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action: understanding the
fungicide induced nodule alteration, cytotoxicity,
oxidative damage and toxicity alleviation by
Rhizobium leguminosarum

Mohammad Shahid, *a Mohammad Saghir Khana and Murugan Kumarb

Realizing the severity of fungicidal toxicity to legumes and importance of fungicide tolerant rhizobia in

legume production, kitazin tolerant (2400 mg mL�1) strain RP1 was recovered from pea nodules and was

identified as Rhizobium leguminosarum (accession no. KY940047). R. leguminosarum produced indole

acetic acid (80.5 � 2.5 mL�1), siderophores: salicylic acid (54 � 7.3 mg mL�1) and 2,3-dihydoxybenzoic

acid (31.9 � 2.7 mg mL�1), a-ketobutyrate (51 � 3.2 per mg per protein per hour), solubilized insoluble

phosphate (29.5 � 1.8 mg mL�1) and secreted 29.5 + 2.6 mg mL�1 exopolysaccharides, which, however,

decreased consistently with gradually increasing kitazin concentrations. Beyond the tolerance level,

kitazin caused structural damage and altered membrane integrity of RP1, as revealed under scanning

(SEM) and confocal (CLSM) electron microscopy. Phytotoxicity of kitazin to peas was obvious under both

in vitro and in vivo conditions. A significant reduction of 23, 68, 57 and 50% in germination, seedling

vigor index, plumule length and radicle length was found at 2� kitazin compared to the control. Cellular

damage and cytotoxicity induced by kitazin in membrane altered root cells was detected with acridine

orange/propidium iodide (AO/PI) and Evans blue dye. A maximum increase of 1.72, 5.2, 9.3 and 1.72, 5.2,

9.3-fold in red and blue fluorescence was quantified at 1�, 2�, and 3� doses of kitazin, respectively. In

contrast, application of R. leguminosarum RP1 alleviated toxicity and enhanced the length of plant

organs, dry biomass, symbiotic attributes, photosynthetic pigments, nutrient uptake and grain features of

peas comparatively uninoculated and fungicide-treated plants. Additionally, strain RP1 expressively

reduced the antioxidant enzymes peroxidase, ascorbate peroxidase, guaiacol peroxidase, catalase and

malondialdehyde contents by 10, 2.2, 11, 20 and 4% compared to stressed plants raised at 192 mg kg�1

soil. Moreover, a decline of 19, 21 and 20% in proline content extracted from roots, shoots and grains,

respectively was recorded for R. leguminosarum inoculated pea plants grown with 96 mg kg�1 kitazin.

Also, the SEM and CLSM of roots revealed the bacterial colonization. In conclusion, R. leguminosarum

tolerated a higher level of kitazin, secreted plant growth promoting (PGP) bioactive molecules even

under fungicide stress and significantly increased the performance of peas while reducing the levels of

proline and antioxidant enzymes. So, it can safely be suggested to legume growers that RP1 strain could

inexpensively be explored as an efficient biofertilizer for enhancing the production of legumes especially

peas while growing even under fungicide (kitazin) enriched soils.
1. Introduction

Due to their high nutritive value, legumes are considered
important food crops for human beings and have habitually
been cultivated around the world since primeval times.1 But,
fungal diseases cause huge losses to legume production glob-
ally. To overcome such losses, legume growers adopt common
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hemistry 2019
and general practices such as pre-sowing application of fungi-
cides. The irregular and injudicious application of such plant
protectants has, however, been found harmful to microbial
diversity, soil fertility and legume production.2

Numerous literature reports on the toxic and harmful action
of synthetic fungicides on soil properties and legume crops are
available. Among them are a destruction of soil fecundity3 that
leads to losses in growth, symbiosis and yield.4 Some fungicides
obliterate nodule formation, affect biological nitrogen xation
(BNF), decrease the formation of photosynthetic and carotenoid
pigments and disturb the whole physiological machinery of
plant by inhibiting electron transport systems (ETS) of
RSC Adv., 2019, 9, 16929–16947 | 16929
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Table 1 Physico chemical analysis of rhizosphere soil

Parameters Values

Soil pH 8.6
EC (mv cm�2) 0.99
OC (%) 0.58
Available N (kg ha�1) —
Available P (kg ha�1) 20.25
Available K (kg ha�1) 23.04
S (ppm) —
Micronutrients (ppm) —
Zn 1.30
B —
Fe 9.6
Mn 4.05
Cu 0.43
Water holding capacity (mL per g per soil) 0.65
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chloroplasts.5 Additionally, fungicides induced toxicity to plants
also generates oxidative stress and leads to accumulation of
reactive oxygen species (ROS). The ROS so deposited inside
plant tissues in turn disrupt membrane integrity leading even-
tually to the leakage of electrolytes outside the cell. And hence,
continued leakage of essential ions from interior to the exterior
environment ultimately results into death of plants. Kitazin is
a broad-spectrum systemic fungicide which belongs to organ-
ophosphorus family and is used widely in agronomic practices
to combat phytopathogenic diseases. However, irreversible toxic
action of fungicides against soil microora, emergence of
fungicide resistance among pathogens and environmental
persistence6 warrants need to minimize risks associated with
fungicides. In this regard, several fungicide tolerant nodule
bacteria such as Rhizobium sp., B. japonicum7 and Bacillus sp.8

possessing multiple PGP activities have been found to augment
the growth of various legume crops.9–11

