
ISSN 1021-4437, Russian Journal of Plant Physiology, 2020, Vol. 67, No. 1, pp. 175–184. © Pleiades Publishing, Ltd., 2020.

RESEARCH PAPERS
Physiological Response of Phosphorus-Efficient 
and Inefficient Soybean Genotypes under Phosphorus-Deficiency

Q. Zhua, H. Wanga, Y. Z. Shana, H. Y. Mab, H. Y. Wanga, F. T. Xiea, *, and X. Aoa, **
aSoybean Research Institute, Agronomy College, Shenyang Agricultural University, Shenyang, 100866 China

bInstitute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing, 100101 China
*e-mail: xft299@syau.edu.cn

**e-mail: a2009syau@syau.edu.cn
Received November 11, 2018; revised March 28, 2019; accepted May 22, 2019

Abstract—Phosphorus (P) deficiency in soil is becoming more common, and low P efficiency restrains soy-
bean growth and production. To explore critical factors determining efficient P use, root growth and physio-
logical characteristics were investigated in the P-efficient soybean (Glycine max (L.) Merr.) L13 and P-inef-
ficient soybean T3 in a sand culture experiment with two P deficient treatments (0.25 and 0.0 mM P) and a
control-standard P (0.5 mM P) treatment. Results showed a decrease in soybean yield under P deficiency, but
the yield reduction of genotype L13 was much less than that of T3. The grain yield of L13 was 40.5, 64.2 and
141.6% higher than that of T3, under 0.5, 0.25 and 0.0 mM P treatments, respectively. Genotype L13 activated
sugar metabolism in roots and released H+ into the root hair zone to acidify the rhizosphere to resist P defi-
ciency. P deficiency induced an increase in aspartic acid concentrations in root, the increase being substan-
tially greater in the P efficient genotype. These findings suggested that the P-efficient genotype L13 has estab-
lished more responsive mechanisms and better countermeasures against P deficiency. The findings of this
study will be useful in further research aimed at optimizing soybean responses to P deficiency.
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INTRODUCTION
Phosphorus (P) is an essential macro-element for

plant growth, but it is highly immobile in soil as it
reacts with many chemical and biological soil constit-
uents. Low P availability is a primary constraint to
plant productivity [1]. Soybean (Glycine max (L.)
Merr.) is one of the important legume crops, mostly
planted in tropical, subtropical and temperate areas,
where the soils are often deficient in P [2]. Different
P levels are known to induce numerous changes in
plant architecture and metabolism [3]. For root, under
P-deficient conditions, there is a high degree of plas-
ticity in terms of root architecture during root growth.
Many studies have confirmed that primary root
growth is suppressed under low P conditions, while the
growth of lateral roots and root hairs is promoted,
ensured much higher P uptake ability of plants [1].
Under low P stress, root cells become shortened and
epidermal cells are formed, while the growth and elon-
gation of root hairs is enhanced, resulting in a long
root hair system with increasing number of root hairs
per unit root length [4]. Furthermore, studies have
revealed that low P stress-induced changes in root
architecture are accompanied by a decrease in shoot
biomass and P accumulation in plants [5].

