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The current study was carried out in both pot and field conditions to investigate the effects
of three KSB strains of Pantoea agglomerans, Rahnella aquatilis and Pseudomonas orien-
talis on nitrogen (N), phosphorous (P) and potassium (K) uptake, nutrient use efficiency
parameters and nutrients remobilization in rice (Oryza sativa L. cv. Pajohesh). The experi-
ments included 15 treatments of KSB inoculations, commercial K biofertilizer and K
chemical fertilizer. The results showed that the inoculums of all three KSB strains increased
the K, N and P uptake by grain and straw, especially when applied in combination with %2 K
chemical fertilizer (47.5 Kg/ha) as compared to the control treatment. The highest value of
available K in the soil obtained from NPK chemical fertilizer equal to 140.1 and 134.6 mg
K per kg of soil in the pot and field experiments, respectively, which were significantly
higher than KSB inoculations treatments. Bacterial inoculums coupled with %2 K chemical
fertilizer also enhanced the nutrient use efficiency (including agronomic efficiency (AE),
apparent recovery efficiency (ARE), physiological efficiency (PE), agro-physiological effi-
ciency (APE), internal utilization efficiency (UE), partial factor productivity (PFP), partial
nutrient balance (PNB)) and nutrient remobilization. The results indicated that the bio-
inoculation with these KSB strains isolated from soil paddy could be considered as an effec-
tive way to increase potassium, nitrogen and phosphorus uptake by rice plant and enhance
their use efficiency and remobilization to grains in the flooding irrigation conditions.

Keywords: nutrient remobilization, nutrient use efficiency, nutrient uptake, potassium
solubilizing bacteria

Introduction

Farmers usually use urea as N, triple super phosphate as P and potassium sulphate as K
fertilizers for rice production (Bakhshandeh et al. 2015; Yaghoubi Khanghahi et al. 2017).
The global average of NPK fertilizers application by farmers is 107 kg ha™! (Meena et al.
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2017) and their use efficiency is around 30-60% for N, less than 20% for P, and 30-50%
for K (Fageria 2014). On the other hand, there is a critical level of available K in 100,000
hectares of paddy field in Iran (Raheb and Heidari 2012). Therefore, farmers apply large
amounts of NPK chemical fertilizers, which can results in negative effects on soil and
environmental quality and food safety (Bakhshandeh et al. 2017a).

New generation technologies is being applied to improve crops yield and reduce the
chemical fertilizers input while minimizing adverse impacts on the environment and food
by global agricultural researchers (Pii et al. 2015). For this purpose, the application of
plant growth promoting rhizobacteria (PGPR) as bio-fertilizer could be considered in rice
cultivation systems, as a potential way to improve fertilizer efficiency and to decrease
negative environmental problems (Mishra et al. 2013). The PGPRs such as K-solubiling
bacteria (KSB) are root-colonizing bacteria which can grow in, on/or around plant tissues
and enhance plant growth (Scagliola et al. 2016; Meena et al. 2017). The KSBs are able
to release potassium from insoluble minerals and make them available to the plants (Nath
et al. 2017).

Nutrient use efficiency (NUE) usually is defined as the nutrient output or the crop out-
put per unit of nutrient input (Meena et al. 2014; Naeem et al. 2017). It has been reported
that PGPR can enhance nutrient bioavailability and promote nutrient acquisition by plants
(Pii et al. 2015). PGPR is most frequently studied to determine direct beneficial impacts
on plant growth but there is very little information about the effect of KSB inoculations
(alone or combined with K-chemical fertilizer) on NUE. Furthermore, the impact of KSB
inoculations on nutrients remobilization in rice plants during growth has not been charac-
terized. This research was conducted to investigate the effects of three KSB strains on
NPK uptake by plant, NUE parameters and nutrients remobilization in rice plant.