Pea (Pisum sativum) forms a strong and unambiguous
symbiotic relationship with its rhizobial microsymbiont, R.
leguminosarum. Also, this microsymbionts reduce the toxicity of
pesticides by degrading and converting them into non-toxic
forms.12 Apart from these, rhizobia in general, are also known
to accelerate growth of legumes by other mechanisms such as
release and supply of phytohormones,13 management of path-
ogens by secreting low molecular weight iron chelating
compounds, siderophores,14 producing enzyme (ACC deami-
nase) that controls ethylene stress by catalysing ACC into a-
ketobutyrate and ammonia15 and by solubilizing insoluble P.16

These versatile properties of rhizobia have prompted legume
growers to apply them as microbial fertilizer in legume culti-
vation strategies.17,18

Nevertheless, despite widespread application, inclusive data
converging kitazin impact on oxidative stress, cytotoxicity,
anatomical and structural morphology of legumes specically on
peas have completely been missing. And hence, present investi-
gation was designed to – (i) identify and characterize the
fungicide-tolerant rhizobia with multiple PGP activities (ii) eval-
uate the impact of kitazin on active biomolecules of rhizobia (iii)
assess the impact of kitazin on germination efficiency, root tip
morphology, oxidative stress and cellular death in pea roots
under in vitro bio-assays (iv) evaluate the bioremediation poten-
tial of plant growth promoting R. leguminosarum strain RP1 on
bio-chemical characteristics of pea plants grown in soils treated
with kitazin and (v) assess the antioxidant response and proline
level in inoculated plants grown under fungicide stress.

2. Materials and methods
2.1 Physico-chemical properties and GC-MS analysis of
rhizosphere soil

Soil samples collected from rhizosphere of pea grown at
experimental elds of Faculty of Agricultural Sciences, Aligarh
Muslim University, Aligarh (27�530N 78�050E 27.88�N 78.08�E),
Uttar Pradesh, India were processed and analysed for different
physicochemical properties using standard and widely used
methods (Table 1). Further, pesticides in soils was detected by
GC-MS (Fig. 1).
16930 | RSC Adv., 2019, 9, 16929–16947
2.2 Isolation and biochemical characterization of bacterial
isolate

Rhizobium isolates were recovered from pea nodules using yeast
extract mannitol (YEM) medium (g L�1: mannitol 10; K2HPO4

0.5; MgSO4$7H2O 0.2; NaCl 0.1; yeast extract 1; CaCO3 1; pH
6.5). Further, bacterial isolates were morphologically charac-
terized and identied by various biochemical tests.19
2.3 Fungicide tolerance, 16S rRNA based identication and
phylogenetic tree construction

Rhizobial strains were further exposed to varying concentration
of kitazin [(CAS no. a.i ¼ 48% EC, chemical family ¼ organo-
phosphate, molecular weight (g mol�1) ¼ 280, MP ¼ 22.5–23.8
�C)] to select fungicide tolerant rhizobia. Minimal agar plates
were amended with increasing concentrations (0–3200 mg
mL�1) of kitazin and overnight grown rhizobial strains were
spot (10 mL inoculum) inoculated. Plates were incubated at 28�
2 �C for 48 h and colonies surviving at highest concentration of
kitazin were picked and designated as fungicide tolerant
rhizobial strains (FTRS). Of the total of 40 rhizobial strains,
strain RP1 exhibiting highest tolerance to kitazin was chosen
for further studies. For identication of strain RP1, 16S rDNA
partial gene sequence analysis was done using universal
primers 785F (50-GGATTAGATACCCTGGTA-30) and 907R (50-
CCGTCAATTCMTTTRAGTTT-30). The nucleotide sequence data
obtained from Macrogen was deposited in GenBank sequence
database. The BLASTn program available online was employed
to nd similar sequences with known taxonomic information
accessible from the databank accessible at NCBI website (http://
www.ncbi.nlm.nih.gov/BLAST) to precisely recognize the
bacterial strain RP1. Sequence was aligned using bootstrapped
neighbour-joining method and a phylogenetic tree was con-
structed using MEGA6.0 soware.
2.4 In vitro bioassays for plant growth promoting (PGP)
activities under kitazin stress

2.4.1 Production of phytohormones, cyanogenic
compounds and ammonia. Indole-3-acetic acid (IAA) synthe-
sized by R. leguminosarum RP1 strain was quantied
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 GC-MS analysis of pea rhizosphere soil depicting the presence of kitazin fungicide.
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spectrophotometrically by modied method of Brick et al.20

using LB-medium containing 0 (control), normal (1�), double
(2�) and three times (3�) more of normal rates of kitazin. The
normal concentration of kitazin used throughout the experi-
ment was 600 mg mL�1. For HCN production, R. leguminosarum
RP1 strain was inoculated on an HCN inductionmedium (g L�1:
tryptic soy broth 30; glycine 4.4 and agar 15) supplemented with
0, 1�, 2� and 3� concentrations of kitazin and incubated at 28
� 2 �C for four days. A disk of Whatman lter paper No. 1
soaked in 0.5% picric acid and 2%Na2CO3 was placed under the
lid of Petri plates and sealed with paralm. Aer four days of
incubation at 28 � 2 �C, an orange brown colour of paper
conrmed HCN production.21 The ammonia (NH3) production
by R. leguminosarum RP1 strain in presence of kitazin was
detected as suggested by Dye.22