P availability in soils also induces numerous
changes in plant physiology. In common beans, root-
carbohydrate content and activities of enzymes hydro-
lyzing sucrose in roots were found to increase with
increased environmental P concentration [6], while
root-ATP concentration was found to decline [7]. Low
P availability in soil greatly limits soybean nodule
growth and nitrogenase activity, since nodules respon-
sible for N fixation have a high requirement for ATP
for energy transfer [8, 9]. P limitation could further
restrict ureide transport from nodules to plants [10]
and affect the subsequent transformation of ureide to
amino acids [9]. In support of this, a higher amino-
acid (asparagine) concentration in the root tissue of
white clover under P limitation has been observed [11].
Other physiological processes that may be affected by
P limitation include root osmotic adjustment [12, 13],
and regulation of enzymatic activities including those
of antioxidant enzymes [14]. The root cap is the sens-
ing site of exogenous P concentration and P supply
has been found to regulate the osmotic potential of
cell sap in the root cap of African violet (Saintpaulia
ionantha) [12]. P deficiency increases H+-flow activ-
ity, promoting acidification of the rhizosphere soil as
well as nutrient availability [13].
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Crops differ in nutrient use efficiency, and these
differences are profoundly influenced by genetic and
physiological components. Nutrient efficient plants
are defined as plants that can produce higher yields per
unit of nutrient applied or absorbed, compared with
other plants grown under similar agroecological con-
ditions [15]. In previous studies, our laboratory has
screened P-efficient soybean genotypes with capability
of producing higher yields per unit of nutrient applied
than P-inefficient genotypes did under P-deficient
conditions [16]. P-efficient genotypes displayed
greater root length, root volume, root surface area and
root vitality than P-inefficient genotypes under low P
concentrations [17]. The P agronomic efficiency and P
harvest index were also significantly greater in P-effi-
cient than P-inefficient genotypes [18]. However, the
importance of physiological processes in determining P
efficiency in soybean genotypes has not been examined.

The object of the present study was to compare
plant growth, grain yield, cell metabolite concentra-
tion, ion f lux, and antioxidant enzymes activities of P
efficient and inefficient soybean genotypes under P
limiting and no-limiting conditions.

MATERIALS AND METHODS

Plant materials and growth conditions. The experi-
ment was carried out in a transparent canopy facility
with sand culture in Shenyang, Liaoning province,
China, in 2012 and 2013. The sowing date was
15th June in both years. Two soybean (Glycine max (L.)
Merr.) genotypes, namely P-efficient genotype L13
and P-inefficient genotype T3, were used [16]. Before
sowing, healthy seeds were surface sterilized with
H2O2 for 10 min, then rinsed with distilled water. The
sterilized seeds were soaked in distilled water for 72 h
and then transplanted in black polyvinylchloride pots
(45 cm length, 20 cm diameter) filled with clean
quartz sand (particle diameter ≤2mm). Plants were
thinned to two per pot at 7 days after transplanting
(DAT). During this period, the seedlings were watered
daily with 1/2 strength nutrient solution. Experimen-
tal treatments were conducted with full nutrient solu-
tion 7 DAT. The full nutrient solution was composed
of the following: 3.6 mM CaSO4 × 2H2O, 0.5 mM
KH2PO4, 2 mM KNO3, 18 μM FeSO4 × 7H2O,
18.9 μM KCl, 9.3 μM H3BO3, 0.9 μM MnSO4 × H2O,
0.9 μM ZnSO4 × 7H2O, 0.18 μM CuSO4 × 5H2O,
0.18 μM (NH4)6Mo7O24 and 250 μM MgSO4 × 7H2O
[19]. KH2PO4 was used as the source of P in the fol-
lowing three phosphate treatments: 0, 0.25 and
0.5 mM, in which the plants grown in 0.5 mM P were
used as the control. KCl was used to substitute for
KH2PO4 to ensure equal concentrations of K were
maintained in the solutions. The pH of the solution
was adjusted to 6.0 by continuous monitoring and
automatic additions of 0.025 M H2SO4. The plants in
all treatments were watered at 08:00 h with 1 L deion-
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ized water (adjusted to pH 4.5) to leach excess salts
accumulated in the sand media. After draining for
approximately 30 min, each pot received 500 mL of
fresh nutrient solution according to the experimental
design. The pots were flushed again with 500 mL deion-
ized water (pH 4.5) at 16:00 h daily. There were three
replications (pots) of each treatment and the pots were
laid out in a completely random arrangement.

