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Abstract

A pot experiment was conducted to investigate the effects of P and Fe application on the biomass production and
nutrients partitioning of two soybeans (Glycine max. L. Merr) cultivars grown in carbonated chernoziom (low in Fe and
P) under water stress conditions. P and Fe were applied at two levels (0 and 100 mg P kg1 soil; 0 and 5 mg Fe kg1 soil).
Control plants were grown at 70% water holding capacity (WHC) while their counterparts were subjected to 35% WHC
water stress at initial flowering stage for two weeks. Considerable variability was observed in leaves, roots dry mass
accumulation and nodulation among the soybean cultivars (Zodiac, Licurici) at both P and Fe levels in relation to water
regimes. The results showed that drought significantly reduced biomass production irrespective of nutrient supply and
its adverse effect was more pronounced at low nutrient supply. Leaf development and nodules growth were the most
sensitive to water deficit and insufficient nutrient supply. Adequate P and Fe supply increased dry matter production
and nutrient concentrations for soybean cultivars. Phosphorus concentration in plant parts was significantly higher at
nil Fe compared with Fe application. Phosphorus application decreased Fe allocation to the leaves. The experimental
results demonstrated that there was a positive effect of P and Fe adequate nutrition on P use efficiency. Hence, the
sufficient phosphorus and iron supply maintained growth at high level, improved P and Fe status and partially alleviated
drought effect on soybean plants.
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1. Introduction

Plant growth and nutrients distribution in plant parts are influenced by many environmental factors. Among these
water stress and inadequate mineral nutrition are the major constraints affecting plant nutrition and productivity [1,
2]. Phosphorus (P) and iron (Fe) deficiencies are widespread nutritional constraints in crops production [3], especially
in legumes [4]. Phosphorus deficiency affects a large range of physiological processes namely the nodulation and N2
fixation, and nutrient uptake [5, 6]. In plants referring to N: fixation, P stimulates nodulation and nitrogen fixation more
than plant growth [7, 8]. Glycine max L. Merr. plants as relying solely on symbiotic N2 fixation [9] as nitrate feed [10]
have a higher internal P requirement for optimum growth and nutrient status. A sufficient P supply increases the whole-
plant nitrogen (N) and P concentrations and growth in many legumes species, especially soybean [9].

Apart from enhancing N acquisition and dry matter yield on P deficient soils, P fertilization may also influence the uptake
of micronutrients, especially, of less available forms such as Fe [11, 12]. Nitrogenase activity of soybean nodules is
strongly related to both P and Fe supply [13, 14]. Several studies have shown that P application, in particular at higher
doses, decreases Fe uptake by plants [15, 16]. Other investigations, however, have revealed no antagonistic interactions
between P and Fe [17]. It is necessary to be mentioned that legume-rhizobium symbiosis is particularly sensitive to Fe
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deficiency [18]. Iron deficiency can limit survival and multiplication of root nodule bacteria. Further, it can influence
host-plant growth as well as nodule development and function.

Nutrient deficiency of soil is frequently accompanied by water deficit [19]. [t has been shown that drought may influence
the pattern of uptake of mineral elements in plant tissues by affecting root growth and their activity as well as nutrient
mobility in soil [20]. Under drought conditions, the availability of P decreases and plant growth is severely hampered
by nutrient deficiency under water stress conditions. The major deficit is observed in the transport of nutrients,
particularly P, to the roots and on root growth and elongation. It was reported that the nutrient acquisition by plants in
drought conditions may have an important role in drought tolerance [20]. ]Jin et al. [21] reported that the application of
P alleviates drought-stress effects on soybean yields. There is a strong relationship between P and water supply. For
instance, P improvement has been shown to increase water-use efficiency [18] and drought tolerance [22].
Nevertheless, less is known regarding Fe behavior in relation to P and water supply. To date the effect of P and Fe on
dry mass partitioning and nutrient acquisition in soybean under water stress has not been elucidated. Literature
analysis indicated that these two key nutrients for soybean performance have been studied in normal water conditions
and less is known about their interactions under low water supply. This study was undertaken (i) to investigate the
effects of P and Fe supply on plant biomass partitioning and tissue nutrients concentrations in two soybean cultivars
under water stress conditions and (ii) to assess the rates of PUE in these cultivars.