2.4.2 Tri calcium P solubilization, siderophore production
and ACC deaminase activity. The phosphate solubilization
activity (PSA) was quantitatively estimated using liquid Pikov-
skaya medium amended with 0, 1�, 2� and 3� concentration
of kitazin. The amount of solubilized P was evaluated by
chlorostannous reduced molybdophosphoric acid blue
method.23 Secretion of siderophores by the R. leguminosarum
strain RP1 was detected qualitatively by FeCl3 test and by
Chrome Azurol S (CAS) method24 using three concentrations of
kitazin, added to CAS agar plates. Siderophore secreted by
strain RP1 was quantitatively assayed by growing bacterial
culture in Modi medium amended with three concentrations of
kitazin for ve days and catechol-type phenolates was deter-
mined25 at 560 nm for salicylates (SA) and at 700 nm 2,3-dihy-
droxy benzoic acid (DHBA). ACC deaminase producing ability of
R. leguminosarum strain RP1 was qualitatively assayed by
Dworkin and Foster medium.26 Mesorhizobium LMS-1 having
This journal is © The Royal Society of Chemistry 2019
pR-KACC plasmid was used as a positive control.27 Additionally,
quantity of a-ketobutyrate was detected as described by Penrose
and Glick.28

2.5 Growth kinetics of RP1 strain under kitazin stress

Growth kinetics of R. leguminosarum was determined by the
method of Ahmed et al.29 For this, 0.1 mL (108 cells per mL) of
bacterial culture was inoculated into 50 mL mineral salt
medium (MSM) without (0) and with normal (1�), double (2�)
and three times (3�) more of normal rate of kitazin. The normal
rate of kitazin used here was 600 mg mL�1. The treated/
untreated sets of MSM were incubated at 28 � 2 �C on rotary
shaker spinning at 150 rpm and growth was measured spec-
trophotometrically (UV-2600, Shimadzu, Japan) at 620 nm at 2 h
regular intervals each up to 24 h. The absorbance was plotted as
a function of kitazin concentrations and time.

2.6 Kitazin induced cellular damage to strain RP1 under
scanning electron (SEM), transmission electron microscopy
(TEM) and CLSM

Cellular damage to the bacterial strain R. leguminosarum RP1
was observed under SEM (JSM 6510LV JEOL, Tokyo, Japan) aer
growing the bacterial culture in nutrient broth (gL�1: peptone
10; beef extract 10; NaCl5; pH ¼ 7) treated with 1200 mg mL�1

kitazin. Also, toxicity of kitazin to strain RP1 was observed
under Confocal Laser Scanning Microscopy (CLSM). For TEM
analysis, bacterial cells were xed (1% OsO4) for 1 h, washed
with 1� PBS and the xed dehydrate (30, 50, 70, 90 and 100%
ethanol) for 5 min each and embedded in white resin overnight.
Ultrathin sections (50–70 nm thickness) were cut with a micro-
tome diamond knife, stained with 2% uranyl acetate and
counter stained with 2% lead citrate. The sections were
RSC Adv., 2019, 9, 16929–16947 | 16931
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mounted on carbon coated copper grids and nally the changes
in internal structures of cells, if any were observed under HR-
TEM (Technai, FEI, Electron Optics, USA).

2.7 In vitro assessments of kitazin induced toxicity to pea
plants

2.7.1 Seed germination efficiency and microscopic exami-
nation of root tip distortion. Surface sterilized seeds of P. sat-
ivum (3% NaOCl) were allowed to germinate on 0.7% so agar
plates supplemented with 0 (untreated control), 1�, 2� and 3�
concentrations of kitazin at room temperature. Aer 5 days,
percent germination, length of radicle (RL), plumule (PL) and
seedling vigor index (SVI) were recorded. Further, the toxic and
damaging effect of kitazin on morphological structure of pea
roots were observed under SEM.30

2.7.2 Quantication of cellular damage and cytotoxicity
using CLSM. Kitazin induced cellular damage in pea roots was
qualitatively assessed. For this, roots detached from plants
grown with kitazin were stained using a cell-permeable uoro-
genic probe (20,70-DCFH-DA) and propidium iodide (PI) and
kept in dark for 10 min at room temperature (RT). Aer stain-
ing, root tissues were washed using PBS (0.1 M) to remove extra
stain, mounted on slides and were viewed under CLSM. Loss in
cell survivability of P. sativum plants was observed by means of
Evan's blue dye technique. To determine loss of cellular
viability, kitazin treated roots of peas were stained with Evans
dye (0.2% w/v) for 10 min and successively washed with double
distilled water (DDW) for half an hour. Samples were then
analysed under CLSM to assess the cell death.

2.8 Crop based experiments

2.8.1 Seed biopriming, fungicide treatment and plant
culture. Sterilized seeds of P. sativum var. Arkil were inoculated
with R. leguminosarum RP1 by soaking the seeds in liquid
culture medium for 2 h using 10% gum Arabic as adhesive to
achieve 108 cells per seed. The un-inoculated but sterilized
seeds dipped in sterile water only were taken as control. A total
of 10 non-inoculated and inoculated seeds were sown separately
during rabi season in earthen pots containing three kilograms
of unstressed conventional soils. Kitazin at 96 (1�), 192 (2�)
and 288 mg kg�1 (3�) were added to each experimental pot and
mixed homogenously. There were 8 treatments and each indi-
vidual treatment was repeated three times. Experimental pots
were set up in a complete randomized design (CRD) and three
plants were retained in every pot seven days aer emergence.
Pots were watered regularly and were kept in an open eld
condition (9 h photoperiod/15 h dark cycle). The crop experi-
ments were carried out regularly for two years (November to
February 2016–17 and 2017–18) to achieve consistency in
results.

