.8 (0.11)

FC
+P 2.92 (0.08) 7.21 (0.22) 4.17 (0.07) drought +P 2.3 (0.14) 3.5 (0.52) 2.5 (0.20)
0P 2.79 (0.07) 7.50 (0.21) 4.04 (0.07) 0P 2.3 (0.12) 4.7 (0.46) 3.0 (0.21)

M
ud

go

Sub +P 3.50 (0.11) 6.69 (0.23) 2.83 (0.13) FC +P 2.8 (0.13) 4.1 (0.65) 2.6 (0.26)
0P 3.41 (0.12) 7.46 (0.24) 2.83 (0.18) 0P 2.7 (0.14) 3.5 (0.63) 2.8 (0.19)

FC +P 3.00 (0.06) 6.71 (0.32) 3.92 (0.10) drought +P 2.6 (0.15) 4.8 (0.38) 3.0 (0.12)
0P 2.83 (0.07) 7.00 (0.25) 3.83 (0.13) 0P 2.4 (0.11) 4.3 (0.46) 2.8 (0.18)

Water *** ns ns Water * ns ns
P ns ns ns P * ns ns

Variety ns *** ** Variety *** *** ***
Water × P ns ns ns Water × P ns ns ns

Water × Variety ns ns ** Water × Variety ns ns ns
P × Variety ns ns ns P × Variety ns ns ns

Water × P × Variety ns ns ns Water × P × Variety ns ns *

* Significance in this table was based on a p-level of ‘*’ <0.05, ‘**’ <0.01, and ‘***’ <0.001; while ns = not significant.
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Nodal root thickness decreased with reduced water levels but did not differ among the varieties
(Table 7).

The basal lateral root density was not affected by P or water but was significantly larger for
NERICA-L-19 and Mudgo compared to NERICA4 (Table 7).

All varieties showed a significantly larger secondary branching degree under field capacity
compared to submergence, but the response was largest in NERICA-L-19. The secondary branching
degree of NERICA4 was lower than that of the other varieties, and only under submergence,
the secondary branching degree of Mudgo was smaller than that of NERICA-L-19 (Table 7). Without P
fertilization, the responses in nodal thickness and secondary branching to reduced water availability
relate with an increased P uptake efficiency (Figure 5).Agronomy 2019, 9, x FOR PEER REVIEW 18 of 28 
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3.4. Upland Field Trial

For this field trial, data on shoot and root mass were not collected. The remaining plant data
(tiller number, plant height, δ13C, number of nodal roots, P concentration in the shoot tissue, grain yield,
and harvest index) are given in Table S1 (Supplementary Information).

Nodal root thickness significantly reduced under drought and significantly increased with P
fertilization. Nodal roots of NERICA4 and Mudgo were thicker than nodal roots of NERICA-L-19.
No significant factor interactions were observed for nodal root thickness (Table 7).

Basal lateral root density was significantly affected by variety only. NERICA4 had a significantly
lower basal lateral root density than both NERICA-L-19 and Mudgo (Table 7).

In general, drought increased the secondary branching degree, although differences were not
consistently significant and for NERICA-L-19 under P fertilization a reversed response was observed
(Table 7). The secondary branching degree of NERICA4 was generally, while not consistently,
smaller than that of NERICA-L-19 and Mudgo (Table 7).

4. Discussion

4.1. Shoot and Grain Yield Responses of Contrasting Rice Varieties to Combinations of P and Water Availability

Under both pot and field conditions, P availability limited growth and grain yield more strongly
than water availability. With severe P deficiency in the pot trials, shoot growth of each variety
was extremely limited precluding observations of additional growth reductions by water stress.
NERICA-L-19 and Mudgo had a larger growth potential (in terms of biomass and yield) and
demonstrated a larger total P uptake compared to NERICA4, as earlier reported by [37,38] for Mudgo
and NERICA4. NERICA-L-19 and Mudgo are thus less sensitive to low and especially to sub-optimal
P availability compared to NERICA4.

