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Abstract: Phosphorus (P) addition ameliorates the adverse effects of water stress on the seed yield
of soybean (Glycine max L.). Previous studies focused on the effect of P on root traits, but little information is available on changes to aboveground traits. In this paper, we show how P addition
affects shoot traits and reduces the adverse effects of water stress on the yield. Two soybean genotypes, with contrasting aboveground architectures, were grown in pots to compare the canopy
architecture, leaf traits, aboveground dry matter accumulation and yield under two water and
three P levels. The addition of P to two soybean genotypes, one with a larger number of branches
and greater leaf area on the branches than the other, showed that the increased leaf area distribution on the main stem and branches was associated with increased shoot and root dry weights,
which were positively correlated with the number of filled pods, seed number and seed yield and
negatively correlated with seed size at maturity under well-watered and cyclic water stress treatments. The leaf P concentration at 65 DAS (flowering stage) and leaf photosynthesis measured
shortly after re-watering increased with P addition, while the leaf mass area on the main stem at 65
DAS and maturity and on the branches at maturity increased modestly with P supply and water
stress. Evidence is presented that P addition can ameliorate the adverse effects of water stress on
yield through increased leaf area, leaf function and aboveground shoot production. We conclude
that the increased yields of soybean resulting from increased P and water supplies that were previously shown to be associated with increased root growth and function are mediated through
increased shoot growth and function, particularly the greater number of sites for pod production.
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Soybean yield is sensitive to water stress, which can lead to a more than 70% yield
loss [1–3]. Low soil available phosphorus (P) is the leading nutritional factor limiting
seed yield in soybean [4,5]. As drought events are predicted to increase and the
non-renewable resource of P is predicted to have limited availability, soybean seed yield
will be threatened by both water and P deficits in the future. Thus, revealing the mechanisms related to the adaptation to water and P deficits in soybean will help to improve
soybean resilience as adverse conditions increase in frequency and intensity.
Identification of the ideal root ideotype for soil P absorption from low-available P
soil, termed topsoil foraging [6], showed the importance of root traits in P uptake. Our
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recent study showed that P supply at flowering and podding increased root growth,
improved daily water use and increased the seed yield of soybean subjected to a water
deficit [7]. The high number of adventitious roots with a shallow root growth angle, a
high number of crown roots and a high lateral root density facilitates P absorption and
improves seed yield under low-available P soil [5,8–12]. He et al. [5] found that higher N
and P uptake efficiencies depended on greater adventitious and lateral root densities,
which benefited yield performance under water stress. To date, most studies on crop
adaptation to water and P deficit have focused on root traits and their roles in P uptake;
little is known about the effects of P supply on shoot traits, such as leaf mass area (LMA),
which is positively associated with yield [7,13].
Previous studies showed that P supply can ameliorate the adverse effects of drought
on yield performance in many crops such as wheat [14], barley [15], soybean [5,7,16,17]
and cowpea [18]. In these crops, the improvement in seed yield with P supply under
different water deficits was associated with an increase in dry matter accumulation
[5,7,16], but there is little information about how the increased P supply affects specific
shoot traits when subjected to a water deficit. There are many shoot traits associated with
dry matter accumulation such as the leaf photosynthetic rate and leaf area [19]. Both the
internode number and length contribute to plant height in soybean [20,21], but which one
contributes more to plant height and canopy architecture with P supply under water
deficit is not known. Our previous study showed that P application increased the leaf