2. Material and methods

The experiment consisted of carbonated chernoziom soil with low available concentration of 9 mg P kg and 5.4 mg Fe
mg kg1 soil and pH of soil was 7,8. Two soybean (Glycine max. L) cultivars namely Licurici and Zodiac were tested. These
cultivars differ in their sensitivity to drought. Four nutrient treatments and two water regimes effects on soybean were
investigated. Inoculation with Bradyrhizobium japonicum strain was applied to all plants. All treatments were replicated
four times and their abbreviated names are listed in Table 1. A basal dose of 50 mg N per kg soil in the form of (Ca
(NO3)2x4H20 was applied to all the pots. The quantity of P (KH2PO4) for soil experiment was 100 mg P kg soil as
sufficient supply (denoted as P100) and without P application as insufficient supply (denoted as P0). Additional
potassium (K) applied through KH2PO4 in P treatments were compensated by applying KCl in other treatments. Iron
was applied as Fe-EDTA at 5 mg Fe kg'! soil as sufficient supply (denoted as Fe5) and without micronutrient application
(denoted as Fe0). All nutrient solutions were thoroughly mixed in the soil before potting. Until flowering, the plants
received adequate water supply-70% water holding capacity (WHC). At the onset of flower buds the two soil moisture
treatments were performed by maintaining pots at normal level of moisture (control) and other set of plants was
subjected to 35% WHC as water stress for 2 weeks.

Both control and water stressed plants were harvested at the end of the flowering stage. Roots and nodules were washed
under running water and the number of nodules per plant was counted and recorded. The leaves, stems, roots and
nodules were dried separately in an oven with air circulation at 75°C for 48 hours and the dry weights were recorded.
Total phosphorus content was determined by the colorimetric molybdenum-blue method [23]. Iron was measured in
plant tissue samples which were ashed overnight at 500 °C in a furnace. Fe analysis was conducted by atomic absorption
spectrophotometry. Phosphorus use efficiency (PUE) was calculated as biomass production per unit of P uptake. The
experimental data were analyzed by ANOVA and means were compared by Least Significant Difference Test (LSD) at
P<0.05.

3. Results

Soybean cultivars and tested abiotic factors had significant (P < 0.05) interactive effects on leaves, roots growth and
nodulation as well as on plant dry matter production (Table 1 and 2).

Differences in partitioning of biomass caused by nutrient application and water supply indicated the existence of genetic
differences for responsiveness to P and Fe nutrition conditions. The lowest biomass production was registered in
treatments with both nutrients deficiency. Adequate P and Fe supply increased leaf growth of plants irrespective of
water regimes. Control (well-watered) plants produced more assimilates than plants subjected to drought stress. Dry
matter distribution of water stressed plants was highest in leaves and stems and lowest in nodules. The experimental
results showed that the normal moisture level increased the shoot dry weight evidently, but its effect on roots was less
pronounced.
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Table 1 Biomass production and partitioning of Zodiac cultivar at low and adequate supply of P and Fe grown under
well-watered (70% WHC) and drought (35% WHC), g plant1 DW

Leaves Stems Roots Nodules Plant
Treatments

WW* | WS** WwW WS WwW WS WW WS wWw WS
POFe0 2.00c2 | 1.24c | 1.72c | 1.35¢ | 0.95b | 0.67b | 0.05c | 0.02c | 4.72b 3.26d
P100Fe0 2.84a 1.76b | 2.74a | 2.34a | 1.15a | 1.02a | 0.22b | 0.10b | 6.95a 5.22b
POFe5 1.90c 1.35¢ | 2.10b | 1.78b | 0.74b | 0.66b | 0.05c | 0.03c | 4.75b 3.82¢
P100Fe5 2.95a 2.45a | 2.80a | 2.55a | 1.02a | 095a | 0.41a | 0.20a | 7.18a 6.15a

WW* well-watered -70% WHC; WS** water stress -35% WHC; 1Mean of four replicates; 2Within each column, same latter indicates
no significant difference between treatments (P<0.05).

The maximum positive effect of nutrients interaction was observed in normal moisture conditions. The process of
nodulation was sensitive to both nutrient deficiencies as well as to water stress (Tables 1 and 2). The results of the
present study showed that drought had significantly negative impact on nodules dry weight and there was cultivar
effect. Licurici cultivar was more sensitive to water deficit than Zodiac one. Phosphorus sufficient supply considerably
increased nodules growth in the two water regimes.