2.8.2 Assessment of growth, photosynthetic pigments,
symbiotic traits, nutritional content and grain features. One
plant from each pot (n ¼ 3 plants) for each treatment was
uprooted at 90 days and remaining plants (two plants/pot) in
three pots were harvested at 130 DAS. The detached plants were
used to measure growth and symbiotic attributes. Plants were
16932 | RSC Adv., 2019, 9, 16929–16947
then oven-dried and dry matter was measured. Similarly, for
photosynthetic pigments (chlorophyll a, b, total chlorophyll),
carotenoids, and leghaemoglobin (LHb) estimation, one plant
from each pot was taken. The pigment was determined31 in
inoculated/non-inoculated pea leaves while LHb accumulated
in nodule tissues32 was assayed aer 90 days of growth. The total
P and N content in dried roots and shoots of P. sativum removed
at 130 DAS were measured by the method of Jackson23 and
Lindner,33 respectively. Grain features such as seed yield and
seed protein was estimated at harvest.34

2.8.3 Proline bioassay, malondialdehyde (MDA) and
extraction of antioxidant enzymes. Proline content in fresh
plant tissues (1.0 gram) collected from different organs (root,
shoot and leaves) were determined at 90 DAS while in grains it
was estimated at harvest.35 The extent of lipid peroxidation was
evaluated by measuring MDA by the method of Heath and
Packer36 and the result was expressed as mmol MDA g�1 fresh
weight. Antioxidant enzymes such as CAT,37 POD,38 APX39 and
GPX40 in fresh leaves were detected at 90 DAS. All enzyme assays
were performed three times with three replicates.

2.9 Anatomical and cytological destruction of nodules

The anatomical and cytological changes in pea nodules
following the exposure to kitazin were monitored using 90 days
old P. sativum plants. For this, nodules were xed in 2.5%
glutaraldehyde with 0.25 M sucrose. Samples were then washed
with 0.2 M C2H12AsNaO5 buffer (pH 7.2). Then washed three
times (every time for half an hour), post xed in 1% OsO4

prepared in C2H12AsNaO5 buffer (at 4 �C) for 2 days. Cells were
then dehydrated, dried in critical point drier (CPD). Finally,
samples were mounted on Cu stubs with carbon coated with
gold and examined and images were recorded.

2.10 Root colonization of bacterial strain by SEM and CLSM

Uninoculated and RP1 inoculated roots of P. sativum were used
to observe R. leguminosarum establishment inside the root
tissues. For this, roots were washed carefully with H2O and PBS.
Roots were xed for overnight in 2% (v/v) glutaraldehyde
prepared in 0.1 M PBS (pH 7.0), washed thrice and dehydrated,
dried in CPD, xed on Cu stubs with carbon coated with gold
stubs and viewed under SEM (JSM 6510LV SEM JEOL, Tokyo,
Japan) at USIF, AMU, Aligarh.

2.11 Statistical analysis

In vitro experiments were carried out in three replicates and
statistical analyses were performed using DMRT test at 5%
probability level by soware, SPSS 10. The pot experiments were
conducted for two consecutive years (2016–17 and 2017–18)
under identical environmental conditions using same treat-
ments. Since data of measured parameters obtained were
homogeneous, they were pooled together and subjected to
ANOVA by applying two-way ANOVA [for two-factor (inoculation
and fungicide concentration)] at 5% probability level using
soware, Mini-Tab 17.0. Moreover, the differences among
treatment means was compared by honestly signicant differ-
ence (HSD) using Duncan multiple range (DMRT) test at 5%
This journal is © The Royal Society of Chemistry 2019
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Table 2 Morphological and biochemical features of strain RP1

Characteristics
Rhizobium leguminosarum
strain RP1

Morphological
Colony Mucoid
Shape Short rod
Gram reaction �ve

Biochemical
Citrate ++
Indole �
Methyl red �
Nitrate reduction +
Oxidase +
Catalase +
Hydrolysis
Starch �
Gelatin +
Lipid +
Carbohydrate utilization +
Dextrose +
Lactose �
Mannitol +
Sucrose +
Accession no. KY940047
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probability level. The principal component analysis (PCA) was
performed by Minitab Mtb EXE (2) soware.
3. Results and discussion
3.1 Morpho-biochemical characterization and molecular
identication of bacterial strain

Bacterial colonies of strain RP1 isolated from pea nodules was
transparent, circular, mucoid and light pink in colour.
Fig. 2 Phylogenetic tree representing the relationship of Rhizobium leg
partial 16S rRNA gene sequences (bp) and a frequency filter included in th
Biotechnology Information (NCBI) database of each strain are given in b