area under both well-watered and water deficit conditions in soybean [7], and P supply
has also been shown to increase canopy photosynthesis and chlorophyll content [22].
However, how P supply affects the leaf mass area (LMA) and leaf area distribution on the
main stem and branches under water deficit is not known, and its role in dry matter accumulation needs to be verified.
In this study, two soybean genotypes with contrasting canopy architectures were
used to (1) investigate the response of leaf photosynthesis, LMA, internode length, shoot
and root dry weight, seed yield and yield components to P supply under adequately
watered and water deficit conditions, and to (2) determine the shoot traits related to improved shoot dry weight and seed yield.
2. Materials and Methods
A pot experiment was conducted during the soybean growing period in 2015 at the
Yuzhong Experiment Station (35° 51′ N, 104° 07′ E, altitude 1620 m) of Lanzhou University in Yuzhong County, Gansu Province, China. The plants were grown in an open
rainout shelter that could be closed when rain threatened. The pots were made from
polyvinyl chloride (PVC) tubes that were 1.05 m long and 0.16 m in diameter. Each pot
was filled with 18.6 kg of soil substrate (3:1 (v:v) sieved loess soil/vermiculite) that contained 2.0 mg kg–1 of available soil P. The loess soil was obtained from the field near the
Yuzhong Experiment Station and is similar to an Entisol [3]. The experiment involved 72
pots (2 genotypes x 2 water stress treatments x 3 P levels x 2 harvest dates x 3 replicates).
The three levels of P (0 (P0), 60 (P60) and 120 (P120) mg P kg–1 dry soil) were applied as
ammonium dihydrogen phosphate (NH4H2PO4) to the top 0.4 m soil layer to simulate soil
P supply in the field. The soil water content (SWC) of each pot at 100% pot capacity (PC)
was obtained by watering the soil until free draining and then allowing it to drain for 24
h before weighing.
Based on previous studies [2,3], two soybean genotypes with contrasting canopy
architectures, Zhuanghuang 30 (ZH) with a low shoot dry weight (DW) and low branch
numbers, and Huangsedadou (HD) with a high shoot DW and high branch numbers,
were used for this study. Seeds were soaked in water containing carbendazim (5 g L–1) for
10 min to prevent disease. Two seeds were sown in each pot and thinned to one seedling
after germination. Fifteen days after sowing (DAS), when both genotypes had one trifoliate leaf on the main stem and no branches, two water treatments were imposed: (i)
well-watered (WW; SWC maintained between 85 and 100% PC), and (ii) cyclic water
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stress (WS; water withheld until the SWC decreased to 30% PC, then re-watered to 100%
PC) [23]; 3 to 5 drought/re-watering cycles were imposed before physiological maturity
which was defined as when 95% of the pods were brown [24] at 136–147 DAS. Soil water
evaporation was minimized by placing black plastic film on top of each pot.
2.1. Leaf Photosynthetic Rate and the Leaf P Concentration Measurements
At 49 days after sowing (DAS), one day before determining the leaf photosynthetic
rate (Pn), all pots were watered to 100% PC. A fully expanded leaf on the upper branch of
each plant in each pot was used to measure leaf photosynthesis with an LI-6400 portable
gas exchange system (LiCor Inc., Lincoln, NE, USA) between 08:00 and 11:30 h BST. The
CO2 concentration, temperature, relative humidity (RH) and photosynthetically active
radiation in a red-blue LED chamber of the LI-6400 were maintained at 380 μmol mol−1,
~25 °C, ~50% RH and 1200 μmol m−2 s−1, respectively, during measurements.
After measuring Pn, the leaf used to determine Pn was tagged and then collected at
65 DAS (flowering stage), oven dried for 72 h at 80 °C and ground to fine powder by an
Ultra Centrifugal Mill (ZM200, Retsch, GmbH, Düsseldorf, Germany) before determining
the leaf P concentration. A subsample (about 0.20 g) was digested with hydrogen peroxide and hydrochloric acid. The P concentration was measured using the molybdenum-stibium anti-spectrophotometry method with a UV-1800 Spectrophotometer
(Shanghai Meipuda Instrument Co. Ltd., Shanghai, China) that was calibrated regularly
against standard P solutions [7].
2.2. Leaf Area and Its Distribution on the Main Stem and Branches
Leaf area was determined at flowering (65 DAS) and maturity (136–147 DAS). At
both harvests, shoots were cut at the soil surface; the trifoliate leaves on the main stem