Materials and Methods

Three KSB strains of Pantoea agglomerans, Rahnella aquatilis and Pseudomonas orien-
talis were isolated from the paddy rhizosphere soil across Mazandaran province in north-
ern Iran. The soil characteristics, isolation of KSB, their potassium solubilizing ability
and identification methods are fully described in Yaghoubi Khanghahi et al. (2017). This
research was designed to evaluate their abilities in improving rice yield and nutrient use
efficiency. To meet this purpose, the pot and field experiment were conducted in a paddy
field of Mazandaran province (Sari, located at 36°3" N, 53°04" E) in a completely rand-
omized design (CRD) and randomized complete block design (RCBD) with three replica-
tions, respectively. The three KSB strains were grown in nutrient broth medium (NB,
Merck, Germany; 8 gl-!) as described by Yaghoubi Khanghahi et al. (2017). Rice seed-
lings (cv. Pajohesh, an improved cultivar) were inoculated with each bacterial suspension
at room temperature (RT, 25 °C) for 5 h. Control rice seedlings were also treated in the
same way with non-inoculated NB medium before transplanting in the field and pot. In
addition, a commercial K bio-fertilizer (formulated by Zist-Phanavar-Sabz Company,
Iran) including two isolates of Pseudomonas koreensis and Pseudomonas vancouverensis
was tested to compare with the native KS bacteria.
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Pot experiment was performed under optimal agronomic conditions. Three plants were
transplanted in each pot with 6 kg of sterile soil. Experimental soil was collected from
rice growing area, where field experiment was conducted. In the field experiment, nine
square meter plots (3x3 m) were arranged and the 25 day old seedlings (about 20-25 cm
in height) were transplanted in the plots at a spacing of 20x20 cm. In order to prevent
water penetration through plots, a fixed distance of 100 cm was determined between
plots. The chemical and physical properties of the soil (at a depth of 0—30 cm) were
1.96% organic carbon; pH 7.4; electrical conductivity of the soil saturation extract (EC)
0.6 dS m'; 0.17% total N; 8 mg kg ! available P and 94 mg kg! available K and the soil
type was clay loam (32% sand; 38% silt; 30% clay). Based on the results of the soil test,
urea (46% N) was used as a nitrogen fertilizer equivalent to 160 Kg ha~'. Phosphorous
and potassium fertilizers were added through triple super phosphate (46% P,0O;) and po-
tassium sulphate (44% K,0) equivalent to 120 and 95 Kg ha!, respectively, as basal fer-
tilizer before transplanting the rice seedlings. Two thirds of the urea fertilizer application
was also added during land preparation before planting, while the remaining part (rest)
was applied 30 days after transplanting. Plots were weeded by hand. If necessary, appro-
priate chemical control of pests and diseases were applied. A water depth of three cm was
kept to all pots and plots from transplanting time until two weeks before harvest maturity.
The experiment treatments are presented in Table S1*.

Rhizospheric soil samples were collected from each pot and plot at harvesting time
and were analyzed to determine the exchangeable K content in soil. Moreover, rice grain
and straw were dried and were used to determine of N, P and K concentration at flowering
and harvesting times. Available K was determined by flame photometer (Bakhshandeh et
al. 2017a). P concentration and total N of plant samples was measured by the methods of
Bartels and Bigham (1996) and Kjeldahl method, respectively.

The parameters were evaluated (Table S2) such as NPK uptake in grain and straw,
nutrient harvest index (NHI, Eq. 1), agronomic efficiency (AE, Eq. 2), physiological ef-
ficiency (PE, Eq. 3), agro-physiological efficiency (APE, Eq. 4), apparent recovery effi-
ciency (ARE, Eq. 5), internal utilization efficiency (UE, Eq. 6), partial factor productivity
(PFP, Eq. 7), partial nutrient balance (PNB, Eq. 8), nutrient remobilization from flag leaf
(NRL, Eq. 9) and nutrient remobilization from stem (NRS, Eq. 10) (Bakhshandeh et al.
2013; Fageria et al. 2011; Fageria et al. 2014; Meena et al. 2017; Naeem et al. 2017).

Results

Nutrient Uptake by plant

According to the results of the pot experiment, K uptake by grain reached the maximum
value equal to 2.23 gr m™ in NPK treatment which was about 3.2, 2.9 and 1.6 times more
than the control (-NPK), NP and NP%2K treatments, respectively. Nevertheless, there
were no statistically significant differences between NPK treatment and NP2K+Ra,
NP2K+Pa+Ra and NP2K+Pa+Ps treatments. K concentration in straw was higher than

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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that in grain. The maximum significant increases for K uptake by straw were found in
NPY%K+ Pa+ Ra, NPK and NP2K+Ra treatments equivalent to 10.81, 10.73 and 10.71
gr m2, respectively (Table S3).