This journal is © The Royal Society of Chemistry 2019
Microscopic analysis of strain RP1 revealed G�ve short rods and
which exhibited positive reactions towards oxidase, citrate and
catalase, nitrate reduction, and hydrolysed starch and gelatin
(Table 2). The pattern of carbohydrate utilized by bacterial
strain RP1 varied signicantly. Based on morpho-biochemical
features, microscopic examination and nodulation test, strain
RP1 was found to belonged to genus Rhizobium. Furthermore,
nucleotide sequences of gene of 16S rRNA of RP1 strain
(approximately 844 bp in size) submitted to GenBank (accession
number KY940047) when searched through BLASTn pro-
gramme, conrmed strain RP1 as Rhizobium leguminosarum.
Later, a phylogenetic tree was constructed by MEGA 6.0 so-
ware, based on 16S rRNA partial gene sequences (Fig. 2).
3.2 Bacterial tolerance to kitazin

Fungicide use is a common practice in agricultural system to
shield the consumable crops from nuisance of phytopathogens
and hence, to optimize productivity of food crops. However,
excessive use of such agro-chemicals leads to decrease in – (i)
crop production (ii) development of tolerance/resistance to
such agricultural chemicals among plant benecial soil micro-
biota and (iii) emergence of resistance among insects-pests also.
To overcome these situation, fungicide resistant bacterium was
isolated from nodules of P. sativum and was later used as
microbial inoculant for augmenting legume production in
fungicide polluted soil. Here, pea nodulating bacterium R.
leguminosarum RP1 when exposed to variable doses of kitazin,
this strain survived well at 2400 mg mL�1 of kitazin and grew
well on C- and N-source-free minimal salt agar (MSA) plates
amended with fungicide. Indeed, the tolerance or resistance
feature of soil microorganisms against fungicides is of course
a complex process which is regulated both at physiological and
uminosarum strain RP1. A neighbour-joining tree was calculated using
e ARB software package. Accession numbers of the National Centre for
rackets.
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genetic level. Hence, microbial inoculants capable of tolerating/
accepting higher level of pesticides have been reported as
frequent degrader of these agrochemicals also. As the minimal
salt medium (MSM) used to identify kitazin tolerant strain R.
leguminosarum did not contain C and N sources, but only
fungicide, it is hypothesized that strain RP1 might have
consumed the fungicides as a sole or supplementary source of
energy by biodegrading kitazin and thus, exhibited maximum
tolerance to test fungicide used in this experiment. The ability
of strain RP1 to tolerate higher level of kitazin provides two
important scientic and practicable information's – (i) when-
ever and wherever there is kitazin pollution, strain RP1 R.
leguminosarum can thrive well without losing its physiological
functions and (ii) if applied as inoculant even under fungicide
stress, are likely to facilitate the crop production.

3.3 SEM & CLSM based assessment of kitazin induced
toxicity to nodule bacterium

3.3.1 Growth pattern, surface morphology and cellular
permeability. The growth behaviour of fungicide tolerant
nodule bacterium (R. leguminosarum strain RP1) assayed in
liquid MSM amended with variable concentrations of kitazin
differed considerably. In general, growth of RP1 was initially
slow (lag phase) which though, improved rather linearly in late
lag, log and stationary phases and decreased sharply aerwards
(Fig. 3A). The 3� of kitazin had more toxic effect on growth of
bacterial cells than other rates of kitazin. However, at 3�
Fig. 3 Depicts the growth pattern of R. leguminosarum strain RP1 grow
kitazin as a function of time of incubation at 28 � 2 �C. Data represent th
Control and kitazin treated SEMmicrograph of strain RP1 (red coloured ar
CLSM images of live/dead cells of R. leguminosarum strain RP1 stained w
1200 and 1800 mg mL�1 kitazin (B).

16934 | RSC Adv., 2019, 9, 16929–16947
concentration, strain RP1 even though survived, but growth was
poor. In other words, this could be an interesting feature which
will allow strain RP1 to survive and grown even under harsh
(stressed) environment.

Further, toxicity of kitazin was assessed on morphology and
permeability of bacterial cells using electron microscopic
techniques. The SEM images revealed a distinct, unruptured,
smooth and intact bacterial cell when grown in liquid medium
without fungicide (Fig. 3A). Whereas, images of bacterial cells
treated with 1200 mg mL�1 of kitazin appeared as damaged,
ruptured, broken and mis-shaped surface. For permeability
determination, bacterial cells grown in liquid broth supple-
mented with different kitazin concentration were examined
under CLSM. Dead/inactive cells were red coloured short rods
due to PI staining of nucleic acid (DNA) of bacterium. With
enhancing kitazin concentration, red uorescence was
increased because PI binds with DNA in cellular membrane and
as a result the number of dead cells also increased. Whereas,
cell membranes of active/live cells take the AO and appeared as
green short rods (Fig. 3B). As stressor molecules binds/attaches
the bacterial membrane by electrostatic interaction, it (inter-
action) activates initiation of oxidative stress leading to the
formation of free radicals (ROS). These free radicals interrupt
bacterial cell membrane and ultimately PI is taken up by
bacterial cells. Similarly, reduced cell viability because of
increased oxidative stress induced by different fungicide species
in B. subtilis has very recently been reported.41
n in minimal medium supplemented with increasing concentrations of
e mean � S. D of three independent experiments done in triplicate (A).
rows indicate the damage/rupture in cells after exposure to kitazin (A)).
ith AO/PI indicating the cell viability (A) control (B–D) treated with 600,

