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The aim of this investigation was to select effective

Pseudomonas sp. strains that can enhance the productivity

of soybean-wheat cropping systems in Vertisols of Central

India. Out of 13 strains of Pseudomonas species tested in

vitro, only five strains displayed plant growth-promoting

(PGP) properties. All the strains significantly increased

soil enzyme activities, except acid phosphatase, total system

productivity, and nutrient uptake in field evaluation; soil

nutrient status was not significantly influenced. Available

data indicated that six strains were better than the others.

Principal component analysis (PCA) coupled cluster

analysis of yield and nutrient data separated these strains

into five distinct clusters with only two effective strains,

GRP3 and HHRE81 in cluster IV. In spite of single cluster

formation by strains GRP3 and HHRE81, they were diverse

owing to greater intracluster distance (4.42) between each

other. These results suggest that the GRP3 and HHRE81

strains may be used to increase the productivity efficiency

of soybean-wheat cropping systems in Vertisols of Central

India. Moreover, the PCA coupled cluster analysis tool

may help in the selection of other such strains.

Keywords: Cluster analysis, nutrient uptake, Pseudomonas,

soybean-wheat cropping system, principal component analysis,

soil enzyme activity

Microorganisms in agricultural soils are known to exert

profound influence on plant and soil health [5]. This key

life-supporting function of soils is primarily dependent on

processes mediated by microbial communities. The rhizosphere

is an excellent natural ecosystem of plants and is the “hot

spot” of intense microbial activity [78]. The structure and

function of such microbial communities are directly regulated

by carbon flux from roots in the form of rhizodeposition

that constitutes about 40% of total plant photosynthates

[14] and also from decaying plant materials. Within the

communities, the root-inhabiting bacteria can be divided

into three major groups; namely, growth-promoting, growth-

retarding, and growth-neutral. Several beneficial free-living

rhizobacteria have been termed as plant growth-promoting

rhizobacteria (PGPR) [33], whereas the other group is termed

as yield-increasing bacteria [73]. The prominent PGPR

include Acinetobacter, Acetobacter, Alcaligenes, Arthrobacter,

Azospirillum, Azotobacter, Bacillus, Beijerinckia, Burkholderia,

Enterobacter, Erwinia, Flavobacterium, Pseudomonas,

Rhizobium, Serratia, etc. [48, 65, 80]. A number of rhizobacteria

are reported to be harmful to plants and are termed

deleterious rhizobacteria [70]. This group of bacteria

adversely affects plant growth through production of

increased levels of IAA that retards root growth; siderophore-

mediated iron sequestration that deprive plants for iron;

release of ethylene and hydrogen cyanide that inhibit root

elongation; and other phytotoxic compounds that are

detrimental to plants in one way or the other.

The use of beneficial microbes as biofertilizers or

biopesticides is an alternative to chemical fertilizers and

pesticides. It has been stated that by virtue of their

physiological adaptability and metabolic versatility, bacteria

in the plant root zone are key agents of change in soil agro-

ecosystems. Hence, the interaction between the plant root

zone and rhizobacteria may have profound influence on crop

health and soil quality [69]. It is in this context that the

impact of Pseudomonas inoculants has been evaluated on

many agronomically important crops such as beans, peanut,
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soybean, and wheat, resulting in increased growth and yield

[3, 15, 19, 39]. Such beneficial effects are possibly due to

build-up of inoculant in the rhizosphere as detected by

changes in soil enzymatic activities and through a multitude

of direct and indirect mechanisms [44, 79]. The soil enzyme

activities and other microbial processes have been proposed

to provide a comprehensive view of the impact of an

inoculant on the functioning of a soil ecosystem [10]. In

particular, soil enzyme activities have been used as a tool

to monitor changes in soil nutrient cycling through their

interaction between inoculants and indigenous microbial

population [45]. Kohler et al. [34] have reported increases

in dehydrogenase and acid phosphatase activities in the

rhizosphere soils of Lactuca sativa upon inoculation of

PGPR, AM fungus, and phosphate-solubilizing bacteria,

separately or in combination. However, reports on the use

of such parameters as a method of monitoring the effects

of Pseudomonas species inoculation in a soybean-wheat

cropping system are uncommon.

The soybean-wheat cropping system is the predominant

cropping system in central India followed by soybean-

chickpea [83]. Soybean (Glycine max L. Merrill) contains

40% protein, and 20% oil, as well as bioactive molecules and

isoflavones [42], whereas durum wheat (Triticum turgidum

var. durum) provides approximately 2% more protein along

with a higher content of beta-carotene than aestivum wheat

[59]. Thus, adoption of the soybean-wheat cropping system

can help alleviate malnutrition and also improve the

socioeconomic status of farmers of central India.

Screening of effective Pseudomonas species based on

their functional traits, soil enzyme activities, and plant

nutrients acquisition has been a challenging task because

of wide variations in their functionality. Multivariate

analysis including principal component analysis (PCA)

and cluster analysis could be a useful tool to select

effective PGPR from a large bacterial gene pool. This

approach has been employed previously in yield prediction

of corn, agricultural soils under contrasting management

systems, to identify the origin of potentially toxic elements

in soils, and to develop operationally important soil quality

indicators for long-term sustainability [7, 27, 67]. Multivariate

analysis takes into consideration the whole data set instead

of individual variables, thereby taking into account several

factors simultaneously. Principal component analysis is an

effective data reduction technique that aims to explain

most of the variances in a multivariate data set while

reducing the number of variables into a few uncorrelated

components. Subsequently, cluster analysis further facilitates

confirmation of PCA data by three-processes; namely, (i)

provision of grouping of individual inoculants and variables,

(ii) allowing understanding of and characterizing the nature

of each cluster, and (iii) permitting profiling that relates to

occurrence of specific clusters to auxiliary data not used in

the original partitioning. The auxiliary data include variables

that are relevant. In this study, we focussed on PCA coupled

cluster analysis to identify groups of variables based on the

loading and the groups of PGPRs based on the principal

components scores derived from data analysis of nutrient

acquisition, soil nutrient content, and total system productivity.

The objectives of this research were (i) to evaluate the

efficiency of different strains of Pseudomonas species on

soil enzyme activities, nutrient acquisition, soil nutrient

status, and productivity of soybean and wheat under field

conditions in Vertisols of central India, and (ii) to employ

suitable multivariate statistical tools (PCA and cluster

analysis) for selection of effective and ecologically suitable

strains of Pseudomonas species for the soybean-wheat

cropping system to enhance system productivity.

MATERIALS AND METHODS

Pseudomonas spp. Strains

A group of Pseudomonas spp., namely P. aeruginosa GRP3 and P.

aeruginosa PRS9, was recovered from the rhizoplane and rhizosphere

of soybean and pea, respectively [54], whereas other groups of

Pseudomonas spp. (P. synxantha HHRE81, P. fluorescens HHRE172,

P. extremorientalis LHRE527, P. aurantiaca HHRE411, reclassified

as P. chlororaphis subsp. aurantiaca [50], P. gessardii LHRE63,

Pseudomonas sp. HHRE600, P. stutzeri LLRE425, Pseudomonas sp.

HHRE913, Pseudomonas sp. LHRE56, Pseudomonas sp LHRE30,

and Pseudomonas jessenii LHRE62) were isolated from the

endorhizosphere of aestivum wheat variety UP 2338 grown under low-

and high- input fields [21]. All bacterial cultures were maintained as

a 20% glycerol stock at -80
o
C in modified King’s B broth.