Pot experiment results showed that the N and P uptake by plant were affected by K
chemical fertilizer application and KSB inoculation. P concentration in grain and straw
varied from 0.97 to 1.94 and 0.69 to 1.43 gr m2, respectively. The highest P uptake by
grain and straw were achieved by NPY%.K+Ps and NPY2K+Pa+Ps treatments, respectively.
The inoculation with P. agglomerans and P. orientalis combined with 1/2K chemical
fertilizer significantly increased the amount of N concentration in grain and straw as com-
pared to treatments without K fertilizer and KSB inoculations (Table S3). Based on pot
experiment results, single KSB inoculations non-significantly increased available K in
the soil in comparison with -NPK and NP treatments. The highest value obtained from
NPK chemical fertilizer equal to 140.1 mg K per kg of soil which was 52.6, 50.1 and
19.9% more that -NPK, NP and NP%K treatments (Table S3).

The results of field experiment showed that the K uptake by grain and straw were sig-
nificantly influenced by NP2K+Pa+Ra treatment which were about 2.7, 2.5 and 1.4 times
in grain and 2.5, 2.2 and 1.5 times in straw more than -NPK, NP and NP%:K treatments,
respectively. On the other hand, the highest N uptake by grain and straw belonged to
NP2K+Pa+Ra treatment equivalent to 7.3 and 4.2 gr m2, respectively. Also, the signifi-
cant increase of P concentration in grain and straw were 96 and 108%, when the seedlings
were treated by NP2K+Ps and NPY2K+Pa+Ps treatments as compared to the control, re-
spectively (Table S3). Accordingly, the exchangeable K content in soil was higher when
NPK chemical fertilizer was used alone (without KSB inoculations) in the field experi-
ment, which was significantly higher than other treatments. There were no significant dif-
ferences between KSBs inoculation in terms of releasing K in the soil (Table S3).

K use efficiency

Different results obtained from pot and field experiments in terms of some K use effi-
ciency parameters such as KHI, PE, PEP and UE. Accordingly, the highest KHI was be-
longing to NPY2K+Ra+Ps treatment which was not statistically significant in the pot ex-
periment. This value was 17.5 and 21.5% in the pot and field experiments, respectively
(Table S4). Statistical analysis of pot experiment showed that the maximum amount of
AE, UE, PFP, PNB and ARE were 39.5, 140.6, 296.2, 6.2 gr gr ' and 388%, respectively,
which was obtained from NP2K+Ra treatment. Although, there was not significant dif-
ference between NP2K+Ra and NPY2K+Ra+Ps treatments. On the other hand, the maxi-
mum PE and APE was found when NP+Pa treatment was applied (Table S4).

The results of field experiment indicated that the largest value of AE, UE and PFP was
about 69.4, 151.1 and 315.3 gr gr !, respectively, which was obtained from NP2K+Ra+Ps
treatment. The highest value of PE and APE were 121.4 gr gr ! and 46.4 % in the NP+Ps
treatment. Also, the maximum value of PNB (0.51 gr gr') and ARE (279.4%) were re-
corded when NPY2K fertilizer coupled with P. agglomerans and R. aquatilis inoculations
(Table S4).

Cereal Research Communications 46, 2018



YAGHOUBI KHANGHAHI et al.: Nutrient Use Efficiency and Nutrient Uptake Promoting 743

N and P use efficiency

Based on pot experiment results, N and P use efficiency were influenced by KSB inocula-
tions alone or combined with K chemical application. However, NPK fertilizer treatment
increased some N use efficiency parameters such as AE, PE, APE and PFP value to about
4.1, 1.7, 3 and 1.2 times more than the NP fertilizer treatment, respectively. Similarly, the
highest of these parameters of P use efficiency was obtained from NPK treatment, which
was 10.6, 1.4, 2.6 and 1.2 times higher than NP treatment, respectively. The largest value
of N and P internal utilization efficiency (UE) were recorded equal to 68.2 and 90.9 gr
gr !, respectively, when NP2K+Ra treatment was applied. The maximum of PNB (15.5
gr gr') and ARE (55%) value for N belonged to NP2K+ Ra+Ps which no significant
differences were found with NP+Ra and NP2K+Ps treatments. NP2K+Pa+Ps had a
more positive effect on PNB and ARE value for P. The results also showed that the P and
N harvest index varied from 57.3 to 59.4% and 62.9 to 66.4%, respectively (Table S5
and S6).