In contrast, it was confirmed that NERICA4 is more tolerant to water stress compared to the other
varieties. As a result of their larger growth potential, NERICA-L-19 and Mudgo had larger shoot
biomass under water stress, but this trend would change after stronger and longer periods of water
stress. Additionally, larger and faster growing genotypes generally have larger water requirements and
would therefore show greater susceptibility to water stress. The observed differences in performance
under reduced water availability were expected for NERICA4 and NERICA-L-19 as the former is a
typical upland variety, known for its drought tolerance [45,46], while the latter is a typical lowland
variety with large water requirements [47].

4.2. Architectural Responses of Rice Roots to P and Water Availability

The degree of secondary branching increased under reduced water levels (i.e., field capacity and
water stress), which is in agreement with the findings of [48,49], who reported a similar increase
under field capacity compared to soil submergence. Nodal root thickness strongly decreased
with decreasing water availability, as also observed by [50,51]. P availability had only a minor
influence on nodal thickness which can be considered as an indirect result of reduced growth
under P deficiency, whereby less developed and smaller plants have thinner roots. Increased root
branching and reduced nodal thickness increase the soil volume explored, improve the root-soil contact
and—especially in deeper soil layers—improves water acquisition and tolerance under reduced water
availability [24,52]. Our results demonstrate that rice roots respond plastically to reduced water
availability by reducing nodal diameter and developing more higher order branches. First order
branching density (S-type roots [33]) at the nodal root base, however, was mainly determined by
variety and remained largely unaffected by water and P availability.

In general, the root:shoot ratio of crops is inversely proportional to both nutrient and water
availability, as plants allocate relatively more photosynthates to their roots under sub-optimal and
limiting conditions to increase soil exploration [28,53–58]. Additionally an ontogenetic effect is in
place where smaller and less developed plants generally have larger root:shoot ratios [18]. Hence it
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is remarkable that the root:shoot ratio of rice generally decreased with reduced water availability
(especially going from submergence to field capacity, but also in response to water stress). For rice,
a decrease of root:shoot ratio in response to drought was also observed by [34], and this is in line with
our observed decrease in nodal root thickness, which resulted in a more efficient conversion of biomass
to root length. An additional contribution to a reduced root:shoot ratio under drought can be the
increased formation of aerenchyma (as stress response) [59,60]. This negative response of the root:shoot
ratio to reduced water availability in the lowland pot trial was much larger for NERICA-L-19 than for
NERICA4 where it was less obvious. The ability of NERICA4 to maintain a high root:shoot ratio under
drought could either be the cause of its reduced sensitivity to drought, or be an indirect result of its
reduced sensitivity. For NERICA4, the increased rooting depth recently observed under reduced water
availability is in line with these findings [39].

In conclusion, while P availability was perceived as the most determinant factor for growth and
yield, root architecture (i.e., nodal root thickness, secondary branching degree, and root:shoot ratio)
was primarily modified by water availability, and not or only to a minor extent by P availability.
The responses of the basal lateral root density to changing water (or P) availability were less obvious
compared to responses of nodal root thickness or secondary branching.

4.3. Comparing Root Architecture among Varieties in Relation to Stress (Low P & Drought) Tolerance

In contrast to nodal root thickness and secondary branching degree, basal lateral root density was
a more robust and less plastic root trait (related to P and water availability), only slightly responsive to
P and water availability and strongly determined by variety. The much higher basal lateral root density
in roots of NERICA-L-19 and Mudgo compared to roots of NERICA4 can explain the larger growth
rate and larger P uptake capacity as suggested by [12]. High basal lateral root density thus relates
with low P tolerance of rice and is a relatively stable trait (not responsive to P and water availability),
presenting good opportunities for breeding towards low P tolerant rice varieties.

In contrast, first order basal lateral roots (S-type) are more sensitive to drought, and therefore
drought tolerant varieties rather avoid investing in such risky laterals and invest more photosynthates
in deep rooting. The reduced drought sensitivity of NERICA4 was in practice related to a smaller
basal lateral root density, which theoretically enhances drought tolerance by enabling root growth into
deeper layers [13,23]. Basal lateral root density hence shows antagonistic effects on drought and low P
tolerance [28], which should be taken into account when selecting varieties for specific environments.

In addition, the roots of NERICA4 grown in the field trials were slightly thicker and more stiff.
Root performance (e.g., nodal root thickness or root:shoot ratio) of this drought tolerant variety
(NERICA4) was more robust and less responsive to its environment compared to the other varieties.
Additionally, the reduced transpiration requirements would contribute to these findings. A larger and
more stable relative investment to roots under drought may increase its chances of survival under
longer drought periods. NERICA4 can hence be qualified as a stable and robust variety in terms
of growth, plant performance and root architecture [61,62] partly explaining its wide adoption by
farmers [63].