Functional Properties of Pseudomonas spp. Strains 

The functional properties of Pseudomonas spp. strains were assessed

qualitatively by recommended methods. Siderophore production was

assayed on King’s B medium containing chromeazurol S (CAS)

[63]. Solubilization of tricalcium phosphate was performed on

Pikovaskaya’s agar medium [51]. Growth of Pseudomonas spp. on

Dworkin and Foster (DF) minimal salts medium supplemented with

3 mM ACC (Fluka) was positive for ACC deaminase production

[25]. Indole-3-acetic acid (IAA) production in liquid broth supplemented

with 1 mM L-trytophan was determined by using Salkowski’s reagent

[8]. Hydrogen cyanide (HCN) production was tested by growing

bacteria on tryptic soy agar (TSA) supplemented with 4.4 g/l

glycine [38]. The change in the colour of filter paper impregnated

with 0.5% picric acid and 2% sodium bicarbonate, from yellow to

orange-brown, indicated cyanide production. P. fluorescens CHA0

was used as a positive control to confirm cyanogenesis (i.e., cyanide

production). The accumulation of ammonium in peptone water was

detected by adding a few drops of Nessler’s reagent [18]. To detect

cellulase production, growth of Pseudomonas spp. was allowed on M9

minimal salt medium supplemented with 0.2% carboxymethylcellulose

and 0.5% tryptone; the culture was then flooded with 0.1% Congo

red solution for 30 min at room temperature after incubation and

subsequently washed with 1 M NaCl. Formation of a clear zone

around the bacterial colony indicated a positive test [77]. To detect

pectinase production, Pseudomonas strains were grown on nutrient
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agar (NA) supplemented with 0.5% pectin for 4 days. Plates were

overlaid with 2% cetyltrimethylammonium bromide (CTAB) solution

for 30 min at room temperature followed by washing with 1 M

NaOH after removal of CTAB solution; the appearance of a clear

zone around the bacterial colony was indicative of a positive test.

Actively growing bacterial strains were spot-inoculated on plates

containing 1.0% skim milk agar to screen for protease activity [6].

Field Site and Crops

A field experiment with the soybean-wheat cropping system was

conducted at Research Farm, Directorate of Soybean Research,

Indore, which is located at 22
o 

8' N latitude and 75
o 

4'E longitude

with an altitude of 560 m above mean sea level. This region has a

semi-arid tropical climate with an average (mean of 15 years) rainfall

of 1,020 mm and ambient air temperature of 7 to 24
o
C in the winter

and 22 and 32oC in the summer. Relative humidity ranges between

51.6% and 94.4%. Maximum rainfall is confined to four months from

June to September (778.2 mm) with practically negligible rains during

winter to summer (October to May). The soil in the experimental

site belongs to typic Haplustert (Sarol series) with the following

characteristics: pH 8.03, electrical conductivity 0.18 dS/m, sand

11.3%, silt 32.2%, clay 56.5%, organic carbon 0.42%, CaCO3

2.82%; available N, P, K, S at 6.8, 3.9, 246, 4.2 µg/g, respectively;

DTPA extractable Zn, Fe, Cu, Mn were 1.41, 5.96, 1.85, 12.4 µg/g,

respectively. Activity of soil enzymes: dehydrogenase, acid phosphatase,

alkaline phosphatase. and arylsulfatase was 3.26 pKat/g, 42.13 nKat/g,

58.15 nKat/g, 6.76 nKat/g, respectively. The experimental field was

under continuous cultivation of soybean and wheat in rotation for

the past 10 years. Seeds of soybean varieties JS 335 and Gaurav

were obtained from Directorate of Soybean Research, Indore, whereas

durum wheat variety Malvashakti (HI 8498) was from Regional

Station, Indian Agricultural Research Institute, Indore.

Field Trials 

Under the soybean-wheat cropping system, two soybean varieties,

JS 335 and Gaurav, were first cultivated in the rainy season (June to

September) in 56 plots each, followed by sowing with one variety

of durum wheat in winter (November to March) in the same 112

plots (JS 335 cultivated 56 plots, Area 1; and Gaurav cultivated 56

plots, Area 2). Field trials for both crops were conducted in a

completely randomized block design; the plot size was 6 m × 2.70 m

and included 14 treatments (GRP3, HHRE81, HHRE172, LHRE527,

HHRE411, LHRE63, HHRE600, PRS9, LLRE425, HHRE913,

LHRE56, LHRE30, LHRE62, and uninoculated control) with four

replications. Eight blocks were made using a broad-bed and furrow

(BBF) system, and each block had a cluster of 14 plots with plot-to-

plot distance of 1 m and block-to-block distance of 1.5 m [55]. No

chemical fertilizer input was applied to any of the two crops.

Surface sterilization of seeds was performed by dipping them in

95% ethanol for 3 min, 3% sodium hypochlorite for 5 min, and

subsequently washing with sterile distilled water. Strains of Pseudomonas

spp. were grown aerobically in Luria-Bertani broth in a 250 ml

Erlenmeyer flask at 28
o
C for 3 days on a rotary shaker at 120 rpm.

The suspension was centrifuged at 8,000 rpm for 10 min and the

supernatant was discarded; the pellet was washed twice with 0.85%

saline solution, suspended into saline solution, and serially diluted to

a final concentration of 108 CFU/ml cell suspensions. The resulting

suspension was used to treat seeds of test crops.

Soybean and Durum Wheat 

Seeds of soybean varieties JS 335 and Gaurav, at 80 kg/ha, were

first placed in 10
8

CFU/ml bacterial suspension in 0.85% saline

solution, which contained 0.1% carboxymethyl cellulose (CMC) as a

gluing agent. The seeds used for uninoculated control were placed

in saline solution without bacteria but with CMC. All inoculated and

uninoculated seeds were air-dried for 15 min in the shade prior to

sowing. Inoculated seeds were dibbled on 15th July 2004 with a

row-row distance of 45 cm and plant-to-plant distance of 5 cm. A

population of 40 plants per m2 in each plot was maintained. The

crop was allowed to grow under rainfed situation, but one protective

life-saving irrigation was given. All other recommended agronomic

practices were followed to harmonize with prevalent practices. The

crops were harvested in mid-October and the straw and grain yields

of each variety were recorded separately. Seeds of durum wheat (HI

8498) as the succeeding crop of the system was inoculated in a

manner similar to soybean and sown on 24th November 2004 in

plots earlier occupied by either soybean variety JS 335 (Area 1) or

Gaurav (Area 2), with a row-to-row distance of 22.5 cm. All the

plots were irrigated just after sowing to ensure proper germination.

As per agronomic practice, 4 irrigations were given at a recommended

time schedule. The above-ground biomass produced in each plot

was harvested in the second week of April and the yields of grain

and total biomass were recorded.

Soil Sampling

Soil samples for enzyme assay were collected at the beginning of

the seed fill stage (R5 growth stage) in soybean and at the panicle

initiation stage in wheat. Tightly adhering soil from the roots of two

plants from each plot was carefully removed, mixed thoroughly, and

composited, and four soil samples from four replicates of each

treatment were removed. In this manner, 112 samples for both

soybean varieties (56 samples from JS 335 and 56 from Gaurav

varieties) and 112 soil samples from wheat crop (56 samples from

Area 1 and 56 samples from Area 2) were retrieved. Rhizosphere

soil samples were stored at 4
o
C and analyzed within four weeks for

soil enzyme activities. For nutrient analysis, random soil cores from

each plot were taken by an auger (2 cm diameter) from 0-15 cm

depth after completion of one cycle of soybean-wheat rotation. Soil

samples were mixed manually, air-dried, and ground to pass through

a 2 mm sieve prior to nutrient analyses.