were numbered on the basis of their position from the base of the stem and harvested
separately, and all leaves, including senescing and dead leaves and those that had fallen
from the plant before harvest, were scanned with an Epson 10,000XL (Epson Inc., Long
Beach CA, USA) scanner and the area was calculated with the software Image J
(http://rsb.info.nih.gov/ij/), before being oven dried for 72 h at 80 °C and weighed. Then,
all the leaves on each branch were collected, scanned, dried and weighed as above. The
number of branches was recorded from the base to the top. The leaf area of the main stem
and the branches was obtained by summing the leaf areas at each leaf position and the
leaf area on each branch. The leaf mass area (LMA) or leaf tissue density was calculated
by dividing leaf DW by leaf area for leaves separately on branches and the main stem.
The stems were oven dried and weighed separately from the leaves.
2.3. Plant Height and Internode Number
After removing all the leaves for leaf area determination at 65 DAS and maturity, the
internode numbers and lengths were recorded for each main stem, and the numbers of
branches were counted. Plant height was obtained by summing the internode lengths on
the main stem. The average internode length of the main stem was calculated as plant
height/number of main stem internodes.
2.4. Shoot and Root Dry Weights, Seed Yield and Yield Components
Shoot DW at 65 DAS was calculated by summing leaf DW and stem DW. Roots were
harvested at 65 DAS and maturity by carefully washing away the soil over a 0.2-mm
sieve, oven dried for 72 h at 80 °C and weighed.
At physiological maturity, filled pods on the main stem and branches were harvested separately and filled pod numbers were recorded, before being oven dried for 72 h
at 80 °C and weighed. After drying, the seeds were removed from the pods by hand, and
the number of seeds was counted and weighed to calculate seed yield. The main stem
and branch stems from individual plants were combined, oven dried for 72 h at 80 °C and
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weighed. The 100-seed weight = (seed yield/seed number) x100. Shoot DW at maturity =
pod DW + leaf DW + stem DW.
2.5. Statistics
The data were analyzed by three-way analysis of variance (ANOVA) using the
GenStat 19.0 statistical package (VSN International Ltd., Rothamsted, England). A linear
model was used to fit the relationships between shoot DW and root DW with each other
at 65 DAS and maturity, and individually with the seed yield, filled pod number, seed
number and 100-seed weight of Huangsedadou (HD) and Zhonghuang 30 (ZH) grown at
three P levels and two water treatments (well-watered (WW) and cyclic water stress
(WS)). All data in the figures are means ± one standard error of the mean (n = 3). The
figures were plotted, and the linear regressions were fitted in Sigmaplot 12.0 (Systat
Software, Inc.).
3. Results
3.1. Genotypic Variation
The two genotypes were chosen because previous studies had shown that they varied markedly in height, canopy size, branch number, branch size and yield. The differences were maintained in this study. With adequate water and P, ZH had significantly
shorter internodes, a lower leaf area and number of branches, lower shoot and root dry
weights (DW) and lower seed yield on the branches by maturity than HD (Figures 1 and
3–5, Table 1). There were significant interactions between the two genotypes and two
water treatments for plant height, internode length, leaf area on branches, shoot and root
dry weights, seed yield and filled pod number at maturity, while there was significant
variation between genotypes in early growth characteristics at 65 DAS and branch characteristics at maturity (Table 1). The different canopy structures (internode number and
length, branch structure, leaf area on the main stem and branches) between the two genotypes and their response to P and water treatments showed the role of the canopy architecture in determining yield.
Table 1. Significance of sources of variability for genotypes (G), water treatments (W) and phosphorus levels (P), and
their interactions for Huangsedadou (HD) and Zhonghuang 30 (ZH) under two water regimes (well-watered (WW) and
cyclic water stress (WS)) and three P levels (0 (P0), 60 (P60) and 120 (P120) mg P kg–1 dry soil). n.s. not significant, * p <
0.05, ** p < 0.01, *** p < 0.001. LSD values at p = 0.05 are in parenthesis.