Plant sampling. Plants were sampled at six different
growth stages [20]: V4 (Fourth-node: June 29 in 2012,
and June 30 in 2013), V7 (Seventh-node: July 11 in
2012, and July 12 in 2013), R2 (Full bloom: July 21 in
2012 and July 23 in 2013), R4 (Full pod: August 7 in
2012 and 2013), R6 (Full seed: August 29 in 2012, and
August 30 in 2013) and R8 (Full maturity: September 30
in 2012 and 2013). The V stages represent the vegeta-
tive growth stages and R stages represent reproductive
growth stages. The plants were carefully removed from
the sand by washing gently with running water, then
rinsed with a compact agricultural spray (SX-CSSC,
Seesa, China). The samples were separated into shoots
and roots at the cotyledon node prior to measure-
ments. Fresh root samples were surface-dried with a
paper towel and immediately cooled in liquid nitrogen
then stored at –80°C in an ultra-low temperature
refrigerator before measurement of soluble protein and
related enzymes. The cleaned root and shoot samples
were first dried at 105°C for 30 min and then at 70°C
to constant weight. Dry root samples were ground for
determination of P concentration and amino acid
measurements. Soybean plants were harvested at
maturity (R8) to determine the grain yield.

P concentration. Dry root samples were digested
with H2SO4–H2O2, then the P concentration of roots
was determined by vanadium molybdenum yellow col-
orimetry [21].

Soluble protein concentration, antioxidant enzyme
activity and malondialdehyde concentration. Frozen
fresh root samples were used to determine soluble pro-
tein and soluble sugar concentration, antioxidant
enzyme activity and malondialdehyde (MDA) concen-
tration. The soluble protein and soluble sugar concen-
trations were determined with the Coomassie brilliant
blue method and the anthrone reagent method, respec-
tively [22]. The activities of superoxide dismutase
(SOD), catalase (CAT) and peroxidase (POD) were
determined with nitro blue tetrazolium (NBT), potas-
sium permanganate titration, and the guaiacol method,
respectively, and MDA concentration was determined
with thiobarbituric acid colorimetry [23, 24].

Amino acid assay. Amino acids were extracted using
a modification of the procedure [25, 26]: dry root sam-
ples (0.15 g) were hydrolysed with 6 M HCl for 24 h at
110°C, followed by centrifugation at 10000 g for 20 min.
The supernatant was used for amino acid assay. For the
assay, 2 mL of 5% sulfosalicylic acid was added to 2 mL
of the hydrolysed root samples then centrifuged at
10000 g, decolorized and filtered using a 0.22 μm filter
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 1  2020
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Table 1. Grain yield of two soybean genotypes under three P concentrations in 2012 and 2013 (g/plant)

Data are means of three replicates ± SD. Different lowercase letters in the same column represent significant differences between phos-
phorus treatments, and different capital letters in the same row represent significant differences between genotype L13 and T3, based on
Tukey’s test (P < 0.05).

Phosphorus 
concentration, mM

2012 2013
L13 T3 L13 T3

0.5 19.9 ± 0.96a A 12.6 ± 2.39a B 14.7 ± 1.36a A 12 ± 0.8a B
0.25 12.6 ± 1.11b A 8.2 ± 0.71b B 11.3 ± 0.97b A 6.4 ± 0.84b B
0 1.3 ± 0.69c A 0.6 ± 0.08c A 2.1 ± 0.55c A 0.7 ± 0.21c B
before pouring into a vial for measurement. Amino
acid contents were determined with an automatic
Amino Acid Analyzer (Hitachi L-8800, Japan). Chro-
matography conditions were as follows. Analytical
Column: model 2622 SC, 4.6 × 60 mm (temperature:
50°C); reaction column: 4.6 × 40 mm (temperature:
135°C); mobile phase f low rate: 0.40 mL/min; analyt-
ical column pressure: 90 kg/cm2; ninhydrin f low rate:
0.35 mL/min; reaction pressure: 9 kg/cm2; injection
volume: 20 μL; wavelength range: proline 470 nm, all
others 570 nm.

Proton pump (H+ flow) and indole-3-acetic acid
(IAA) flow. Non-Damage Micro Test technology uses
a specific ion/molecule selection electrode under
automatic control of a computer to determine the con-
centration, velocity of f low and direction of motion of
various ions and molecules in a sample. Changes of
proton flux (H+) and IAA flow in the root hair zone of
root tips were determined using the Scanning Ion-
selective Electrode Technique (SIET) at the soybean
V4 stage [27].