Determination of Soil Enzymes

Dehydrogenase [71], and acid (E.C. 3.1.3.2) and alkaline (3.1.3.1)

phosphatase activities [71] in rhizosphere soil samples were measured

by a modified method of Schinner et al. [62]. Dehydrogenase was

measured by placing 1.0 g of moist soil sample in a screw-cap tube

to which 0.2 ml of 3% TTC and 0.5 ml of 1.0% glucose as electron

donor were added. The contents were mixed well by swirling the

tubes, followed by incubation in the dark for 24 h at 35
o
C. Ten ml

of methanol was now added, mixed, and placed in a refrigerator for

3 h to allow settling down of soil particles and better extraction of

triphenyl formazon (TPF). The red color of TPF was determined at

485 nm. To measure phosphatase activities, 1.0 g of soil from each

sample was placed in a 25 ml Erlenmeyer flask to which 4 ml of

0.25% p-nitrophenyl phosphate in acetate buffer (pH 5.4) or borax-

NaOH buffer (pH 9.4) was added and incubated for 1 h at 37oC.

The suspension was filtered through Whatman No. 42 filter paper
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followed by addition of 4 ml of NaOH. The volume was made up to

25 ml with distilled water and the intensity of the yellow color was

measured on an UV/VIS spectrophotometer (Shimadzu 1601A, Japan)

at 420 nm. The CaCl2 solution was omitted in the above procedure

as the original method led to flocculation of Ca(OH)2 and occasional

release of humic substances, which interfered with the measurement

[62]. Arylsulfatase (E.C. 3.1.6.1) activity was measured using a

modified procedure [60]. Briefly, 1.0 g of soil sample was placed in

a 25 ml Erlenmeyer flask and incubated with 4 ml of 0.5 M sodium

acetate buffer (pH 5.8), 0.2 ml of toluene and 1 ml of 50 mM p-

nitrophenylsulfate solution at 37
o
C for 1 h. After incubation, 2 ml of

NaOH was added, the contents were filtered through Whatman No.

42 filter paper, and the volume was made up to 25 ml with distilled

water. The yellow color of p-nitrophenol was measured at 420 nm;

controls were included with the soil samples for determining the

non-enzymatic yellowing of the solution. The control values were

subtracted from arylsulfatase activity for each soil.

Soil enzyme activities are expressed in terms of katal. One katal

is the amount of enzyme required to hydrolyze 1.0 µmol of substrate

per second at a specific pH and temperature. The dehydrogenase activity

is expressed as pKat (pmol TFP/s)/g soil. The phosphatase and

arylsulfatase are expressed as nKat (nmol p-NP/s)/100 g soil. The

value of enzyme activity represents means of four determinations and

is expressed on soil dry weight basis.

Nutrient Analysis

Soil nutrient analysis. Mineral-N, NH4 and NO3, extracted from

soil with 0.5 M KCl was estimated by the indophenol blue and phenol

disulfonic acid method, respectively [30]. Olsen’s P extracted with

0.5 M sodium bicarbonate (pH 8.5) in 1:5 ratio of soil:extractant and

P in the extract was measured [81]. Exchangeable K was

determined by flame photometry using neutral ammonium acetate

extraction [28]. Available sulfur (S) from soil was extracted with

0.15% CaCl2 in 1:5 soil:extractant ratio [82], and sulfur in the extract

was determined by the turbidity method using a BaCl2 and glycerol

and ethanol mixture [12]. Available soil micronutrients, Zn, Cu, Fe,

and Mn were determined using the diethylene triaminepentaacetic

acid (DTPA, pH 7.30) extraction method [37]. The micronutrient

content in the DTPA extract was measured on an atomic absorption

spectrophotometer (GBC Avanta Sigma, GBC Scientific Equipment

Private Ltd, Australia). 

Plant nutrient analyses. Nitrogen in the plant sample after acid

digestion was estimated using a Kjeltec Auto 1030 Analyzer (Tecator).

The P, K, S, and micronutrients concentrations in the digest were

determined using standard methods [29].

Nutrient uptake of grain and straw of soybean/wheat was

calculated by multiplying grain/straw yield (kg/ha) with the

respective value of nutrient concentration for a particular treatment.

The total nutrient uptake (expressed as kg/ha) in the individual crop

was calculated from the total of nutrient uptake in the grain and

straw. Total nutrient uptake by the cropping system was calculated

by summing up the total uptake by both crops.

Total system productivity (TSP) was calculated by conversion of

grain yield of wheat into soybean equivalent yield (SEY). SEY was

calculated by multiplying the yield of wheat with the unit price of

wheat crop divided by the unit price of soybean crop. Yield of

soybean and SEY of wheat were added to determine TSP. 

Statistical Analysis

To test the significance of the inoculants and crops, a two-way

analysis of variance (ANOVA) was performed. Means were separated

by least significance difference (LSD) at the P=0.5 level. ANOVA

was analyzed with the MSTAT-C package. Principal component

analysis (PCA) coupled with cluster analysis for grouping strains of

Pseudomonas spp. based on correlated variables was performed by

the coupled PCA and cluster procedure with SPAR 1 package. For

grouping of the inoculants, values of all 8 replications (4 replicates

of JS 335 and 4 replicates of Gaurav) from both the soybean

varieties for the same inoculant were taken so that varietal effects

could be avoided and only crop effects were apparent. Similarly,

values of wheat crop from both the plots were taken together into

account for analysis. Clustering of inoculants was performed using

the non-hierarchical Euclidean method using all the replicates values

(112 cases). For PCA using varimax rotation and eigenvalue greater

than 1, variables like TSP, total nutrient uptake by both the crops,

and soil nutrients content were analyzed using SPSS version 10.0.

Table 1. Plant growth-promoting properties of Pseudomonas spp. strains used in this study.

Pseudomonas  
spp. strains

Siderophore
Phosphate

solubilization
ACC 

deaminase
IAA Ammonium Cellulase Protease Pectinase 

GRP3 ++ +++ ++ +++ +++ ++ +++ -

HHRE81 +++ +++ +++ + +++ ++ +++ -

HHRE172 ++ - ++ + +++ + - -

LHRE527 +++ ++ +++ +++ ++ ++ + -

HHRE411 ++ + + ++ ++ ++ - -

LHRE63 +++ - ++ ++ + ++ ++ -

HHRE600 ++ + ++ + +++ ++ ++ +++

PRS9 + - + + + + ++ +++

LLRE425 - - ND + + + ++ -

HHRE913 +++ ++ +++ + +++ ++ ++ +++

LHRE56 +++ ++ ++ + ++ ++ - -

LHRE30 - - - - ++ - + -

LHRE62 + ++ - + +++ + - -

+++  = High;  ++ = Medium;  + = Low;  – = Negative; ND = Not determined.
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RESULTS

Functional Properties

Thirteen strains of Pseudomonas spp. were characterized

for their PGP traits (Table 1). Five strains, HHRE81,

LHRE527, LHRE63, HHRE913, and LHRE56, registered

higher production of siderophore. Phosphate solubilization

and protease activity were largely restricted to the GRP3 and

HHRE81 strains. Strains HHRE81, LHRE527, and HHRE913

contributed greatly towards ACC deaminase activity,

whereas the others were either moderate or low in activity.

IAA production was high in strains GRP3 and LHRE527.

Ammonium ion and cellulase production were associated

with all the strains except LHRE30, which showed no

cellulase activity. Only two strains, GRP3 and HHRE81,

exhibited strong protease activity. Strains HHRE600, PRS9,

and HHRE913 were strongly pectinolytic, whereas the

others had no pectinolytic activity. Strains GRP3, HHRE81,

LHRE527, HHRE913, and HHRE600 contributed to a

greater extent towards most of the functional attributes.

Soil Enzymes

Dehydrogenase, acid phosphatase, alkaline phosphatase, and

arylsulfatase activities of soils retrieved from rhizosphere

of soybean and wheat inoculated with Pseudomonas

strains were determined (Tables 2 and 3). A significant

variation in dehydrogenase activity (DHA) was observed

between varieties and crops. The interaction between

inoculants and variety was also significant. In general,

rhizosphere of variety JS 335 had maintained significantly

higher DHA compared with variety Gaurav. Strains HHRE81,

HHRE600, and LHRE527 induced greater stimulation in

DHA in variety JS 335; some strains, however, decreased

DHA in both the varieties, but the values were higher than

in the control (Table 2). An increase of 95% in DHA was

observed in wheat sown in JS 335-cultivated plots (Area 1),

and 56% in Gaurav-cultivated plots (Area 2), over control.