This journal is © The Royal Society of Chemistry 2019
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3.4 Phytohormone, cyanogenic compounds and NH3

production under kitazin stress

Kitazin tolerant RP1 strain revealed inconsistent production of
plant growth bioactive molecules when grown both in fungicide
stress and controlled conditions (Table 3). Generally, the
quantum of plant growth regulators secreted by RP1 decreased
with increasing kitazin concentrations. For instance, under
fungicide free environment, strain RP1 released 80.5 � 2.5 mg
mL�1 of IAA which declined regularly with consistent increase
in kitazin concentration but a maximum reduction in IAA
synthesis was recorded at 3� (15.6 � 0.5 mg IAA mL�1). In line
with these ndings, Verma et al.42 have also reported similar
secretion of IAA by various rhizosphere microbes. The produc-
tion of IAA even at higher fungicide concentration indeed is
a fascinating and encouraging property of soil microbiota,
because such fungicide tolerant microbes when applied under
fungicide contaminated soil are most likely to continue
secreting IAA and making this essential growth enhancing
phytohormone available to plants even under fungicide
polluted soils. Therefore, the present outcome of this study
suggests that while secreting IAA under pressure situations,
bacterial strains are helping plants directly in many ways like,
facilitating growth, affecting cell division, root morphogenesis,
symbiosis, apical dominance, phototropism and geotropisms.
Cyanogenic compound (HCN) and ammonia (NH3) produced by
RP1 strain was however, not detected at 3� concentration of
kitazin which has also been echoed by others.43,44
T
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3.5 Phosphate solubilization, siderophores and ACC
deaminase

In general, efficiency of P-solubilization of strain RP1 decreased
constantly with increasing concentrations of kitazin. Like other
measured biomolecules, maximum decline in P-solubilization
was also noticed at 3� concentration of kitazin (15.6 � 0.5 mg
mL�1), which decreased solubilized P by 50% compared to
untreated control (31.5 � 1.8 mg mL�1). The SE of strain RP1
varied between 2.3 (1�) to 2 (3�) while, SI differed between 126
(1�) to 108 (3�). In many studies, phosphate solubilizing
activity of PGPR has been found to vary due to differences in
their ability to secrete low molecular weight organic acids such
as a-2 keto gluconic, oxalic, gluconic, acetic, malic, citric and
succinic etc. that results in drop in pH. Like other plant growth
regulators, production of phenolate type siderophores
including salicylic acid and DHBA also decreased considerably
under varying rates of kitazin. For example, SA and DHBA
secreted by R. leguminosarum RP1 in fungicide free medium was
54 � 7.3 and 31.9 � 2.7 mg mL�1, respectively, which however,
declined to 21.9 � 1.6 (59%) and 11.3 � 0.6 mg mL�1 (64%),
respectively at 1800 mg mL�1 of kitazin.

Siderophores, a low molecular weight iron chelating
compound synthesized by microbial communities under iron
starved conditions provide iron to plants under Fe-decient
conditions.45 Under aerobic environments, iron occurs princi-
pally as insoluble hydroxide and oxyhydroxide, which becomes
inaccessible/unavailable to microbial communities. Therefore,
synthesis of siderophores under iron starved condition could be
This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 16929–16947 | 16935
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advantageous because such siderophores producing strains
could be used in management of phytopathogens which
requires higher amounts of iron for their growth and metabolic
activities.

The 1-amino cyclopropane 1-carboxylate (ACC) deaminase
released by numerous plant benecial soil microbes is yet an
outstanding biological attribute which reduces strangely the level
of C2H2 in plants and thus, accelerates the functioning of growing
plants under adverse conditions.46 In this study, strain RP1
demonstrated a positive reaction to ACC deaminase grown even
with varying doses of fungicide. As kitazin concentration
increased, a gradual decrease in quantity of a-ketobutyrate was
observed (Table 3). At 1800 mg mL�1 of kitazin there were highest
inhibitory impact and release of ACC deaminase was declined
maximally by 36.2� 2.4 mM a-ketobutyrate per mg per protein per
hour (29%) relative to untreated control (51 � 3.2 mM a-ketobu-
tyrate per mg per protein per hour). The synthesis of a-ketobuty-
rate by strain RP1 however, even in stressful environment could
agriculturally be a valuable feature for upgrading crop production
efficiency under fungicide stressed conditions. In other studies,
several workers have also reported similar growth promoting
impact of stress tolerating microbes on many crops.47
3.6 How kitazin affects pea?

3.6.1 Seed germination and distortion/damage in root tips.
In order to understand the toxic impact of kitazin, pea seeds
were exposed to various levels of kitazin and observed for
changes in germination and distortion to roots under in vitro
conditions. Under controlled conditions, percent germination,
seedling vigour index (SVI), radicle (RL) and plumule (PL)
length was found to be 95 � 5%, 1651 � 102, 8.65 � 1.2 cm and
7.8 � 0.12 cm, respectively. However, as concentration of
fungicide increased, a signicant reduction in such parameters
was also observed. For instance, percent germination, SVI, RL
and PL were signicantly (p < 0.05) decreased by 35.7% (61.6 �
2.8), 87% (206� 16), 72% (2.3� 0.3 cm) and 83% (1.2� 0.2 cm),
respectively at 3� concentration of kitazin compared to
untreated control (Fig. 4A). Similar toxic/inhibitory effect of
varying concentrations of different toxic chemicals on seed
attributes of mungbean have been reported.48