Similar to the pot experiment, the results achieved from field experiment confirmed
that the N and P use efficiency were affected by applied treatments. NP2K+Ra+Ps treat-
ment significantly increased some N use efficiency parameters such as AE, UE, PFP, PNB
and ARE values to about 2.7, 3, 1.3, 1.2 and 1.8 times more than the NP fertilizer, respec-
tively. The largest amount of PE and APE for N was obtained from NP’2K+Pa+Ra and
NP2K+Ra treatments, respectively. By contrats, in field, there was a not statistically
significant difference between treatments in term of N and P harvest index (NHI and
PHI). The NHI and PHI values varied from 62.47 to 66.24% and 57.39 to 59.43%, respec-
tively. The AE, PE, UE and PFP amounts for P reached the highest values in the
NPY%K+Ra+Ps treatment equivalent to 41, 322.7, 88.6 and 119 gr gr!, respectively,
which did not show any significant difference with NP2K+Ra treatment. Similar to the
pot experiment, NP2K+Pa+Ps treatment had a higher effect on PNB and ARE values for
P (Table S5 and S6).

Nutrient remobilization

In the pot experiment, potassium, nitrogen and phosphorous nutrients presented mobility
characteristics which allowed them to be assimilated in the leaves and stems, and then
later remobilized to the grain. However, K remobilization from the stems was differed
with N and P remobilizations. Accordingly, K accumulation in the stem at the flowering
stage was higher than the harvesting stage. The K remobilization from the leaf (KRL) and
stem (KRS) up to 31.7% and —13.4% were recorded in NPK fertilizer treatment. Also, the
KRL and KRS were significantly affected by applied K chemical and KSB inoculations
as compared to the -NPK and NP fertilizer treatments. Application of NP2K+Ra+Ps
treatment significantly increased the PRL and PRS with highest value to about 58.6% and
57% as compared to the lowest value to around 45.5% and 42.9% obtained from -NPK
treatment. The increments in the NRL and NRS were recorded by application of NPK
chemical fertilizer and KSB inoculations compared to the -NPK treatment. The largest
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values were 58.4% and 55.6% achieved by NP¥%:K+Ra and NPY2K+Ra+Ps treatments,
respectively (Table S7).

Based on the field experiment results, the KRL reached the highest percentage (32.9%)
in the NPY¥2K+Ra+Ps treatment which was 1.9 and 1.5 times higher than the -NPK and
NP treatments. The KRS values did not differ between K chemical fertilizer treatments
(applied alone or combined with three KSB inoculations). Similar to pot experiment, the
maximum percentage of KRS (-14.5%) was obtained from NPK fertilizer. The maximum
of P remobilization from flag leaf and stem were equivalent to 58.6% and 53.4%, when
NPY%K+Ps and NP¥2K+Ra+Ps treatments were applied, respectively. Results clearly
showed that the N remobilization from flag leaf and stem were significantly influenced by
NPK application alone or coupled to KSB inoculations. The NRL and NRS percentage
varied from 43.5% to 56.7% and 45.6 to 54.8%, respectively (Table S7).

Regression of quadratic equation models significantly (P <0.01) fit correlations be-
tween available K in soil at harvest time and K uptake by grain and stem. These coeffi-
cients of determination (R?) of the equations were 0.70 and 0.77 in the pot experiment, as
well as 0.73 and 0.70 in the field experiment, respectively (Figure S1 and S2).

Discussion

According to the previous study, P. agglomerans, R. aquatilis and P. orientalis solubilize
44, 88 and 60 ug ml~' of insoluble mica powder as potassium source after 28 days of in-
oculation, respectively (more details in Yaghoubi Khanghahi et al. 2017). The pot and
field experiments were conducted to assess the potential effects of these KSB strains (ap-
plied alone or coupled to K chemical fertilizer) to promote nutrient uptake, remobilization
and NUE in rice. The results indicated that the KSB inoculations not only increased K
uptake by grain and straw, but also enhanced the N and P concentrations in the grain and
straw, especially when they were applied in combination with %2 K chemical fertilizer.
These findings are in agreement with Bakhshandeh et al. (2017a, 2017b) and Bahadur et
al. (2016) who reported that the mineral nutrient (especially K) uptake by plant increased
as influenced by bio-inoculation. In fact, these bacterial strains may be able to solubilize
other unavailable mineral nutrients such as P and to fix nitrogen.