DHA was more pronounced in wheat rhizosphere as

compared with soybean.

Acid phosphatase activity decreased significantly in

both soybean and wheat upon inoculation of Pseudomonas

strains; strains GRP3 and HHRE81 were an exception in

the rhizosphere of variety Gaurav, wherein the activity

increased over control (Table 2). With few exceptions, lower

activity was recorded with variety JS 335 as compared

with Gaurav. Almost a similar trend of decreased acid

phosphatase activity was observed in wheat sown in both

the plots (Area 1 and Area 2) (Table 3). Strains LHRE30

and LHRE56 decreased alkaline phosphatase activity in

the rhizosphere of soybean variety JS 335 compared with

uninoculated control. With respect to variety Gaurav, such

a decrease was associated with strains LHRE56, PRS9,

HHRE600, and HHRE172. Other strains showed increased

activity, with the greatest being observed with strain

Table 2. Activity of various enzymes in rhizosphere soil of soybean cultivars in response to inoculation of Pseudomonas spp. strains.

Pseudomonas  
spp. strains

Dehydrogenase  activity
(pKat/g soil)

Acid phosphatase  activity
  (nKat 100/g soil)

Alkaline phosphatase activity
   (nKat 100/g soil)

Arylsufatase activity
   (nKat 100/g soil)

JS 335 Gaurav JS 335 Gaurav JS 335 Gaurav JS 335 Gaurav

GRP3 6.52 5.78 90.81 123.40 149.86 146.09 18.78 19.38

HHRE81 7.20 5.87 86.05 121.59 159.27 178.29 18.55 18.86

HHRE172 6.81 5.66 94.25 60.24 151.43 113.51 17.36 16.72

LHRE527 6.97 6.70 84.76 99.49 183.28 131.22 19.22 17.28

HHRE411 6.65 6.33 93.07 114.00 150.47 147.03 18.38 17.28

LHRE63 6.66 6.70 100.80 107.10 151.90 139.66 19.40 17.15

HHRE600 7.37 5.52 106.10 71.15 149.84 118.98 21.76 18.36

PRS9 6.85 6.86 105.50 115.60 142.34 122.42 18.20 17.90

LLRE425 5.07 6.33 85.82 120.80 172.11 146.79 16.24 18.22

HHRE913 6.18 4.95 89.38 120.70 128.60 152.24 16.80 19.15

LHRE56 5.32 6.80 99.72 119.40 106.73 120.28 15.12 18.88

LHRE30 5.26 4.15 76.43 100.30 94.02 153.19 13.36 15.96

LHRE62 6.67 5.89 90.45 74.23 152.26 142.73 18.50 18.41

Uninoculated
control

5.90 5.08 109.34 120.25 121.35 125.54 16.72 17.16

LSD (P=0.05)

Inoculation 0.13 0.55 0.63 0.45

Variety 0.05 0.21 0.24 0.17

Inoculation × 
variety

0.19 0.78 0.90 0.64

Initial soil enzyme activity: Dehydrogenase activity, 3.26; Acid phosphatase activity, 42.13; Alkaline phosphatase activity, 58.15; Arylsufatase activity, 6.76.
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LHRE527 (51%) in soybean variety JS 335 and 42%

increase by strain HHRE81 in variety Gaurav. Invariably,

the effect of inoculation was more pronounced in variety

JS 335 as compared with Gaurav, the exception being

strains HHRE81, LHRE56, LHRE30, and HHRE913.

Inoculation with strains GRP3 and HHRE81 significantly

increased its activity in the rhizosphere of both soybean

and wheat crops. Strains GRP3 and PRS9 inoculation

resulted in 50% and 33% increase in enzyme activity in

rhizosphere soil of wheat in JS 335- (Area 1) and Gaurav-

cultivated plots (Area 2), respectively (Table 3).

Irrespective of Pseudomonas inoculation, arylsulfatase

activity in the rhizosphere soil of soybean was nearly 2-

fold higher than wheat (Tables 2 and 3). Strains HHRE600,

LHRE63, GRP3, HHRE81, HHRE172, LHRE527, LHRE62,

HHRE411, and PRS9 significantly increased enzyme activity

in variety JS 335. However, inoculation of strains LHRE56

and LHRE30 resulted in decreased activity over control. In

variety Gaurav, strains GRP3, HHRE81, HHRE913, LHRE56,

LHRE62, LLRE425, PRS9, and HHRE600 resulted in

significant increase in activity over control, whereas strain

LHRE30 negatively influenced the activity. Most Pseudomonas

strains significantly increased enzyme activity in the

rhizosphere of wheat; PRS9 was an exception with decreased

activity in wheat grown in plots of variety Gaurav. In

general, wheat grown in Gaurav-cultivated plots (Area 2)

had more pronounced influence on arylsulfatase activity,

compared with wheat grown in JS 335-cultivated plots

(Area 1) (Table 3).

Straw and Seed Yields of Soybean and Durum Wheat

Inoculation of Pseudomonas strains either increased or

decreased the grain yield of the soybean varieties (Table 4).

In general, yield performance of JS 335 was significantly

higher compared with Gaurav. Performance of wheat in JS

335- and Gaurav-cultivated plots (Areas 1 and 2) was

comparable. Inoculation with strain GRP3 resulted in yield

increase of about 10.37% in JS 335-cultivated plots (Area 1).

Likewise, in the case of variety Gaurav, strain GRP3

produced significantly higher yield. Yield reductions of

9.62% and 8.50% in JS 335 and Gaurav were recorded

upon inoculation with strains LHRE30 and LLRE425.

Maximum straw yield (23.0%) in JS 335 was produced by

strain LHRE56. About 17.2% increase was observed with

strain PRS9 in variety Gaurav. In terms of grain yield,

wheat performance was best in JS 335-cultivated plots

(Area 1) with strain LHRE 62. In Gaurav-cultivated plots

(Area 2), strain HHRE81 was more effective. Irrespective

of inoculation, total system productivity (TSP) of the JS

335-wheat system was higher compared with the Gaurav-

wheat system. However, inoculation of strains HHRE172,

LLRE425, and LHRE30 decreased productivity by 6.1%

Table 3. Activity of various enzymes in rhizosphere soil of durum wheat in response to inoculation of Pseudomonas spp. strains.

Pseudomonas  
spp. strains

Dehydrogenase  activity 
(pKat/g soil)

Acid phosphatase  activity
 (nKat 100/g soil)

Alkaline phosphatase activity
  (nKat 100/g soil)

Arylsufatase activity
   (nKat 100/g soil)

Area 1 Area 2 Area 1 Area 2 Area 1 Area 2 Area 1 Area 2

GRP3 11.78 8.45 72.50 76.54 148.44 133.64 11.56 11.88

HHRE81 10.10 7.31 91.64 84.75 140.92 121.96 11.38 10.56

HHRE172 8.84 7.48 64.78 95.32 110.37 133.48 10.04 10.12

LHRE527 9.75 8.48 69.53 72.15 135.14 120.40 11.16 11.08

HHRE411 8.54 8.19 63.47 81.42 112.23 116.84 9.72 11.22

LHRE63 7.22 9.12 76.66 93.30 109.82 140.49 11.16 11.66

HHRE600 9.24 8.48 72.45 94.25 143.91 142.75 10.35 11.42

PRS9 8.12 9.30 76.78 81.41 125.87 149.87 9.60 8.74

LLRE425 6.93 8.34 71.43 71.08 143.58 126.87 9.35 11.48

HHRE913 9.24 7.50 73.45 71.31 147.74 130.67 8.92 10.30

LHRE56 8.38 9.22 87.00 81.77 135.92 144.53 9.82 11.58

LHRE30 7.00 7.12 75.95 71.43 112.81 121.83 8.36 11.30

LHRE62 8.27 7.21 68.58 70.13 122.54 141.00 10.93 11.42

Uninoculated 
control

6.02 5.95 98.97 104.59 98.78 112.5 8.18 9.92

LSD (P=0.05)

Inoculation 0.37 1.13 3.95 0.48

Variety 0.14 0.43 1.48 0.18

Inoculation × 
variety

0.52 1.60 5.57 0.67

Initial soil enzyme activity: Dehydrogenase activity, 3.26; Acid phosphatase activity, 42.13; Alkaline phosphatase activity, 58.15; Arylsufatase  activity, 6.76.