Table 2 Biomass production and partitioning of Licurici cultivar at low and adequate P and Fe supply grown under well-
watered and drought conditions, g plant -1 DW

Leaves Stem Roots Nodules Plant
Treatments
WW* | WS** wWw WS WwWw WS Ww WS ww WS
POFe0 1.65c 1.06¢ 1.38d 1.26d 0.81b 0.59b | 0.04b | 0.02b | 3.88d | 2.93d
P100Fe0 2.74b 1.70b | 2.62b | 2.49b 1.20ab 0.93a 0.22a 0.14a 6.78b 5.26b
POFe5 1.86¢ 1.53b 1.62c 1.62c 0.81a 0.55b | 0.04b | 0.03b 4.33c 3.73c
P100Fe5 3.21a 2.70a 3.35a 2.73a 1.26a 0.85a 0.28a 0.15a 8.10a 6.43a

WW* well-watered-70% WHC; WS** water stress -35% WHC; !Mean of four replicates; 2Within each column, same latter indicates no
significant difference between treatments (P<0.05).

Adequate P and Fe nutrition reduced the negative impact of drought on nodulation performance. Analysis of
experimental data revealed significant effects of P and Fe supply as well as cultivars effects on the concentration and
content of P in leaves, roots and nodules (Figure 1, 2). Experimental results identified a strong positive effect (P<0.05)
between biomass production and P accumulation in soybeans cultivars. Water shortage decreased the capacity of P
uptake by plants and its allocation to shoots. Application of P alone or in combination with Fe affected the pattern of
nutrient allotted in plant parts. Phosphorus concentration in all the plant parts was markedly higher at nil Fe and it
decreased with Fe application. Phosphorus concentrations were higher in leaves and nodules than in stems in both
cultivars. Phosphorus concentration in plants of cv. Zodiac increased evidently at adequate P supply under normal and
deficit soil moisture (Figure 14, B).
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Figure 1 P concentration (mg P g1 DW) in plant parts of soybean cv. Zodiac at low and adequate nutrient levels of P
and Fe under normal moisture (A) and drought conditions. Vertical bars represent the standard errors of means of
three replicates, P<0.05.
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Figure 2 P concentration (mg g'! DW) in plant parts of soybean cv. Licurici at low and adequate nutrient levels of P
and Fe under normal (A) and low (B) soil moisture conditions. Vertical bars represent the standard errors of means of
three replicates. P<0.05.
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Leaves had a more pronounced variation in P concentration than nodules. Drought caused an increase of nutrient
concentration in plant parts. Phosphorus accumulation in vegetative organs (cv. Licurici) increased significantly
(P<0.05) in treatment with adequate P nutrition (Figure 2A). This trend was evidently observed in leaves irrespective
of soil moisture (Figure 2A,B).

Iron concentrations in plant parts of soybean cultivars in relation to nutrient and water supply are presented in Table
3. No negative interaction between insufficient P supply and low Fe application on plant growth was observed, but a
depressing effect of P, applied at sufficient level on Fe concentration in plant tissues.

Table 3 Effect of phosphorus and iron supply on Fe concentrations?! (mg kg1 DM) in leaves and roots of Licurici and
Zodiac cultivars in relation of soil moisture

Licurici Zodiac
Treatments Leaves Roots Leaves Roots
WW#* | WS** Ww WS WWwW WS WwW WS
POFe0 250b% | 653b 1213b | 1573c 376a 735a | 1675a | 1828b
P100Fe0 203c 615b 1020c 1535c 329b 692b | 1596b | 1804b
POFe5 368a 736a 1377a | 1986a | 378a 780a | 1662a | 2232a
P100Fe5 243b 585b 1029c 1670b | 310b 786a | 1598b | 2195a

WW* well-watered -70%WHC; WS** water stress -35% WHC; 1Mean of three replicates;
2Within each column, same latter indicates no significant difference between treatments (P<0.05).

applied at sufficient level on Fe concentration in plant tissues. Soybean cultivars varied significantly in Fe partitioning
in leaves and roots irrespective of nutrients levels. Supplemental iron nutrition, without P application (POFe), increased
significantly micronutrient uptake. Water deficit increased micronutrient concentrations in soybean cultivars,
particularly in Zodiac. The proportion of total iron partitioned to leaves differed also markedly between cultivars. The
higher value of iron concentrations in leaves and roots was denoted in treatment with adequate iron application and
low P supply (POFe5).
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Figure 3 Phosphorus use efficiency (mg P g-* DW) for dry matter production in Zodiac and Licurici under different
nutrient and water supply. Bars show SE for three replicates. P<0.05.