Aer it was established that kitazin indeed had deleterious
impacts on growth of peas, its effect on structure/morphology of
root tips of pea plants while growing in kitazin stressed envi-
ronment was further assessed using SEM (Fig. 4B). The
destructive impact of fungicide was of course more pronounced
at radical region of root tips. The SEM images of damaged root
tips clearly demonstrate a notable aberration, cracks/ssures,
disintegration, spikes and ruptured surface (Fig. 4B) related to
clear, smooth and intact/unbroken surface of control roots.
These damages inicted by fungicide further corroborated
disruptive action of kitazin which in turn might have weakened
uptake of water and nutrients by root systems from soils and
consequently altering root growth. In a recent study, Shahid
et al.49 have also revealed inhibitory impact of fungicides on
morphological structure of crops grown in fungicide polluted
soils.
16936 | RSC Adv., 2019, 9, 16929–16947
3.6.2 Cellular damage and cytotoxicity assessment. Cell
membrane being selectively permeable allows molecules to
move inside and to interact them intracellularly. So, to better
understand the toxic effect of chemical compounds on this vital
biological membrane, integrity of membranes was examined
under microscope. For this, Confocal laser scanning micros-
copy (CLSM), a most elusive and reliable tool which involves use
of acridine orange (AO) and propidium iodide (PI) to differen-
tiate between viability and toxicity of cells was employed. Prin-
cipally, PI, a small hydrophilic molecule is impermeable to
membrane of viable cells and therefore, is rejected by living
cells but it does penetrate damaged membrane of dead cells
having and interpolates dsDNA and emits red uorescence.

Remarkably, a dose dependent increase in number of dead
cells was observed in roots treated with various concentrations
of kitazin as compared with untreated control (Fig. 4C). The
cellular damage caused due to fungicide was clearly visible in
uorescent micrograph and more so intensity of red uores-
cence emitted by PI increased continuously with increasing
concentrations of kitazin. The increasing cellular damage
highlights generation of enhanced oxidative stress in P. sativum
plants while growing under fungicide stress. In accordance with
this nding, Grossmann et al.,50 recently reported the imaging
of living plant cells using CLSM. The results obtained in this
study henceforth conrms the fact that most decisive target of
fungicide was cell membrane as also reported for other stressor
molecules.

The loss/damage of plasma membrane in root tissues of pea
plants under different doses of kitazin was apparent when roots
were stained with Evans blue dye. With increase in kitazin
concentration, dye uptake by root tissues also increases 3–4-
fold, and subsequently results in losses in plasma membrane
integrity. For instance, 2� and 3� doses of kitazin used in this
experiment also validated similar increase in intensity of blue
uorescence related to fungicide untreated/control root sample.
The untreated/control root samples did not take up dye and
hence, root periphery remained smooth suggesting a more
active and fully functional integrity of plasma membrane
(Fig. 4C). These ndings further affirm the concept that agro-
chemicals including synthetic fungicides may rupture cellular
and plasma membrane that eventually become the reason of
cell death.
3.7 Phytotoxicity of kitazin to pea plants and stress
remediation by R. leguminosarum

3.7.1 Height and dry phyto-mass. The inoculated and un-
inoculated pea plants developed in soils treated with varying
doses of kitazin had variable growth (Fig. 5A–E). Over all,
measured biological parameters of pea plants diminished with
increasing fungicide concentrations. Bio inoculated pea plants
in contrast of course had better growth which increased with
age of plants, compared to those of non-inoculated one.
However, biological attributes of plants even inoculated with
rhizobial strain RP1, declined signicantly when grown along
with the fungicide related to plants cultivated in kitazin free
soil. For instance, R. leguminosarum RP1 strain when applied
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01253b


Fig. 4 Panel (A) represents the toxic and inhibitory impacts of fungicide on seeds germinated on 0.7% soft agar plates amendedwith 0 (control), 1�, 2�
and 3� concentrations of kitazin (a), % seed germination and seedling vigor index (b), length of radicle and plumule after 5 days of germination (c). Each
value is a mean of five replicates (n ¼ 5) where each replicate constituted five seeds/plates. Mean values followed by different letters are significantly
different at p# 0.05 according to DMRT test. Vertical bars represent means � SD (n ¼ 5). ANOVA significant at p# 0.05. Panel (B) represents the SEM
micrograph of P. sativum roots grown on soft agar under in vitro conditions: (A) and (A1) are root tip and root surface of untreated control, whereas, (B)
and (B1) shows damaged/fractured and fissures in kitazin treated root tip and surface, respectively. Panel (C) shows the Z-stack CLSM micrographic
analysis of P. sativum roots; (A), (A1), (A2) and (A3) depicts the cytotoxicity (Evans blue dye exclusion) assay; figures shows the uptake of Evans blue dye by
root cells; (A) is untreated control showing no blue colour, whereas, (A1), (A2) and (A3) are 1�, 2� and 3� kitazin treated roots showing the uptake of dye,
respectively. As the conc. of fungicides increased, the intensity of blue fluorescence increased. (B), (B1), (B2) and (B3) represents the 0 (untreated control),
1�, 2� and 3� kitazin treated, respectively and propidium iodide (PI)/acridine orange (AO) stained roots of P. sativum represent the oxidative stress and
cellular damage induced by fungicides. Images reveal an increase in red/orange fluorescence as the concentrations of fungicides increases.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 16929–16947 | 16937
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with 2� concentration of kitazin, improved dry biomass of
shoots and roots by 28.3 and 7.6% at 90 days and 43 and 11.5%
at 130 days aer sowing, respectively, compared to plants which
were raised with similar fungicide rate (Fig. 5F). Whereas,
impact of bacterial inoculant (R. leguminosarum) on pea plants
raised in soils treated with 288 mg kg�1 kitazin, compared to
those of only fungicide amended soil, caused a maximum
Fig. 5 Impact of fungicide tolerant bacterial strain (FTBS) R. leguminosar
in sandy clay loam soils treated with recommended (1�), two times (2�
percent seed germination (B) seedling vigor index (C) length of plant orga
plant organs at 90 DAS and (F) weight of plant organs at 130 DAS. Here, sy
Untreated control inoculated with strain RP1. Each value is a mean of thre
plants/pot. Mean values followed by different letters are significantly diff
represent means � SD (n ¼ 3). ANOVA significant at p # 0.05.