Source of variability
Plant height at 65 DAS (cm)
Plant height at maturity (cm)
Average internode length at 65 DAS (cm)
Average internode length at maturity (cm)
Internode number at 65 DAS (plant–1)
Internode number at maturity (plant–1)
Branch numbers at 65 DAS (plant–1)
Branch numbers at maturity (plant–1)
Leaf area on main stem at 65 DAS (cm2)
Leaf area on main stem at maturity (cm2)
Leaf area on branches at 65 DAS (cm2)
Leaf area on branches at maturity (cm2)
LMA on main stem at 65 DAS (g cm–2)
LMA on main stem at maturity (g cm–2)
LMA on branches at 65 DAS (g cm–2)
LMA on branches at maturity (g cm–2)
Pn at 50 DAS (μmol CO2 m–2 s–1)

G
***(1.8)
***(6.2)
***(0.2)
***(0.3)
n.s
***(0.6)
***(0.8)
***(0.5)
*(115)
**(159)
***(255)
***(365)
***(3.1)
***(1.8)
*(8.0)
**(3.2)
n.s

W
***(1.8)
***(6.2)
***(0.2)
***(0.3)
***(0.3)
***(0.6)
n.s
***(0.5)
***(115)
***(159)
***(255)
***(365)
*(3.1)
***(1.8)
n.s
***(3.2)
*(1.0)

P
***(2.2)
**(7.6)
***(0.2)
*(0.3)
*(0.4)
***(0.8)
***(0.9)
***(0.6)
***(141)
***(195)
***(312)
***(447)
n.s
***(2.2)
n.s
*(3.9)
**(1.2)

G*W
**(2.5)
***(8.7)
n.s
***(0.4)
n.s
n.s
n.s
n.s
n.s
n.s
***(360)
***(517)
n.s
**(2.5)
n.s
n.s
n.s

G*P
**(3.1)
n.s
*(0.3)
n.s
n.s
n.s
n.s
n.s
n.s
*(276)
***(441)
*(633)
n.s
**(3.1)
n.s
n.s
n.s

W*P
***(3.1)
n.s
**(0.3)
*(0.5)
n.s
n.s
n.s
n.s
**(199)
n.s
**(441)
*(633)
n.s
*(3.1)
n.s
n.s
n.s

G*W*P
*(4.3)
n.s
n.s
n.s
n.s
n.s
n.s
n.s
n.s
n.s
**(624)
n.s
n.s
n.s
n.s
n.s
n.s
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Leaf P concentration at 65 DAS (mg g–1)
Shoot dry weight at 65 DAS (g plant–1)
Shoot dry weight at maturity (g plant–1)
Root dry weight at 65 DAS (g plant–1)
Root dry weight at maturity (g plant–1)
Filled pod number on main stem (plant–1)
Seed number on main stem (plant–1)
Hundred-seed weight on main stem (g)
Seed yield on main stem (g plant–1)
Filled pod number on branches (plant–1)
Seed number on branches (plant–1)
Hundred-seed weight on branches (g)
Seed yield on branches (g plant–1)
Total filled pod number (plant−1)
Total seed number (plant−1)
Mean hundred-seed weight (g)
Total seed yield (g plant−1)

**(0.5)
***(1.7)
***(5.1)
***(0.4)
***(2.7)
***(4.1)
***(7.4)
***(0.8)
***(0.9)
***(11)
***(16)
***(1.2)
***(1.7)
***(10)
***(11)
***(0.3)
***(1.4)

n.s
***(1.7)
***(5.1)
***(0.4)
***(2.7)
***(4.1)
***(7.4)
n.s
***(0.9)
***(11)
***(16)
*(1.2)
***(1.7)
***(10)
***(11)
***(0.3)
***(1.4)

***(0.6)
***(2.1)
***(6.3)
***(0.4)
***(3.3)
n.s
*(9.0)
n.s
*(1.1)
***(14)
***(19)
n.s
***(2.1)
***(12)
***(13)
n.s.
***(1.7)

**(0.7)
n.s
***(7.8)
n.s
***(3.8)
n.s
*(10.4)
n.s
***(1.3)
***(16)
***(22)
n.s
***(2.4)
***(14)
***(15)
*(0.4)
***(2.0)

n.s
n.s
**(8.8)
*(0.6)
n.s
n.s
n.s
**(1.3)
n.s
**(19)
**(28)
n.s
**(3.0)
***(18)
***(19)
***(0.5)
**(2.4)

n.s
**(3.0)
***(8.8)
n.s
*(4.7)
n.s
n.s
n.s
n.s
***(19)
***(28)
*(2.0)
***(3.0)
***(18)
***(19)
***(0.5)
***(2.4)

n.s
n.s
*(12.5)
n.s
n.s
*(10.2)
n.s
**(1.9)
*(2.2)
**(27)
***(39)
*(2.9)
**(4.2)
***(25)
***(27)
***(0.7)
***(3.4)