Statistical analysis. All data were statistically ana-
lyzed using SPSS software v. 18.0 (SPSS Inc., United
States). Two-way analysis of variance (ANOVA) was
used to compare treatment means. Where the F test
indicated there were significant differences between
means. Tukey’s test at significance level of P < 0.05
was used to determine which means were significantly
different.

RESULTS
Grain Yield

Significant reductions in grain yields were observed
in P deficient conditions compared with the control
(Table 1). Compared with the control, the grain yield
(mean of both years) decreased by 89.8 and 94.5%
with 0 mM P, and by 30.2 and 40.5% with 0.25 mM P,
for L13 and T3, respectively. The mean grain yield of
L13 was 40.5, 64.2 and 141.6% (P < 0.05) higher than
that of T3, under 0.5, 0.25, and 0 mM P treatments,
respectively.

Plant Biomass, Root Dry Weight and Root/Shoot Ratio
At the individual growth stages, whole plant bio-

mass was similar in the 0.5 and 0.25 mM P treatments
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
(Fig. 1). Plant biomass decreased significantly (P < 0.05)
in the 0 mM P treatment, being reduced by 84.2 and
91.8% at R8 for L13 and T3, respectively, compared to
control biomass. However, at R8 stage, the biomass of
L13 was much greater than that of T3 and the differ-
ences were intensified under P deficient conditions
(41.2 and 83.6% greater in L13 than in T3, under 0.25
and 0 mM P treatments, respectively).

Consistent with plant biomass, soybean root dry
weight was significantly lower (P < 0.05) in the 0 mM
P treatment compared with the 0.25 and 0.5 mM P
treatments (Fig. 1). Root biomass of L13 tended to be
significantly greater than T3 in the latter growth stages
(R4-R8) in all P treatments, however the difference
was relatively greater in the 0 and 0.25 mM P treat-
ments. Root/shoot ratio was slightly decreased under
0.25 mM P, but was increased under 0 mM P com-
pared with the control. At 0 mM P, root/shoot ratio
displayed a peak at growth stage R2, before declining,
which differed from the continued declining trends
observed in the 0.5 and 0.25 mM P treatments. With
one exception, L13 displayed a significantly higher
root/shoot ratio than T3 in the 0 and 0.25 mM P treat-
ments, whereas ratios in the two genotypes were
mostly similar in the 0.5 mM P treatment.

Root Phosphorus, Soluble Protein 
and Soluble Sugar Concentrations

Little difference in root P concentration was found
between the 0.5 and 0.25 mM P treatments in either
soybean genotype, while root P concentration signifi-
cantly decreased in the 0 mM P treatment compared
to the control (Fig. 2). In the 0 mM P treatment, L13
had a 39.9% higher root P concentration than T3 at R6
stage, and had 80.3 and 18.4% higher root P concen-
tration than T3, in the 0.5 and 0.25 mM P treatments,
respectively at the R8 stage.

Root soluble protein concentrations increased in
both genotypes with growth stage, with peaks at the R2
(0 mM P) and R4 (0.25 mM P) stages (Fig. 3). At the
later growth stages, root soluble protein content
declined. At the R2 and R4 stages, root soluble protein
concentrations significantly decreased for L13 but not
for T3 under the 0.25 and 0 mM P treatments, com-
pared to the 0.5 mM P treatment.
  No. 1  2020
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Fig. 1. Dry matter weight of whole plants and roots and root/shoot ratio at five growth stages of the two soybean genotypes under
0.5 mM (a), 0.25 mM (b) and 0 mM (c) P concentration. (1) L13; (2) T3.

1

50

40

30

20

10

0
V7 R2 R4 R6 R8

(a)

B
io

m
a

ss
, 

g
/
p

la
n

t

2

*

1

50

40

30

20

10

0
V7 R2 R4 R6 R8

(b)

2

*

*

1

7

6

5

4

3

2

0
V7 R2 R4 R6 R8

(c)