The relatively large root biomass of NERICA-L-19 under soil submergence enhanced its total P
uptake capacity, but resulted in a relatively low P uptake efficiency (Puproot and Pupnodal). Perhaps the
large number of nodal roots under field capacity and submergence, combined with the high basal
lateral root density increased the inter-root competition for P acquisition within each plant [64–66].
Hence, the number of nodal roots and total root investments of NERICA-L-19 may have exceeded a
critical point, whereby the increase in P uptake by each additional nodal root or additional unit root
mass decreased due to increased inter-root competition.

Mudgo had the most efficient root system in terms of P uptake (i.e., P uptake per nodal root and per
unit root mass). With fewer nodal roots, smaller root mass, and similar basal root density, Mudgo was
able to acquire a larger quantity of P compared to NERICA-L-19 (in the field), suggesting another
P uptake strategy of Mudgo not addressed in this study (e.g., an up-regulation of high affinity P
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transporters, the release of phosphatases, or the release of protons or other organic compounds to
mobilize inorganic P in the rhizosphere [9]). Future research would thus benefit from unraveling this
enhanced P uptake mechanism of Mudgo, as it could potentially be exploited by breeding.

4.4. Implications of the Root Responses to Reduced Water Availability for P Acquisition and
Agronomic Measures

Root traits such as secondary branching degree and nodal root diameter responded largely to
water availability, with large implications for P uptake due to the importance of fine roots for P
acquisition [67,68]. In all trials, larger values of P uptake efficiency (i.e., Puproot and Pupnodal) were
observed under reduced water availability, especially under limiting P, while the total P uptake was
often observed to increase with reduced water levels. However, with decreasing water availability in a
soil, from a certain point the reduced P diffusion will overrule the beneficial effects of an improved
root system on total P uptake.

The benefits of a more optimized root system (in terms of root architecture and acquisition
efficiency) on P uptake would theoretically be largest under sub-optimal P availability. The largest
increase in shoot biomass and P uptake in response to reduced water availability (i.e., field capacity
versus soil submergence) was effectively observed for NERICA-L-19 under sub-optimal P availability
(Table 3, for 0.01 mg P L−1). A generally smaller increase in P uptake efficiency in response to reduced
water availability in NERICA4 corresponded with a lower degree of root plasticity in response to such
lower water levels.

These findings imply that P uptake and yield in low P environments could be enhanced by
moderating water supply to the crop. Architectural root responses to water availability have strong
implications for the selection and breeding of low P tolerant rice varieties based on the expression of
root characteristics (e.g., [32,69–71]), as beneficial root traits for P uptake (e.g., nodal root thickness
or degree of second order branching) could so easily be modified by water availability. These results
highlight the importance of understanding the responses of root traits to multiple environmental
factors and their plasticity before exploiting them in breeding.

5. Conclusions

This study is the first report on rice root responses to combined stresses (here P and water
availability) of the genotypes selected, and the first report on many of the root traits presented
(i.e., nodal root thickness, basal lateral root density, secondary branching degree). We demonstrated
that the different performance of contrasting rice varieties under conditions of P and water stress
are related to specific root architectural traits and root responses. Moreover, root architectural traits
of rice respond much more to water than to P availability and a change in water availability alters
the P uptake efficiency. It follows that reduced water availability could enhance P uptake efficiency
under low P conditions as it modifies the root system, while it can also enhance the formation of more
drought resilient roots. Future research on rice root architecture and nutrient uptake efficiency should
take into account the large effects of water availability on root development, and breeding programs
should consider the plasticity of architectural root traits in response to multiple environmental factors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/1/11/s1.
S1: Details on the set-up and maintenance of the lowland field experiment; S2: Detailed Result description of
the growth responses to P and water availability for (a) the pot trial with upland soil (b) the lowland field trial;
Table S1: Additional data from the upland field trial; Figure S1: Response plane of the nodal root thickness of
NERICA-L-19 grown in lowland soil under combinations of P rates and water levels.
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