Area 1: Preceding crop cultivated was JS 335 variety. Area 2: Preceding crop cultivated was Gaurav variety.
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Table 4. Yield of soybean, durum wheat, and total system productivity (kg/ha) in response to inoculation with Pseudomonas spp.
strains.

Pseudomonas

spp. strains

Soybean variety Durum wheat Total system productivity
(TSP)aSeed yield Straw yield Seed yield Straw yield

JS 335 Gaurav JS 335 Gaurav Area 1 Area 2 Area 1 Area 2 JS 335 Gaurav

GRP3 1,490 990 1,694 1,320 3,250 3,030 4,280 3,860 3,927 3,262

HHRE81 1,430 950 1,610 1,250 3,320 3,170 4,311 4,070 3,921 3,227

HHRE172 1,280 670 1,690 1,043 3,000 2,020 4,225 3,260 3,530 2,185

LHRE527 1,384 822 1,560 1,092 3,110 2,920 4,420 4,010 3,716 2,843

HHRE411 1,310 812 1,590 1,320 3,036 2,210 4,124 3,880 3,587 2,469

LHRE63 1,415 720 1,650 1,152 3,110 2,280 4,235 3,140 3,747 2,430

HHRE600 1,300 740 1,480 1,360 2,590 2,445 3,550 3,725 3,242 2,574

PRS9 1,260 890 1,415 1,419 3,095 2,540 4,895 3,540 3,581 2,795

LLRE425 1,430 710 1,629 1,097 3,180 2,245 4,460 3,805 3,816 2,393

HHRE913 1,460 865 1,750 1,146 3,130 2,710 3,980 4,060 3,818 2,897

LHRE56 1,480 900 1,882 1,342 3,250 2,990 4,430 4,230 3,917 3,142

LHRE30 1,220 755 1,517 1,121 2,870 2,580 3,920 3,630 3,372 2,685

LHRE62 1,460 820 1,805 1,345 3,415 2,980 4,705 4,010 4,021 3,055

Uninoculated control 1,350 776 1,529 1,210 2,990 2,830 4,090 3,670 3,592 2,898

LSD (P=0.05)

Inoculation 70.72 78.39 144.9 143.73 129.4

Variety 26.72 29.61 54.7 54.31 48.89

Inoculation × variety 100.03 110.88 204.9 203.24 182.9

a
Calculated as soybean equivalent yield (SEY) by multiplying the yield of wheat with the unit price of wheat divided by the unit price of soybean.

Area 1:  Preceding crop cultivated was JS 335 variety; Area 2:  Preceding crop cultivated was Gaurav variety.

Table 5.  Total macronutrient uptake (kg/ha) in both soybean and durum wheat in response to inoculation of Pseudomonas spp. strains.

Pseudomonas spp. strains

Macronutrient uptake

Nitrogen Phosphorus Potassium Sulfur

JS 335
+

Durum 
wheat

Gaurav
+

Durum 
wheat

JS 335
+

Durum 
wheat

Gaurav
+

Durum 
wheat

JS 335
+

Durum 
wheat

Gaurav
+

Durum 
wheat

JS 335
+

Durum 
wheat

Gaurav
+

Durum 
wheat

GRP3 185.46 139.22 24.97 22.82 148.50 115.70 23.30 16.38

HHRE81 178.24 128.27 26.30 18.87 153.26 118.42 21.64 16.76

HHRE172 144.39 76.12 17.63 12.59 114.72 74.98 14.53 9.60

LHRE527 158.59 111.94 22.46 16.00 129.35 99.39 20.31 14.07

HHRE411 147.39 107.57 21.39 12.85 136.40 84.83 17.24 12.26

LHRE63 154.07 94.03 18.89 12.58 140.40 84.10 17.50 10.61

HHRE600 134.15 96.62 17.73 14.45 99.73 93.46 14.04 12.68

PRS9 151.98 101.53 19.51 16.65 126.24 78.66 19.04 11.95

LLRE425 162.91 88.98 19.52 11.03 132.05 70.38 18.52 11.76

HHRE913 161.45 104.43 20.08 14.16 125.47 103.69 16.62 13.05

LHRE56 179.78 124.14 20.86 18.36 140.95 101.72 22.00 15.90

LHRE30 141.15 95.00 18.14 11.44 118.02 76.49 13.72 10.66

LHRE62 176.78 116.72 22.42 16.56 132.94 95.97 18.33 13.17

Uninoculated control 145.72 104.87 17.36 14.82 115.96 84.63 14.67 11.17

LSD (P=0.05)

Inoculation 4.95 1.14 4.43 1.13

Variety 1.87 0.43 1.67 0.43

Inoculation × variety 7.01 1.62 6.27 1.60



1134 Sharma et al.

and 24.5% in the JS 335-wheat system and Gaurav-wheat

system, respectively. Maximum TSP of 4,021 kg/ha grain

was recorded in the JS 335-wheat system upon inoculation

with strain GRP3; this was closely followed by strains

LHRE62 and HHRE81. Strain LHRE30 drastically reduced

the TSP of both crops.

Nutrient Uptake by Crops and Soil Nutrient Status

Inoculation with Pseudomonas strains significantly

influenced nutrient uptake under both soybean and wheat

(Tables 5 and 6). Nutrient content in the soybean varieties

was higher compared with durum wheat, but their

assimilation, except nitrogen in soybean, was less than

wheat owing to greater biomass production by wheat (data

not shown). This indicated the greater nutrient mining

capacity of wheat than soybean. Irrespective of varieties,

pooling of nutrient uptake data of soybean and wheat

showed more nutrient mining by the JS 335-wheat system

compared with the Gaurav-wheat system.

When the soybean-wheat cropping system was taken

into consideration, Pseudomonas strains GRP3, HHRE81,

LHRE527, and LHRE56 increased nutrient assimilation

significantly over uninoculated control (Tables 5 and 6).

On the other hand, strains HHRE172, HHRE600, and

LHRE30 significantly decreased nutrient assimilation.

Under the soybean-wheat cropping system, soil N-content

was significantly increased with inoculation of Pseudomonas

(Table 7). Phosphorus content in the JS 335-wheat system

was significantly decreased in crops inoculated with

strains HHRE81 and LHRE527; other strains included in

the study increased the P content. In the Gaurav-wheat

system, strains HHRE81, GRP3, HHRE172, LHRE527,

and HHRE600 increased the P content. With the exception

of HHRE172 and HHRE913, all other strains increased the

soil K content in the JS 335-wheat system; strains

HHRE172, LHRE527, PRS9, LLRE425, and LHRE56

significantly decreased the K content in the Gaurav-wheat

system (Table 7). All the strains decreased the S content

significantly over uninoculated control in the Gaurav-

wheat system, whereas strains LLRE425 and HHRE913

increased the S content in variety JS 335.

Strain HHRE81 significantly increased the micronutrients

content (Cu, Fe, Zn, and Mn) in soils from both the plots,

except Cu in the Gaurav-wheat system (Table 8). In the

uninoculated control, the JS 335-wheat system had more

micronutrients content as compared with the Gaurav-

wheat system.