Previous studies have shown that the nutrient uptake by rice plant in response to in-
oculations with K solubilizing microorganisms significantly increased through direct
manner, through biological N fixation, solubilizing insoluble phosphate and silicate com-
pounds minerals in the rhizosphere and plant hormone production, and by indirect mech-
anisms including synthesis of antibiotics, enzymes, fungicidal compounds and competi-
tion with detrimental microorganisms (Agrawal et al. 2017).

Among all studied K solubilizing bacterial strains, R. aquatilis had a more positive
effect on K uptake by plant than other strains. The highest uptake of P and N by plant
obtained from P. orientalis inoculation as compared to R. aquatilis and P. agglomerans.
Some Pseudomonas genera have been already reported not only as a biological nitrogen-
fixing (Li et al. 2017) but also phosphate solubilizing bacteria (Sharma et al. 2013).
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Based on the results, the commercial K biofertilizer (NP + CB treatment) had no sig-
nificant effects on K concentration in the grain and straw, except K uptake by grain in the
field experiment. The uptake of K by plant in the NP + CB treatment was also lower than
the native KSBs inoculations treatments. This phenomenon could be explained by a low-
er adaptation to the plant microenvironment (Tabassum et al. 2017). Probably the non-
native strains which applied as a commercial biofertilizer can not compete with the exist-
ing native bacterial community for establishment and persistence in the soil. It has been
reported that the native PGPRs isolated from rhizospheric soil may be more useful than
others because they are already competent, adapted and dominant in a particular geo-
graphical area (Bergottini et al. 2015). Also, the native strains are closely associated with
the plant systems biology and are generally preferable for inoculation of crops (Santoro
et al. 2015).

Results indicated that the exchangeable K content in the soil increased by KSB inocu-
lations combined with K chemical fertilizer after the harvest. According to the regression
equation, the increase of K content in the soil treated with K chemical fertilizer and KSB
inoculations probably enhanced the ion uptake by root cells, inducing a high accumula-
tion of K by the grain and straw (Crusciol et al. 2016). In fact, the availability of K in the
soil has a fundamental role in the K accumulation in rice (Carmeis Filho et al. 2017).
Also, Batten (2002) reported that there was a positive significant correlation between K
concentration in rice plant and K availability in the soil.

On the other hand, the KSB inoculations applied singly did not significantly increase
the quantity of available K in the soil. These findings are not in agreement with Bahadur
et al. (2016). The reason may be that the soil samples were collected randomly from non-
rhizosphere soils in each pot and plot to estimate of K availability in soils after harvesting,
in the same way that was done to determine of the soil chemical and physical properties
before transplanting. That’s while, the PGPRs are able to release inorganic nutrients from
the organic reserves in the narrow region of soil surrounding and influenced by plant roots
as rhizosphere soil (Ahemad and Kibert 2014). Also, Prajapati et al. (2013) reported that
the KSBs can synergistically solubilize the K materials from insoluble compounds that
can be directly absorbed by plants.

Based on the results, NPK chemical fertilizer treatment showed better results than
other treatments on K uptake by grain and straw. This result is confirmed by Bakhshandeh
et al. (2017b). Nevertheless, the highest N and P uptake achieved by KSB inoculations
coupled with %2 K fertilizer. Some NUE indexes such as AE, UE, PFP, PNB and ARE for
K nutrient were influenced by application of K chemical fertilizer in combination with
KSB inoculations, especially R. aquatilis as compared to /2 K fertilizer treatment. Where-
as the maximum value of PE and APE was belonging to NP treatment combined with
three KSB inoculations (without K fertilizer). These differences may be described based
on the difference in their equations. Because the denominator of PE and APE equations is
total K uptake in grain plus straw which was significantly lower in the NP+KSBs treat-
ments than NP¥2K+ KSBs.