Nutrient application and water regimes influenced the rate of PUE. Generally, the two cultivars had different values of

PUE (Figure 3). Supplemental Fe nutrition in normal water conditions increased PUE and Licurici overcome Zodiac in
this respect.
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4., Discussion

The dry matter accumulation is generally considered an integrate trait of plant ability to grow in different environments.
Therefore, it is used as an essential criterion for evaluation of genotypes nutrient efficiencies [24]. Under conditions of
low P and low Fe (POFe0), there were no symptoms of nutrients deficiencies in soybean plants. Plant dry matter
production and partitioning were significant and positively correlated with nutrient supply.

Differences for partitioning of dry matter between aboveground plant parts and roots were more pronounced under P-
deficit treatment (P0). Moisture stress reduced substantially biomass production under insufficient P and Fe nutrition
(Table 1 and 2). In both experiments, water stress decreased essentially leaves growth and the mass of nodules. There
was not big difference between cultivars regarding nodules biomass under water deficit condition. Root growth was
less influenced by water stress. However, reportedly the more drought tolerant chickpea genotypes had greater root
systems than the less tolerant genotypes [25]. Among examined organs, nodules and leaves were the most affected by
both environmental constraints P deficit and drought. These results are somewhat consistent with those observed in
Phaseolus vulgaris [5]. It was also revealed that water stress decreased leaf growth especially at low P and Fe supply.
Phosphorus fertilization reduced drought effect on plant development and nodulation process. Probably, adequate P
nutrition enhanced water conductivity as well as stimulated carbon metabolism. The same effects had reported in
experiments with cotton [26]. Phosphorus insufficient supply decreased markedly plant growth in both cultivars but a
cultivar effect was established. Our results are consistent with those described by Vadez et al. [5]. Iron application also
increased plant growth but at low extent than P did. These results are contrary of experimental data in pigeon pea [27].
A positive interaction between P and Fe on plant biomass production was observed regardless of soil moisture
conditions. The magnitude of the effect depended on genetic background of soybean cultivar. Insufficient nutrient
supply reduced DM accumulation, especially in Zodiac. It should be noted that P supplemental nutrition alleviated leaf
development in drought conditions as well as nutrients accumulation. Similar results were observed in moth bean
genotypes in the experiments conducted by Garg et al. [6]. Likewise, adequate P nutrition significantly increased
nodulation performance especially in well-watered plants. As a result of nodules growth plant development increased
which in turn led to vigorous canopy of the plants.

Development of root system is a key factor estimating the effects of many environmental stresses because of its essential
role in the soil-plant interaction [4]. Roots growth responded to P supply and water conditions. Experimental data
suggest that soybean plants supplied with sufficient P have greater root system that allows the plants to extract more
nutrients from larger soil volume. Therefore, adequate nutrition of P and Fe provided better plant performance due to
increased capacity of plants to allocate nutrients to the leaves and thereby, perhaps, exerted feedback regulation on root
and nodules activities.

The importance of Fe in legume comes from its role in several metabolic pathways. Iron is crucial for biological nitrogen
fixation of legumes [28]. Our previous experiments showed that Fe sufficient supply affects nodules growth and their
N: fixation capability [14]. The results of present study are in agreement with other studies conducted on chickpea [29],
lentil [30] and lupine [17] showing that Fe deficiency decreases significantly initiation and development of nodules and
therefore affects plant development. In addition, Moreau et al. [31] showed that nodulated plants cultivated on N-free
medium need more Fe than those that without nodules cultivated on medium containing mineral nitrogen. Therefore,
the interaction between iron nutrition and inoculated plant growth suggests that symbiotic N2 fixation has a greater
requirement than host plant growth and the effect of iron on the symbiosis is direct [32]. Drought did not change much
the pattern of iron influence on partitioning of dry matter within plants. For instance, leaves growth did not change
significantly in relation to Fe supply under drought. However, in well-watered plants iron enhanced leaves growth in
Licurici. The influence of adequate iron supply was detected on nodules of plants grown under normal moisture
conditions. The same positive effect of iron supply was observed on peanut nodules growth [33]. When soil moisture
level decreased from 70% WHC to 35 % WHC the plants that received sufficient Fe was less affected by drought
compared to plants with low Fe supply. The results of Krouma et al. [34] showed that the relative tolerance of cultivar
common bean ARA14 to iron deficiency is linked with a higher leghemoglobin accumulation, which ensures a better
control of Oz diffusion inside the nodules, and a better iron nutrition.