Based on the enzyme activity, yield, and nutrient status

in plant and soil, strains GRP3, HHRE81, LHRE527,

LHRE62, and LHRE56 were found to be effective

Table 6.  Total micronutrient uptake (g/ha) in both soybean and durum wheat in response to inoculation of Pseudomonas spp. strains.

Pseudomonas spp. strains

Micronutrient uptake

Zinc Copper Iron Manganese

JS 335
+

Durum 
wheat

Gaurav
+

Durum 
wheat

JS 335
+

Durum 
wheat

Gaurav
+

Durum 
wheat

JS 335
+

Durum 
wheat

Gaurav
+

Durum 
wheat

JS 335
+

Durum 
wheat

Gaurav
+

Durum 
wheat

GRP3 366.88 300.82 80.82 62.79 1,553.87 964.36 300.39 257.52

HHRE81 343.05 262.34 80.47 56.65 1,378.05 1,045.91 292.00 264.00

HHRE172 292.05 156.72 57.02 31.23 873.29 661.29 240.44 191.32

LHRE527 349.35 219.23 68.14 49.68 1,239.61 870.89 282.43 240.80

HHRE411 306.79 202.72 58.41 40.16 1,074.04 799.69 265.17 225.47

LHRE63 324.57 199.42 64.10 40.76 1,025.08 597.69 269.03 170.68

HHRE600 265.19 177.00 58.14 44.69 1,002.68 710.05 232.94 188.86

PRS9 266.61 189.53 54.45 40.99 1,041.77 842.55 262.06 220.45

LLRE425 288.12 159.28 60.27 36.25 1,350.05 751.42 253.12 188.84

HHRE913 305.72 224.13 65.28 43.47 940.31 780.77 233.61 189.46

LHRE56 355.95 234.65 64.54 57.14 1,495.41 885.32 298.29 155.79

LHRE30 266.16 183.73 46.96 37.14 977.13 622.31 240.49 188.27

LHRE62 378.36 250.03 70.94 47.76 1,369.32 853.96 298.29 248.83

Uninoculated control 264.57 198.45 58.39 44.21 1,078.80 701.20 234.56 205.55

LSD (P=0.05)

Inoculation 10.08 3.05 43.07 10.06

Variety 3.81 1.15 16.26 3.80

Inoculation × variety 14.24 4.31 60.94 14.23
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Table 7. Macronutrient content (mg/kg) in soil inoculated with Pseudomonas spp. strains after one cycle of soybean-wheat rotation.

 Pseudomonas spp. strains

Macronutrient status at harvest of wheat

Nitrogen Phosphorus Potassium Sulfur

Area1 Area 2 Area 1 Area 2 Area 1 Area 2 Area 1 Area 2

GRP3 10.28 10.21 5.43 7.70 265.00 295.00 4.47 4.10

HHRE81 10.17 10.51 4.51 8.60 285.00 335.00 4.60 4.17

HHRE172 9.28 8.80 8.10 8.23 255.00 270.00 3.87 3.78

LHRE527 10.20 10.30 4.98 9.81 315.00 275.00 4.17 4.70

HHRE411 11.29 10.81 8.16 5.92 290.00 295.00 3.87 4.27

LHRE63 9.52 8.81 8.45 7.32 275.00 285.00 4.38 3.87

HHRE600 10.81 9.30 8.83 8.53 300.00 298.00 4.37 4.43

PRS9 10.20 8.80 8.23 7.57 275.00 265.00 5.00 4.30

LLRE425 8.32 8.10 7.70 6.98 270.00 240.00 5.30 4.30

HHRE913 9.42 9.32 7.62 6.91 255.00 315.00 5.30 3.84

LHRE56 10.23 9.24 6.11 7.42 295.00 275.00 4.30 4.40

LHRE30 11.10 10.10 6.34 6.72 290.00 285.00 4.43 5.30

LHRE62 9.50 8.80 6.94 5.97 275.00 330.00 5.10 5.20

Uninoculated control 8.12 7.30 6.04 6.85 260.00 290.00 4.76 5.20

LSD (P=0.05)

Inoculation 0.76 0.74 13.24 0.51

Variety 0.28 0.27 5.00 0.19

Inoculation × variety 1.08 1.04 18.74 0.73

Initial soil nutrient content (mg/kg):  Mineral-N, 6.8; Olsen’s -P, 3.9; NH4OAC-K, 246; CaCl2-S, 4.2.

Area 1:  Preceding crop cultivated was JS 335 variety; Area 2:  Preceding crop cultivated was Gaurav variety.

Table 8. Micronutrient content (mg/kg) in soil inoculated with Pseudomonas spp. strains after one cycle of soybean-wheat rotation.

 Pseudomonas spp. strains

Micronutrient status at harvest of wheat

Zinc Copper Iron Manganese

Area 1 Area 2 Area 1 Area 2 Area 1 Area 2 Area 1 Area 2

GRP3 1.30 1.24 1.48 1.15 5.06 4.03 19.77 16.61

HHRE81 1.43 1.20 2.09 1.14 6.44 4.27 21.01 17.33

HHRE172 1.47 1.17 1.42 1.27 4.19 3.79 19.47 16.58

LHRE527 1.27 1.22 1.24 1.37 4.12 4.05 19.20 17.33

HHRE411 1.47 1.07 1.59 1.20 5.83 3.29 19.70 16.94

LHRE63 1.21 1.26 1.50 1.30 4.84 3.64 18.94 17.98

HHRE600 1.68 1.20 1.36 1.25 4.38 3.29 18.91 17.01

PRS9 1.57 0.94 1.26 1.28 5.60 4.57 17.48 16.47

LLRE425 1.23 0.95 1.35 1.23 5.24 3.60 18.33 16.53

HHRE913 0.94 1.00 1.29 1.37 4.41 3.75 18.63 16.83

LHRE56 1.12 0.85 1.20 1.14 3.69 3.61 18.77 15.00

LHRE30 0.97 1.12 1.30 1.22 4.26 4.21 19.20 16.84

LHRE62 1.05 0.91 1.33 1.23 4.18 3.81 18.65 15.49

Uninoculated control 1.05 0.89 1.25 1.18 5.16 3.37 18.70 13.76

LSD (P=0.05)

Inoculation 0.05 0.16 0.51 1.55

Variety 0.15 0.06 0.19 0.58

Inoculation × variety 0.22 0.22 0.72 2.20

Initial soil nutrient content (mg/kg):  DTPA-Zn, 1.41; DTPA-Cu, 1.85; DTPA-Fe, 5.96; DTPA-Mn, 12.4.

Area 1:  Preceding crop cultivated was JS 335 variety; Area 2:  Preceding crop cultivated was Gaurav variety.
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pseudomonads strains. However, further screening is required

to select for better-performing strains.

Principal Component Analysis

The positions of strains of Pseudomonas based on total

system productivity, nutrient uptake, and soil nutrient

status in the 4 zones of ordinate biplot of PCA are depicted

in Fig. 1. The PCA comprising three principal components

(PC1 51.15%; PC2 23.80%; PC3 7.17%) accounted for

82.12% of variance. The interrelationship among Pseudomonas

strains was more evident through the projection of PC1

and PC2. The PC1 and PC2 had a cluster of Pseudomonas

strains (GRP3, HHRE81, and LHRE527) with large

positive loading for the first and second components and

were distributed in the right upper side of the biplot.

Pseudomonas strains LHRE56 and LHRE62 also had high

positive loading for the first component, and negative

loading for the second component. Other strains occupied

positions either on the left upper or left lower side of

the biplots. Of these strains, some had a negative first

component and others showed a positive second component.

The position of 17 attributes in relation to their influence

by strains composed of three components (PC1 53.65%;

PC2 11.06%; PC3 7.49%) accounted for 72.2% of

variance (Fig. 2). In the projection of PC1 and PC2, all the

attributes except for soil K and S occupied positions solely

on the right upper part of the biplots.