3.2. Response of Leaf Traits to Water and P Supply
The leaf area on the main stem and branches varied between genotypes, water
treatments and P levels. Consistent with the number of branches, HD had a significantly
greater leaf area on the branches at 65 DAS and maturity than ZH, but differences in
LMA were much smaller (Figure 1). Compared to P0, and averaged across genotypes and
water treatments, leaf areas on the main stem increased by 109% at P60 and 105% at P120
at 65 DAS, and 43% at P60 and 48% at P120 at maturity; leaf areas on the branches increased by 327% at P60 and 385% at P120 at 65 DAS, and 70% at P60 and 77% at P120 at
maturity (Figure 1A,B). The LMA of the main stem and branches across P and water levels was greater (thicker/denser leaves) in ZH than in HD with a significant interaction
between genotypes and their response to water and P deficits (Table 1). Combining genotypes and P levels, water stress significantly increased LMA by 24% at 65 DAS and 12%
at maturity (Figure 1C,D).
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Figure 1. (A) Main stem and (B) branch leaf areas, and (C) main stem and (D) branch leaf mass areas (LMAs) at 65 days
after sowing (DAS) and at maturity of soybean genotypes Huangsedadou (HD) and Zhonghuang 30 (ZH) with three
applied P levels (0 (P0), 60 (P60) and 120 (P120) mg P kg–1 dry soil) and two water treatments (well-watered (WW) and
cyclic water stress (WS)). Values are means + one standard error of the mean (n = 3).

Phosphorus supply increased the leaf area at all leaf positions on the main stem,
except for the lowest two leaf positions at 65 DAS (Supplementary Figure S1A–D). At
maturity, P deficit (P0) reduced the leaf area on the main stem from leaf positions 5–10 in
HD and each leaf position in ZH (Supplementary Figure S1). The leaf area on the
branches in both genotypes also decreased significantly under P deficit, as did the branch
number at 65 DAS and maturity (Supplementary Figure S2).
The leaf photosynthetic rate (Pn) per unit leaf area was the same in both genotypes
the day after re-watering but varied with water treatment and P level with no interac-
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tions between these factors (Table 1). Averaged across genotypes and water levels, P
supply significantly increased the leaf P concentration and Pn; averaged across genotypes and P levels, Pn after re-watering was reduced by 6.5% in the leaves from the WS
treatment (Figure 2). As the LMA increased by 8% in the leaves from the WS treatment
compared to the WW treatment, the increase in Pn (per unit leaf area) may be the result of
the thicker/denser leaves in the WS treatment.

Figure 2. (A) Leaf photosynthetic rate at 50 days after sowing (DAS) and (B) leaf P concentration at
65 DAS of soybean genotypes Huangsedadou (HD) and Zhonghuang 30 (ZH) with three levels of
applied P (0 (P0), 60 (P60) and 120 (P120) mg P kg–1 dry soil) and two water treatments
(well-watered (WW) and cyclic water stress (WS)). Note the leaf photosynthetic rate was measured one day after re-watering. Values are means + one standard error of the mean (n = 3).

3.3. Changes in Plant Height, Internode Length and Internode Number with Water and P Supply
Averaged across water and P levels, HD was significantly greater in height and had
significantly more and longer internodes, a greater number of branches at 65 DAS and
maturity and significantly more internodes by maturity than ZH (Table 1; Figure 3A,B).
Both water and P deficits reduced plant height, average internode length and branch
number at 65 DAS and maturity (Table 1; Figure 3). Averaged across genotypes and P
levels, limited water supply reduced plant height and average internode length, respectively, by 30% and 19% at 65 DAS, and 41% and 33% at maturity. Internode and branch
numbers varied with water treatment and P level, but there was no interaction between
these treatments (Table 1; Figure 3E,F), indicating that there was no benefit of P supply
under water stress. P deficit (P0) had little to no effect on internode length at the base of
the main stem (internodes 1–9), but the upper four–five internodes were shorter at 65
DAS and maturity (Supplementary Figure S3).
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Figure 3. (A) Plant height, (B) average main stem internode length, (E) main stem internode number per plant and (F) branch number per plant at 65 days after sowing (DAS) and at maturity of
soybean genotypes Huangsedadou (HD) and Zhonghuang 30 (ZH) with three levels of applied P
(0 (P0), 60 (P60) and 120 (P120) mg P kg–1 dry soil) and two water treatments (well-watered (WW)
and cyclic water stress (WS)). Values are means + one standard error of the mean (n = 3).