2

*

1

12

10

6

8

4

2

0
V7 R2 R4 R6 R8

R
o

o
t 

d
ry

 w
e
ig

h
t,

 g
/
p

la
n

t

2

*

*

* 1

10

8

6

4

2

0
V7 R2 R4 R6 R8

2

*

*

*

*

1

3.5

3.0

2.0

1.5

2.5

1.0

0.5

0
V7 R2 R4 R6 R8

2

*

*

1
6

5

4

2

3

1

0

V7 R2 R4 R6 R8

R
o

o
t/

S
h

o
o

t*
1
0

2

* 1
4.5

3.0

3.5

4.0

2.5

2.0

1.5

1.0
V7 R2 R4 R6 R8

2
*

* *
*

*

1

12

10

8

6

4

2

0

V7 R2 R4 R6 R8

2

*

*

*
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The genotypes differed in the influence of P treat-
ment on root soluble sugar concentration. Compared
to the control treatment, at the V4 growth stage, root
soluble sugar concentrations in genotype L13 were sig-
nificantly (P < 0.05) increased in the P deficient treat-
ments (by 38.3 and 89.1% in the 0.25 and 0 mM P
treatments, respectively) (Fig. 4). In contrast, in gen-
otype T3, root soluble sugar concentration at this
growth stage was significantly decreased (by 35.2%,
P < 0.05) under 0.25 mM P compared to the control.
In the 0 mM P treatment, at growth stages V4, V7 and
R2, root soluble sugar concentrations were signifi-
RUSSIAN JOURN
cantly higher (by 34.5, 11.4 and 43.7% respectively) in
genotype L13 than in T3. At later growth stages, these
differences were lost. At the higher P levels, there were
also significant differences between genotypes, but
they were not consistent across growth stages.

Antioxidant Enzyme Activity and MDA Content in Root

Genotype L13 displayed significantly higher SOD
activity in roots than genotype T3 (Fig. 5a). The
effects of P deficiency on SOD activity in roots were
not consistent among the different growth stages and
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 1  2020
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Fig. 2. Root phosphorus concentration at six growth stages of soybean genotypes L13 and T3 under 0.5 mM (a), 0.25 mM (b) and
0 mM (c) P concentration. (1) L13; (2) T3; *—significant differences between L13 and T3 based on Tukey’s test (P < 0.05).
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Fig. 3. Root soluble protein concentration at six growth stages of the two soybean genotypes under 0.5 mM (a), 0.25 mM (b) and
0 mM (c) P concentration. (1) L13; (2) T3; *—significant differences between L13 and T3 based on Tukey’s test (P < 0.05).
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Fig. 4. Root soluble sugar concentration at six growth stages in the two soybean genotypes under 0.5 mM (a), 0.25 mM (b) and
0 mM (c) P concentration. (1) L13; (2) T3; *—significant differences between L13 and T3 based on Tukey’s test (P < 0.05).
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Fig. 5. Root antioxidant enzyme activity and malondialdehyde (MDA) concentration at five growth stages of the two soybean

genotypes under each P concentration. (1) L13; (2) T3; (a) superoxide dismutase (SOD), (b) peroxidase (POD), (c) catalase (CAT),

(d) MDA.
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Fig. 6. Root total amino acid concentrations at six growth stages of soybeans under 0.5 mM (a, d), 0.25 mM (b, e) and
0 mM (c, f) P concentration. (1) L13; (2) T3; *—significant differences between L13 and T3 based on Tukey’s test (P < 0.05).
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soybean genotypes. Compared to the 0.5 mM P con-
dition, the SOD activity in L13 roots significantly
decreased at most growth stages except R4 in 0.25 mM
P treatment, while it increased in the R2 to R4 stages
in the 0 mM P treatment. For genotype T3, the SOD
activity in roots was significantly greater at the V7 and
R2 stages in the 0 mM P treatment than in higher P
levels. Few differences were found in POD activity
between soybean genotypes or among P treatments
(Fig. 5b). For both soybean genotypes, CAT activity
significantly decreased at growth stages R4 and R6 in
the 0 mM P treatment compared to the control. The
decrease amounted to 23.5 and 13.9% at R4, and 50.8
and 68.2% at R6, for genotypes L13 and T3, respec-
tively (Fig. 5c). There was no significant difference in
root MDA concentration between the different soy-
bean genotypes at the 0.5 mM P level (Fig. 5d). How-
ever, at 0.25 mM P, the MDA concentration was
higher in T3 at most growth stages and it was also
higher at the R6 stage under the 0 mM P level.