The interpretation of the PCA results can be explained

by positioning of the Pseudomonas group and groups of

attributes by superimposition of respective PCA plots (Fig.

1 and Fig. 2). Superimposition of Fig. 1 and 2 showed that

strains GRP3, HHRE81, and LHRE527 and all attributes,

except soil K and S, occupied similar position (i.e., right

upper side in the biplots). Conversely, strains LHRE56 and

LHRE62 and soil K and S occupied similar position (i.e.,

right lower side of the biplots). This means that Pseudomonas

spp. occupying the upper side position have direct involvement

in enhancement of nutrient acquisition, improving soil

nutrient content, and total system productivity.

Fig. 1. Grouping of Pseudomonas spp. strains based on principal
components scores (PC1 and PC2) derived from total system
productivity, total nutrient status of the soybean-wheat system,
and soil nutrient status. 
In PCA, the 13 strains and one uninoculated control were analyzed for PC1

and PC2 scores, taking into consideration replicates in the analysis.

Fig. 2. Grouping of variables on principal components scores
(PC1 and PC2) derived from total system productivity, total
nutrient status of the soybean-wheat system, and soil nutrient
status. 
1, TSP; 2, plant-N; 3, plant-P; 4, plant-K; 5, plant-S; 6, plant-Zn; 7, plant-

Cu; 8, plant-Fe; 9, plant Mn; 10, soil-N; 11, soil-P; 12, soil-K; 13, soil-S;

14, soil-Zn; 15, soil-Cu; 16, soil-Fe; 17, soil-Mn.
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Cluster Analysis

A cluster analysis was performed using scores of PCA to

further confirm the results of PCA and to narrow down 4

zones of PCA into more clusters for selection of effective

Pseudomonas strains. As a result of this analysis, 5 clusters

were obtained, wherein cluster IV possessed strains GRP3

and HHRE81, which are best discernible by their higher

mean values of attributes (Tables 9 and 10). The next best

cluster was II, which retained strains LHRE56 and

LHRE62, followed by clusters I, V, and III. The grouping

pattern of Pseudomonas spp. strains observed in cluster

analysis is in a similar pattern as derived from PC1 and

PC2 for total system productivity, total nutrient status of

soybean-wheat system, and soil nutrient status.

D
2
 Analysis

D2 analysis is one of the potent techniques of measuring

divergence in living organisms. The average D2 values within

(intra) and between (inter) clusters were estimated [68] and

are presented in Table 11. The intracluster average D2

value ranged from 1.46 to 6.01. Cluster II had minimum

intracluster distance, whereas maximum value was observed

for cluster III. This suggests that cluster III is most diverse,

whereas cluster II is homogeneous and any of the two

Pseudomonas strains of cluster II would perform in a

similar fashion. The minimum intercluster D2 value was

between clusters I and III (8.53), whereas the maximum D2

value was found between IV and V (62.07).

DISCUSSION

In low-input agriculture with bioorganic fertilizer, soil

microorganisms have been promoted for many years to

increase soil fertility, improve plant nutrient acquisition,

and growth and yield of crops [20]. Inoculation of

microbial inputs in the rhizosphere of crops is of great

interest owing to their varied response on the crops and its

Table 9. Composition of clusters of Pseudomonas spp. strains
based on PCA value.

Cluster 
No.

No. of Pseudomonas 
spp. strains

    Name of Pseudomonas 
spp. strains

I 2
HHRE913
LHRE30

II 2
LHRE56
LHRE62

III 5

HHRE172
LHRE527
HHRE411
LHRE63
HHRE 600

IV 2
GRP3
HHRE81

V 3
PRS9
LLRE425
Uninoculated control

Table 10. Mean value of total system productivity, plant nutrient
uptake, and soil nutrient content of five clusters of Pseudomonas

spp. strains.

Characters
Clusters

I II III IV V

TSP 3,193.00 3,5340 3,032.00 3,609.00 3,117.00

Plant-N 125.50 149.30 122.40 157.80 126.00

Plant-P 15.96 19.52 16.66 23.24 16.49

Plant-K 105.92 117.91 105.74 133.97 101.32

Plant-S 13.51 17.35 14.28 19.52 14.52

Plant-Zn 244.93 304.70 249.31 318.2 227.70

Plant-Cu 48.24 60.10 51.24 70.19 49.76

Plant-Fe 830.00 1151.00 885.00 1235.00 960.00

Plant-Mn 212.90 275.30 230.70 278.40 227.40

Soil-N 9.99 9.44 9.91 10.29 8.47

Soil-P 9.60 6.61 8.13 7.81 7.23

Soil-K 114.48 117.48 114.60 118.00 106.64

Soil-S 4.72 4.90 4.17 4.34 4.91

Soil-Zn 1.01 0.98 1.30 1.29 1.11

Soil-Cu 1.29 1.23 1.35 1.47 1.26

Soil-Fe 4.16 3.82 4.14 4.95 4.59

Soil-Mn 17.88 16.98 18.21 18.68 16.88

Mean values of clusters in decreasing order IV > II > I > V > III.

Table 11.  Intra and inter cluster D2 values for the cluster comparing different Pseudomonas spp. strains.

Cluster I II III IV V

I 3.14 (1.77)

II 23.95 (4.89) 1.46 (1.22)

III 8.53 (2.92) 34.38 (5.86) 6.01 (2.45)

IV 57.71 (7.59) 30.72 (5.54) 45.57 (6.75) 4.42 (2.10)

V 8.60 (2.93) 26.29 (5.12) 16.20 (4.02) 62.07 (7.87) 3.03 (1.74)

Italicized figures are intracluster average divergence (D
2
).

Figures in parenthesis are  = D value.D
2
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dependence on crop sequencing, plant types, soil types,

and microbial strains [58]. In this context, functional traits

of bacterial strains play a significant role in enhancing

growth and maintenance of plant health. Of the 13

Pseudomonas strains used in the study, 5 strains showed

multiple plant growth-promoting traits. This is in consonance

with the findings of other researchers wherein multiple

plant growth-promoting traits have been described for

pseudomonads recovered from Indian soils [1, 64].

Rhizobacteria with such multiple traits have an ecological

significance as they may improve rhizosphere competency

either by establishing themselves or by shifting the bacterial

community [2, 56].

Soil enzyme activities have been used as early and

sensitive indicators to measure effects of soil manipulation

such as soil and crop management and environmental

change [9, 45]. Such impact measurement may be useful

for a better understanding of the nature of the perturbations

caused to ecosystem function after microbial inoculations.

Soil enzyme activities involved in nutrient cycling are also

an indicator of carbon leakage from roots when colonized

with microbes. The increased enzyme activities, with the

exception of acid phosphatase, in the rhizosphere of crop

consequent upon inoculation by Pseudomonas strains

GRP3, HHRE81, and LHRE56 indicated an increase in C and

nutrient leakage from roots. Therefore, the changes detected

in the present study suggest a direct effect of Pseudomonas

colonization in the rhizosphere, as well an indirect effect

through shift in microbial composition in the rhizosphere.

Recently, it has been demonstrated that bioinoculants such

as HHRE81 (R81) and LHRE62 (R62) could modify the

bacterial community structure in the rhizosphere of wheat

(UP2338) [56]. The overall enzyme activities in soil are

derived from the activities of accumulated enzymes and

also from that of proliferating microorganisms [72]. Increased

dehydrogenase activity upon inoculation, observed in this

study, supports microbial build-up in the rhizosphere [76].

Phosphatases are adaptive enzymes and their activities

near plant roots are likely to be influenced by P requirement

of the plant. Therefore, greater activities of phosphatases

have been reported in the rhizosphere of legume crops, as

their P demand is higher [35]. The contribution of a high

phosphates activity in the rhizosphere of soybean was due

to its high P acquisition as compared with wheat. High P

requirement is also a prerequisite of legume crops for

effective biological nitrogen fixation in association with

rhizobia.