The pattern of nutrients partitioning within soybean plants was affected by both nutrient supply and water regime.
There was interaction effect between P and Fe on nutrient partitioning in soybean. Insufficient iron supply increased P
concentration in leaves. A higher proportion of P allocated to shoots under insufficient Fe nutrition may be the result of
an interruption of the negative feedback of P uptake by reducing the translocation of P from shoots to roots [11]. The
experimental results showed that iron application did not decrease the total P contents in whole plants. The same
results were obtained in experiments with lupine [35]. These researchers demonstrated that addition of Fe-EDDHA
increased concentrations and accumulation of B, Zn, Cu and P in Lupinus pilosus. Data of this study indicated that the
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nodules seem to have a priority over the other plant parts when P supply is limited. This is because the sink strength of
nodules for P is higher due to the high demand for ATP by nitrogenase compared to the plant cells [13]. Thus, our results
demonstrated that the rate of P absorption is an essential factor to increase DM production. In the present experiment
Fe deficiency was not evident under low Fe supply, and adequate Fe supply [13] a marginal influence on tissue P
concentrations in both cultivars. It was established that adequate Fe supply increased Fe concentration in roots,
especially in Zodiac cultivar. High root Fe concentrations is a typically phenomenon which was found by several studies
[3]. There was established correlation (P<05) between DM production and iron concentration in leaves. The correlation
between biomass production and Fe nutrition might be explained by the stimulus effect of Fe on nodule growth
providing plants with nitrogen. Similar effect has been confirmed in lupine [18]. This could also probably be the case of
soybean. On the other hand, iron is essential for photosynthesis, synthesis of nitrogen compounds and other protein
enzymes increasing legume performance [36]. In both cultivars, it was revealed a trend of a decrease in Fe concentration
in plant parts with increasing P in the growth medium. This may be attributed to growth dilution effect, which is evident
from the difference in DM production. In addition, in those conditions probably there was an antagonistic effect between
macronutrient and micronutrient [12]. Examination of Fe partitioning within soybeans showed that Fe concentration
in leaves in water stress treatment increased in both cultivars. Experimental showed that the roots seem to have a
priority over the leaves irrespective of treatments.

Phosphorus use efficiency is important physiological traits in selection of genotypes and providing basis for low nutrient
tolerance in crops. Phosphorus use efficiency, the integrated physiological parameter, is strong related to plant biomass
production and phosphorus uptake. Many investigators reported a positive influence of PUE on plant performance of
different crops at the reproductive and vegetative stages at low and adequate P levels [37]. High correlation values
observed between PUE and biomass production across the treatments (r>0.82). Supplemental Fe nutrition increased
the rate of PUE in cultivars under water deficit and normal water environments. In the other investigation a positive
effect of phosphorus fertilizer on PUE in common bean [5] was revealed. Gunawardena et al. [38] have shown a
significant difference in PUE of soybeans cultivars under normal water conditions. It is necessary to be noted that the
differences among soybean cultivars grown under water stress were observed. Licurici had higher rates of PUE than
Zodiac, under well-watered conditions. Improvement of tolerance of this cultivar to water shortage is related to a
greater PUE that is confirmed by better growth of roots and leaves. The results indicated that appropriate resources
(water and P) could contribute to higher carbon and nitrogen assimilation, leading to optimal growth and higher
nutrient efficiency. Hence, there was a positive interactive effect of P and Fe on PUE of cultivars. Overall investigation
results demonstrated that the interactive effects of P and Fe on partitioning of dry mass and nutrients within plants
under different moisture conditions are related by genetic background for soybean cultivars.

5. Conclusion

The comparison of growth responses to P and Fe supply in the two nutrient media suggests that there was a cultivar
effect on dry mass partitioning and nutrient allocation in plants. Cultivar Licurici was efficient in both P contents and
PUE and has potential for tolerating water stress environment because of efficient utilization of nutrients for biomass
production. Hence, adequate P and Fe supply would be recommended to maintain growth, enhanced nutrient status,
and partially alleviate drought effect on performance of soybeans in stressed environments. Further investigations
targeting the interaction of P and Fe on yields and nutritional quality of grains could be new foci for field investigations.
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