3.4. Dry Matter Accumulation and Yield Performance under Water and P Deficits
Shoot and root DWs varied between genotypes, water treatments and P levels. HD
had significantly greater shoot and root DWs than ZH in both WW and WS treatments at
65 DAS and maturity (Figure 4). Averaged across genotypes and water treatments, shoot
DW increased with P supply from 6 at P0 to 16 g plant–1 at P60 and P120 at 65 DAS, and
from 59 at P0 to 98 at P60 to 102 g plant–1 at P120 at maturity; root DW increased with P
supply from 1.6 at P0 to 2.8 at P60 to 2.9 g plant–1 at P120 at 65 DAS, and from 14.6 at P0 to
21.1 at P60 to 22.4 g plant–1 at P120 at maturity (Table 1, Figure 4). The interaction between P level and water treatment on shoot and root DWs was significant at maturity
(Table 1). The shoot DW was significantly and positively correlated with root DW at both
65 DAS and maturity (Supplementary Figure S4).
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Figure 4. Shoot and root dry matter accumulated at (A,C) 65 days after sowing (DAS) and at (B,D) maturity of soybean
genotypes Huangsedadou (HD) and Zhonghuang 30 (ZH) with three levels of applied P (0 (P0), 60 (P60) and 120 (P120)
mg P kg–1 dry soil) and two water treatments (well-watered (WW) and cyclic water stress (WS)). Values are means + one
standard error of the mean (n = 3).

Filled pod numbers, seed number and seed yield varied between genotypes, water
treatments and P levels (Table 1, Figure 5). ZH had a significantly lower average seed
yield at P60 and P120 under WW than HD (24 vs. 35 g plant−1); ZH had a significantly
higher total seed yield at P60 and P120 under WS and at P0 under WW (Figure 5). P application significantly increased the total filled pod number (48 at P0 to 60 at P60 to 67
plant−1 at P120), seed number (85 at P0 to 95 at P60 to 102 plant−1 at P120) and total seed
yield (9 at P0 to 12 at P60 to 13 g plant−1 at P120) under water stress (Figure 5), indicating
that P can help mitigate the adverse effects of water stress on yield and yield components.
Shoot and root DWs at maturity in both the WW and WS treatments were significantly positively correlated with total seed yield, total filled pod number and total seed
number, while they were negatively correlated with mean hundred-seed weight (Figure
6). The root DW at 65 DAS was significantly correlated with total seed yield, total filled
pod number and total seed number under WW (Figure, 6B,F,J); shoot DW at 65 DAS was
significantly positively correlated with total filled pod number and total seed number,
while shoot DW was significantly and positively correlated with total seed yield under
WW conditions (Figure 6A,E,I).
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Figure 5. Filled pod number per plant, seed number per plant, hundred-seed weight and seed yield per plant at
maturity on the main stem (A,D,G,J), branches (B,E,H,K) and both the main stem and branches (C,F,I,L) of soybean
genotypes Huangsedadou (HD) and Zhonghuang 30 (ZH) with three levels of applied P (0 (P0), 60 (P60) and 120
(P120) mg P kg–1 dry soil) and two water treatments (well-watered (WW) and cyclic water stress (WS)). Values are
means + one standard error of the mean (n = 3).
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Figure 6. Relationships between total (main stem and branches) seed yield (A–D), total filled pod number (E–H), total
seed number (I–L) and mean hundred-seed weight (M–P) and shoot dry weight (DW) at 65 days after sowing (DAS)
(A,E,I,M), root dry weight at 65 DAS (B,F,J,N), shoot dry weight at maturity (C,G,K,O) and root dry weight at maturity
(D,H,L,P) in soybean genotypes Huangsedadou and Zhonghuang 30 with three levels of applied P (0 (P0), 60 (P60) and
120 (P120) mg P kg–1 dry soil) and two water treatments (well-watered (WW, green circles) and cyclic water stress (WS,
red circles)). The lines (green, WW; red, WS; black, combined WW and WS when the individual regressions did not differ significantly) give the fitted linear regressions; the correlation coefficients (r2) are given; * p < 0.05, ** p < 0.01, *** p <
0.001.