Inoculation of rhizobacteria had a significant effect on

acid and alkaline phosphatase activities and arylsulfatase

activity. An apparent reduction in acid phosphatase upon

inoculation with Pseudomonas strains might have been

due to direct or indirect effects of inocula, resulting in the

displacement of rhizosphere microbial community, especially

fungi that are known to produce phosphatases in large

amounts. Plant-derived phosphatases have been reported

earlier [75]. However, it is known that P. fluorescens can

reduce the production of acid phosphatases [45]. Subsequent

investigation with P. fluorescens CHA0 strain has however

negated these observations [46]. Alkaline phosphatase is

also reported to have positive correlation with dehydrogenase

activity in soil [74], and enzyme production is likely to be

solely of microbial origin [13].

Arylsulfatase activity has been implicated in the hydrolysis

of sulfur esters in soil. In general, increased activity of this

enzyme in the rhizosphere of soybean in comparison with

wheat without inoculation suggested a high requirement of

S by plants on a pattern similar to P, and thus suggested

involvement of metabolically active resident microorganisms.

Enhanced activity of enzyme upon inoculation corroborates

with the observation of Naseby and Lynch [44], who

observed a similar response with P. fluorescens F113.

Increased available inorganic soluble sulfate in soil is

known to have an inverse relation with arylsulfatase

activity, which is in close agreement with the results of this

study [53]. It could also be hypothesized that decreased

activity could be attributed to slow release of enzyme from

the cells of Pseudomonas [31]. Another possible hypothesis

for the decreased activity might be a variability in

intracellular synthesis of arylsulfatase, since this method

estimates both intracellular and extracellular enzymes

activities. It is further observed that only 45% of the total

enzyme is extracellular in soil.

Increased straw and grain yields in soybean and wheat

in response to inoculation of Pseudomonas were recorded.

Enhanced yield was due to increased nutrient acquisition

by these two crops. However, considerable variations in

nutrient uptake by soybean and wheat, on account of the

fertility status of the soil, were observed consequent upon

inoculation with Pseudomonas. Such variation could be

attributed to soil, plant, microbial, and environmental factors

[15, 32, 55]. In general, uninoculated soybean variety JS

335 assimilated more nutrients compared with variety

Gaurav; a nearly similar trend was noted with wheat that

followed in JS 335-cultivated plots (Area 1). This could be

attributed to preferential stimulation of specific microbial

communities or group of microbes, due to the varying

composition of root exudates in the rhizosphere [14, 26,

76]. Increased nutrient contents in wheat in plots cultivated

earlier with variety JS 335 might be on account of the

carry-over effect of the previous crop. This statement gets

strength from the reported higher enzymatic activity in plots

sown with variety JS 335.

Increased nutrient uptake in both soybean and wheat

upon inoculation of Pseudomonas was observed in this

study. This is in agreement with the reports of Mader et al.

[40] and Roesti et al. [56], wherein they observed that

inoculation of pseudomonads strains HHRE81 (R81) and

LHRE62 (R62) increased N, P, K, Zn, and Fe contents and
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1,000 seed weight in wheat. Increased uptake might be due

to increased production of growth hormones at the root

surface, which would stimulate root development and

result in better absorption of water and nutrients from the

soil [52]. Strains GRP3, HHRE81, LHRE527, LHRE56,

and LHRE62, used in this study, were producers of IAA.

In addition to the role of hormones, nutrient uptake by

plants under the influence of Pseudomonas might have

resulted from the production of siderophores, solubilization

of unavailable phosphorus, potassium, and zinc present in

the soil, and by modulation of ethylene level in the plant,

as reported in earlier studies [22, 24, 57, 61, 64, 66].

Increased N uptake in the soybean-wheat system in

response to Pseudomonas could be explained on the basis

of increased root surface area caused by growth regulatory

compounds [47] and also by increased nitrogen fixation [4,

17]. Siderophore-mediated iron acquisition is known not

only to create iron starvation to phytopathogens but is also

crucial for competition for iron in the rhizosphere [23]. It

has been reported that siderophore-producing fluorescent

Pseudomonas results in increased seed germination, growth,

and yield of soybean through enhanced accumulation of

iron along with other nutrients [16]. Therefore, the

availability of the siderophore trait assumes significance in

terms of iron assimilation. Since our experiment was

conducted in black calcareous soil (Vertisols), which often

exhibits calcium-induced iron deficiency and is deficient

in Zn, it offers conducive pH for excretion of siderophores

by rhizobacterial strains for chelating iron and other

micronutrients such and Zn and Cu [36]. Production of

siderophores might play a significant role in nitrogen

fixation, since nitrogenase requires Fe [11] for functionality.

Thus, enhancement of nitrogen uptake in soybean and

wheat in response to Pseduomonas inoculation in this

study may be due to high Fe uptake by the crops. This is

also evident by a high correlation (r = 0.927) between

nitrogen uptake and Fe uptake in this study (data not

shown). An increase or a decrease in Mn uptake in the

soybean-wheat system on inoculation with Pseudomonas

in this study could be attributed to their possible Mn

oxidizing and reducing activities. [41].

Strains HHRE172, HHRE600, and LHRE30 either

significantly decreased or had no effect on the nutrient

uptake of the soybean-wheat system. The decreased nutrient

uptake in crops observed in the present study might be

explained by high nutrient competition between the plant

and high bacterial population, resulting in limited nutrient

acquisition by the plant [49].

Multivariate analysis was applied to 17 soil and plant

attributes for selection of effective strains of Pseudomonas.

This resulted in the formation of two main groups: group I

with strains GRP3, HHRE81, and LHRE527, and group II

with strains LHRE56 and LHRE62. Rhizobacteria of

group I had high loading in PC1 for TSP, and all plant

nutrient uptake by the systems; however, there were some

with low loading for soil nutrient content (i.e., S, Zn, Cu,

Fe). This indicates that selection was primarily based on

TSP and nutrient uptake induced by rhizobacteria of group

I. Group II carrying strains LHRE56 and LHRE62 also

contributed towards plant nutrient and TSP to the same

extent as by rhizobacteria of group I, but this group contributed

little towards soil nutrient content. The effectiveness of

strains GRP3 and HHRE81 is further strengthened by their

ability to possess multiple plant growth-promoting traits.

Cluster analysis to confirm PCA resulted in a narrowing

down of the number of rhizobacteria into more precise

groups. The result of this analysis once again confirmed

the effectiveness of GRP3 and HHRE81. D
2 statistics of

the cluster showed that the GRP3 and HHRE81 strains were

not very homogeneous, as revealed by their intracluster

distance. Thus, the two isolates responded differentially.

However, strains LHRE56 and LHRE62 showed much

greater homogeneity, and use of any one could give similar

response to the crop.

Approximately 50% of the strains of Pseudomonas spp.

evaluated showed plant growth promotion effects in terms

of total system productivity, nutrient acquisition, and soil

nutrient contents. Most of the strains enhanced soil

enzyme activities, except acid phosphatase. Based on these

attributes, strains GRP3, HHRE81, LHRE527, LHRE62,

and LHRE56 appear promising for the soybean-wheat

cropping system. PCA coupled cluster analysis has placed

these strains into five different clusters; strains GRP3 and

HHRE81 were the best among the five strains based on

similar attributes, and possessed high mean values. Thus,

strains GRP3 and HHRE81 can be used as effective

Pseudomonas strains to enhance system productivity of

the soybean-wheat cropping system adapted to Vertisols of

central India with improved soil and product qualities.

Furthermore, the potential of these Pseudomonas strains

could be tested and harnessed for other soybean-based

cropping systems.
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