Root Amino Acid Content

Sixteen amino acids were determined in plant
roots. Significant differences among P treatments
were found in aspartic acid and total amino acid con-
centrations (Fig. 6). Compared to 0.5 mM P, the total
amino acid concentration of L13 significantly
RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 67
increased at R2 and R6 stages, while that of T3
severely decreased at reproductive stages (R4, R6 and
R8), under 0.25 mM P treatment (Figs. 6a, 6b). In the
0 mM P treatment total amino acid concentration for
both soybean cultivars was higher at the R4 stage than
other stages. Total amino acid concentrations were sig-
nificantly higher in genotype L 13 than in T3 at three
growth stages in the 0.25 mM P treatment (Fig. 6b),
however there were no significant differences between
genotypes in the other two P treatments (Figs. 6a, 6c).

The aspartic acid (Asp) concentrations of both soy-
beans were substantially higher in the 0 mM P treat-
ment than in the 0.25 and 0.5 mM P treatments (com-
pare Fig. 6f with Figs. 6d, 6e). The accordingly incre-
ment for L13 amounted to 61.3, 73.6, 294.8, 392.4 and
239.8% for each growth stage from V4 to R6, respec-
tively; and was 54.1, 12.2, 335.9, 111.6, 6.3 and 98.7%
for T3 at each growth stage from V4 to R8, respec-
tively. Asp concentrations were significantly higher in
genotype L13 than in T3 at the R8 stage in the high P
treatment, at the R6 and R8 stages in the 0.25 mM P
treatment and at the V7, R4 and R6 growth stages in
the 0 mM P treatment (Figs. 6d–6f).

Root Tip H+ Flow and IAA Flow
An influx of H+ (Fig. 7a) and IAA (Fig. 7b) was

observed in root hair regions of root tips in both soy-
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Fig. 7. H+ (a) and IAA (b) f lux in the root hair region of the two soybean genotypes under three P concentrations at the V4 growth
stage. (1) L13; (2) T3; *—significant differences between L13 and T3 based on Tukey’s test (P < 0.05).
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bean cultivars under the 0.5 mM P treatment at the V4

growth stage. In the 0.5 mM P treatment, the H+

transport rate in the root hair region of L13 was signifi-
cantly higher than in T3. In P deficient conditions,
significant genotypic differences were observed. A

release of H+ occurred in genotype L13, but not in T3.

In both genotypes, the transport rate of H+ was faster
in the 0 mM P treatment than in the 0.25 mM P treat-
ment. A release of IAA in the root hair region of geno-
type T3 was found in P deficient treatments, while an
influx occurred in L13.

DISCUSSION

P deficiency limited nutrient absorption and
growth of soybean plants. Different degrees of P defi-
ciency induced different plant responses. When P sup-
ply was slightly reduced (0.25 mM P level), even
though soybean whole plant biomass and root P con-
centration changed little, both root biomass and
root/shoot ratio were reduced compared with when P
was in sufficient supply. However, when treated with
0 mM P, whole plant biomass, root biomass and root P
concentration were significantly reduced, and the
root/shoot ratio was increased, compared to when P
was sufficient. The main reason for the differing
results between the two P deficient treatments may be
that, under the 0.25 mM P treatment, insufficient P
limited root growth, and the P absorbed by the roots
was maximally transported into the shoots to support
shoot growth, whereas under the 0 mM P condition,
no external P was available to support shoot growth
which was extremely limited. These differences
explain the differing trends of root/shoot ratio along
the growth period between the 0 mM P treatment and
the other two P conditions.
RUSSIAN JOURN
Under the same P level, the P-efficient genotype
L13 had a higher root weight and root/shoot ratio than
the P-inefficient genotype T3 under P deficient con-
ditions, while the root P concentration tended to be
higher in genotype L13 in all P treatments. The P con-
centration in the root system is an important indicator
of P uptake capacity and affinity. Previous results indi-
cate that genotype L13 can regulate root growth to
adjust to low P conditions, allowing it to maintain
yield better than genotype T3 under P deficient condi-
tions [17]. Soluble sugars play a central role in plant
structure and metabolism at the cellular and whole-
plant levels. They are involved in the responses to a
number of stresses and act as nutrient and metabolite
signaling molecules [28]. The present findings
revealed that the soluble sugar concentrations in L13
but not T3 roots increased when P deficient at an early
growth stage (V4), and L13 displayed significantly
higher root soluble sugar concentrations than T3 from
growth stages V4 to R2 when treated with 0 P. An
increase in soluble sugar content in response to stress
is conducive to plant resistance, enhancing adaptabil-
ity to the stress environment [29]. Under 0 mM P
treatment, at growth stages V4 and R2, the very high
root soluble sugar concentrations observed may be
caused by the severity of P deficiency in the root sys-
tem, leading to possible redistribution to the roots as
part of the stress response. Combined with the amino
acid findings described below, the increase in soluble
sugar concentration was likely a response of the soy-
bean root system to P-deficiency stress; however,
details of the actual mechanism require further study.