4. Discussion
Our previous paper showed that P and water supplies affected the root characteristics that were associated with water use and seed yield [5]. Water stress significantly reduced the total root length and root surface area; the converse was true for P addition,
and this effect was positively correlated with water use efficiency [7]. As the shoot DW
was closely correlated with the root DW, the present study suggests that the root characteristics reported previously are associated with the yield of soybean through their effect on shoot characteristics, particularly leaf area and plant canopy architecture. The
genotype HD, compared to the genotype ZH, quickly (by flowering at 65 DAS) developed a high leaf area on the branches under well-watered conditions and high levels of
applied P (even under water stress), which persisted to maturity and was associated with
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the seed yield at maturity. There is clearly a feed-back loop: shoot DW at 65 DAS provided assimilates for root growth; this in turn increased water uptake, resulting in higher
leaf area and leaf production.
4.1. Interaction of Water Treatment and P Level on Leaf Traits
Previous studies have shown that plant height was associated the number of nodes
and internodes, an increase in one or both of which can increase plant height [25,26].
Other studies have shown that P addition increased the plant height of soybean [27,28],
and this increase was associated with an increase in the number of nodes on the main
stem [28], but not with an increase in the length of the internodes. In the present study,
we showed that plant height was determined by the average internode length on the
main stem under water stress at 65 DAS (r2 = 0.40, p < 0.001) and maturity (r2 = 0.63, p <
0.001; data not shown). Moreover, both water treatments, P levels and their interaction
had effects on the average internode length, but not on the internode number on the main
stem. Thus, the increase in plant height induced by P addition in soybean was associated
with the increased length of the internodes, not an increased number of internodes. This
is because the node number is more stable than the internode length [20]. However, P
supply and water stress did affect the size of the trifoliate leaves and the number of
branches, which in turn affected the total number of nodes (Figure 1) and, as leaves are
produced at the nodes, also the leaf area (Figure 2) and shoot DW (Figure 4).
Although the leaf area has been shown to increase with P addition in previous
studies [27–31], which is also confirmed in this study, the response to P addition of the
leaf distribution on the main stem and branches under different water regimes has not
been previously reported. Our results show that P supply increased the leaf area not only
on the main stem but also on the branches at both 65 DAS and maturity under WW and
WS conditions. This increase in the leaf area resulted from an increase in leaf size at each
leaf position on the main stem and each branch. Compared to the leaf area at P0, P supply
increased the averaged leaf area on the main stem by 107% and 46% and on the branches
by 356% and 74% at 65 DAS and maturity, respectively, indicating that the increase in
leaf area by the addition of P was mostly on the branches, particularly in HD with its
much larger number of branches than ZH. Genetic variation in the leaf area in soybean
has been reported previously and in this study [3,5,31] and strongly suggests that the leaf
area on branches is the main contributor to the variation in the leaf area in soybean
grown under different environment conditions.
4.2. Leaf Traits and Dry Matter Accumulation
We compared the different contributions of the photosynthetic rate (Pn), leaf area
and LMA to dry matter accumulation [19] at different levels of water and P supplies. P
supply had a highly significant effect on the leaf P concentration and a smaller, but still
significant, effect on LMA and leaf photosynthesis. Despite the several cycles of water
stress, water supply had no effect on the P concentration in the leaves or the Pn of the
leaves (after re-watering), but it did increase LMA (thicker leaf blades and/or denser
tissue) [32] that may account for the higher rates of Pn per unit leaf area with P supply.
While LMA has been shown to have a negative relationship with the Pn on a leaf mass
basis, this relationship was less clear when the Pn was expressed on a leaf area basis [32].
In the present study, we suggest that the high LMA induced by the cyclic water stress
and the increased P supply resulted in a small increase in the Pn in leaves, which increased dry matter accumulation. Additionally, high LMA could increase dry matter
accumulation by increasing the longevity of the leaves, as reported by Wright et al. [32]
and Roucou et al. [19]. Thus, our results suggest that P supply improves dry matter accumulation primarily through increased leaf area on the main stem and branches, and
increased leaf Pn to a lesser extent.
4.3. Dry Matter Accumulation and Yield Components