Similarly, the results obtained from the pot and field experiments proved that the N and
P use efficiency were affected by application of NPK fertilizer and NP2K+KSBs treat-
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ments. These results are in agreement with Meena et al. (2017) who reported that the
PGPMs are able to enhance the NUE and nutrient bioavailability in soil. Duarah et al.
(2011) found that application of NPK chemical fertilizers in combination with phosphate
solubilizing bacteria increased the NUE of the applied fertilizers and decreased the nutri-
ent runoff or leaching in rice.

There were some differences between pot and field experiments in term of AE, PE,
APE, UE, PFP and NHI values for N and P nutrients. Accordingly, the largest amounts of
the most NUE indexes in the pot experiment belonged to NPK treatment. On the other
hand, the highest values of these indices in the field experiment were achieved by NPY2K+
KSBs, especially NPY%.K+Ra+Ps treatment. It seems that soil bacterial activities in the
field experiment were higher than pot experiment. The reason for this difference may be
the use of sterilized soil in the pots. In addition, the pot experiments usually are per-
formed under environmental conditions which seldom or never occur in the field experi-
ment (Vries 1980) such as negative effect of stagnant flooding condition in the pots on
rice growth (Chattopadhyay et al. 2017) and microbial activity (Unger et al. 2009).

According to the results, the three studied KSBs can be used as a viable alternative to
increase the K bioavailability in soil, K, N and P concentration in plant and their use ef-
ficiency, especially when ' K chemical was applied. These findings are in agreement
with the results of several studies that proved the application of PGPRs in nutrient man-
agement strategies aimed at decreasing chemical fertilizer consumption and consequent-
ly, promoting environmental-friendly crop production (Maheshwari 2010; Meena et al.
2016). It has already been reported that the application of biofertilizer can reduce the cost
of K chemical fertilizers about 50 to 60% (Chandra et al. 2002), increase the amount of
organic matter in the soil (Dgbska et al. 2016) and enhance the K fertilizer efficiency
(Bahadur et al. 2014).

Based on our findings, nutrient remobilization significantly varied in different treat-
ments. A large amount of N and P imported into the grain occurs at the harvest time. Po-
tassium remobilization was also increased from flag leaves to the grains. These results are
in agreement with Bakhshandeh et al. (2013, 2017b) who reported that the higher uptake
of N, P and K by the rice can enhance the nutrients accumulation in the grain. It has al-
ready been reported that about 15% of total K uptake in rice plant will be redistributed to
the grain (Fageria et al. 2011). Bakhshandeh et al. (2017b) indicated that grain N concen-
tration increased by 5.1% with the application of K chemical fertilizer. However, some
studies have shown that the KSB inoculations enhanced the amount of K uptake by plant
such as rice (Balasubramaniam and Subramanian 2006) and maize (Abou-el-Seoud and
Abdel-Megeed 2012), but we did not find any document that indicates the effect of potas-
sium solubilizing bacteria on N, P and K remobilization of rice in the past.

On the other hand, K accumulation in the stem at the harvesting time was lower than
the flowering time. Therefore, negative values achieved by K remobilization from stem.
This is in agreement with the results of Santos et al. (2017) who reported that the relative
K content in the stem increased from 32% to 56% during the assessment period of growth
(119 days). Similarly, Chen et al. (2008) investigated the accumulation of N, P and K
nutrient in different tissues of rice and reported that the K accumulation in stem at booting
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and heading stages was higher than maturity stage. This can be described by the increas-
ing contribution to the stem dry mass as compared to other plant tissues (Santos et al.
2017). The nutrient accumulation in the stem may increase due to redistribution of nutri-
ents from older leaves for stem elongation and production of new leaves and structural
organs (White 2012).

Conclusion

In conclusion, the current results indicated that the bio-inoculation with three KSB strains
of P. agglomerans, R. aquatilis and P. Orientalis isolated from soil paddy could be con-
sidered as an effective way to increase potassium, nitrogen and phosphorus uptake by
plant and enhance their use efficiency and remobilization to grains. Therefore, these na-
tive KSBs strains, as potential bio-inoculants, can help to minimize use of K chemical
fertilizer for rice production in the flooding irrigation conditions.
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