Amino acid accumulation can improve the adapt-
ability of plants to abiotic stress. When plants are
exposed to external stress conditions, amino acids alter
physiological metabolism as well as regulate expres-
sion of related genes and key enzyme activity, thereby
AL OF PLANT PHYSIOLOGY  Vol. 67  No. 1  2020
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enhancing the adaptive responses [30]. In the present
study, few genotypic differences in amino acid con-
tents were observed under the 0.5 mM P level. It is
worth noting that in the 0 mM P treatment the aspartic
acid concentration in roots of the P-efficient genotype
was significantly higher than the P-inefficient geno-
type at the V7, R4 and R6 growth stages. These find-
ings suggest that the response mechanisms of soybean
differ under low and no P stresses. Under no P stress,
soybean plants could regulate the amino acid content
in roots and promote carbohydrate synthesis, to
increase plant resistance and photosynthesis, and
thereby adjust assimilate distribution and root growth.

Tests of ion dynamic f low provide accurate infor-
mation on the regulation of plant tissue and cell ion

balance. P deficiency induces H+—flow activity, pro-
moting acidification of the rhizosphere soil as well as
nutrient availability [13]. The present study revealed a

significant increase in the eff lux of H+ in the root hair
zone in the P-efficient soybean under low and no P
stresses, promoting acidification in the rhizoshpere.

Moreover, the root H+ flow velocity was much faster
in the 0 mM P than in the 0.25 mM P treatment. This
suggests that the protoplasmic pump in the root cell
plasma membrane of the P-efficient soybean genotype
could adjust osmosis through increasing the trans-

membrane H+ concentration gradient and driving a

flow of H+ ions across the plasma membrane.

Auxin transport is mediated by a protein carrier in
the plasma membrane. Auxin plays an important role
in initiating lateral root primordia and subsequent lat-
eral root development. Enhanced IAA flow activity
acts to promote the formation of lateral roots and root

hairs [23]. In contrast to H+, IAA outflow strength-
ened in the P-inefficient genotype under the low and
no P treatments, indicating a significant genotypic
difference in the response and intensity of auxin trans-
port under P deficiency stress. This is perhaps an
important factor affecting P utilization efficiency.

In summary, plant roots are actively involved in
absorption as well as being the first organ to sense and
transport nutrient stress signals. Under P deficiency
stress in this study, growth inhibition was less and root
growth was greater in the P-efficient genotype than
the P-inefficient genotype. This in turn caused an
increase in P absorption and soluble sugar synthesis,
thereby reducing the negative effect of low P stress on
growth. Thus, root growth and physiological charac-
teristics of the two genotypes resulted in different
responses to the low concentrations of P, reflecting
their specific ability to adapt to P deficiency stress.
Different soybean genotypes therefore respond differ-
ently to low P and no P conditions. Overall, the results
of this study suggest that the different response mech-
anisms of the soybean genotypes to nil and low P envi-
ronments largely reflect changes to sugar metabolism,
the allocation of auxin and response times. Further
verification of these responses is still required.
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