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In this study, shoot DW (and root DW) was associated with a larger number of
branches and internodes in the WW treatment than in the WS treatment at maturity,
which in turn was tightly linked to the filled pod number and seed number, critical
components determining the seed yield [5,7]. One possible explanation is that the greater
dry matter accumulation and greater number of nodes on the branches when water and P
are not limiting provide more sites for flowers and pods [7], which explains why the
soybean genotype with more shoot dry matter had a higher yield potential without water
or P deficit. P application increased shoot dry matter accumulation under both WW and
WS conditions, and shoot DW had a strong positive correlation with total seed yield in
both water treatments at maturity (Figure 6C,D), although the correlation at 65 DAS was
not significant in the WS treatment at that early developmental stage (Figure 6A,B).
4.4. Shoots and Roots
In this study, we found that the high yield potential genotype HD had a high branch
number and a high seed yield on the branches. Moreover, the seed yield was reduced
more on the branches than on the main stem when water and P were deficient, indicating
that the high yield potential genotype (HD) performed well when water and P were
supplied, while the genotype ZH with more seed on the main stem and fewer branches
had a low yield potential when water and P were plentiful, but performed better when
water and/or P were deficient. These results indicate there is a trade-off between the yield
and yield stability which has been observed in other studies [33–35]. The low stability in
high yield potential genotypes may be associated the low lodging resistance, which in
turn is associated with a high branch number and plant height [36]. The differences in
seed yield in the two genotypes given the three levels of applied P and two water treatments were associated with the daily water use in the reproductive phase (after flowering), and, in turn, they were significantly and positively associated with the root length
and root surface area [7]. In the present study, daily water use and root characteristics
were not measured, but root weight at maturity was associated with the shoot weight at
maturity (Supplementary Figure S4), which in turn was associated with the seed yield.
Therefore, we conclude that the differences in root traits and water use between the two
genotypes and among the different treatments contributed to the seed yield through the
shoot traits, that is, through canopy structure and size (number of branches and leaf area), shoot weight and the number of sites for pods and seeds. Of particular interest is
whether P supply can ameliorate the adverse effects of water stress on yield. The present
study confirms that this is the case and is a result of the additional P increasing the leaf
area on the branches that contribute to the final seed yield.
5. Conclusions
Two genotypes of soybean were used to show that phosphorus addition can increase the seed yield by increasing the leaf area on the main stem as a result of an increased size, but not number, of leaves and by increasing the leaf area on the branches.
The increased leaf area resulted in increased shoot dry weight, more sites for pod production and more assimilates to fill the increased number of pods and seeds. We conclude that root traits and water use characteristics previously shown to benefit yield as a
result of P application with and without a water deficit are mediated through these shoot
traits, and that applied P can, in part, overcome some of the adverse effects of water
shortage in soybean.
Supplementary
Materials:
The
following
are
available
online
at
www.mdpi.com/2073-4395/11/5/930/s1, Figure S1: Leaf area distribution (cm2) on the main stem of
(A, C) Huangsedadou (HD) and (B, D) Zhonghuang 30 (ZH) at (A, B) 65 days after sowing and at
(C, D) maturity with three levels of applied P [0 (P0), 60 (P60) and 120 (P120) mg P kg–1 dry soil] and
two water treatments [well-watered (WW) and cyclic water stressed (WS)]; Figure S2: Leaf area
distribution (cm2) per branch on the branches of (A, C) Huangsedadou (HD) and (B, D) Zhong-
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huang 30 (ZH) at (A, B) 65 days after sowing and at (C, D) maturity with three levels of applied P
[0 (P0), 60 (P60) and 120 (P120) mg P kg–1 dry soil] and two water treatments [well-watered (WW)
and cyclic water stressed (WS)]; Figure S3: Internode length on the main stem at (A, B) 65 days after sowing and at (C, D) maturity of (A, C) Huangsedadou (HD) and (B, D) Zhonghuang 30 (ZH)
with three levels of applied P [0 (P0), 60 (P60) and 120 (P120) mg P kg–1 dry soil] and two water
treatments [well-watered (WW) and cyclic water stressed (WS)]; Figure S4: Relationship between
shoot dry weight (DW) and root DW at (A) 65 and (B) maturity in Huangsedadou and Zhonghuang 30 with three levels of applied P [0 (P0), 60 (P60) and 120 (P120) mg P kg–1 dry soil] and two
water treatments [well-watered (WW, green circles) and cyclic water stressed (WS, red circles].
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