16938 | RSC Adv., 2019, 9, 16929–16947
increase of 37%, 9.7% and 34%, 3.6% in root and shoot dry
mass at 90 and at 130 days aer sowing of plants, respectively
related to kitazin de-stressed and un-inoculated plants. Two-
way ANOVA showed that impacts of inoculation and fungicide
was signicant (p # 0.05) for all measured biological parame-
ters. The associative effects of inoculation and kitazin was
noteworthy for all measured biological attributes at 90 and 130
um RP1 on different growth parameters of Pisum sativum plants grown
), and three times (3�) more of recommended dose of kitazin – (A)

ns (root and shoot) (D) dry biomass of root and shoot (E) fresh weight of
mbol UC represents Uninoculated and untreated control, IC represents
e independent replicates (n¼ 3) where each replicate constituted three
erent at p # 0.05 according to DMRT test. Vertical and scattered bars

This journal is © The Royal Society of Chemistry 2019
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DAS. Like any conventional plant growth promoting rhizobac-
teria, fungicide tolerant R. leguminosarum RP1 applied as
a potent bioremediating agent in this study also triggered
a remarkable upsurge in inclusive/overall functioning of pea
plants which could probably be due to production/release of
plant growth regulators by microbes.51 Among these active
biomolecules, IAA for instance, incites root growth directly by
affecting root morphogenesis, stimulating cell elongation or
cell division.52 As a result of these, expanded/prolonged roots
absorb more water and minerals from soil and therefore plants
grow better. Other factors that could be responsible for
improvement in overall performance of pea plants are accessi-
bility of vital nutrients like P, siderophores, HCN and ACC etc.
released by bacterium in rhizosphere.

3.7.2 Photosynthetic pigments and symbiotic features. In
this study, chlorophyll forming ability (Table 4) and symbiotic
characteristics (number, biomass and leghaemoglobin content
of nodule) of fungicide treated but non-inoculated peas,
declined persistently with consequent increase in kitazin
concentration (Fig. 6). For instance, kitazin at 192 mg kg�1

reduced formation of photosynthetic pigments such as chl a,
chl b, total chlorophyll and carotenoids contents by 19.3, 17.6,
12.8 and 8.4%, respectively, related to non-inoculated peas
(Table 4). In contrast to these, a further reduction of 29, 17.8, 16
and 16% in chl a, b, total and carotenoids was observed at 288
mg kg�1 kitazin. While assessing the stress relieving potential of
R. leguminosarum RP1 strain, it was found that a maximum
increase of 9.3, 11, 8.6 and 13.7% in chl a, chl b, total chl and
carotenoid contents, respectively was recorded in inoculated
peas grown at 96 mg kg�1 kitazin. In contrast, bacterial
Table 4 Inoculation effect of fungicide tolerant Rhizobium leguminosa
sativum plants grown in sandy clay soil supplemented with different dos

Treatments
Dose rate (mg
per kg per soil)

Photosynthetic pigments (mg g�1 fw)

chl a chl b Total chl

Uninoculated 0 0.31bc�0.02 0.17b � 0.01 0.44b � 0.0
96* 0.29d � 0.02 0.16d � 0.0 0.42cd � 0.
192** 0.25f � 00 0.14f � 0.0 0.39e � 0.0
288*** 0.22g � 0.01 0.14f � 0.0 0.37f � 0.0

Inoculated 0 0.40a � 0.01 0.22a � 0.01 0.47a � 0.2
96* 0.32b � 0.03 0.18b � 0.01 0.46a � 0.0
192** 0.26e � 0.02 0.17c � 0.02 0.43c � 0.0
288*** 0.24f � 00 0.15e � 0.01 0.38f � 0.0

Mean value — 0.28 0.16 0.42
LSD (p # 0.05) 0.033 0.045 0.068
F value un inoculated (df ¼ 1) 23.28 2.42 3.27
Inoculated (df ¼ 3) 54.32 1.58 5.28
Un inoculated � inoculated (df
¼ 3)

5.47 0.77 0.14

P value un inoculated (df ¼ 1) 0.000 0.142 0.092
Inoculated (df ¼ 3) 0.000 0.239 0.012
Un inoculated � inoculated (df
¼ 3)

0.011 0.028 0.931

a Each value is a mean of three replicates where each replicate constituted
by similar alphabets are not signicantly different from each other accordin
two times more (2�) than recommended dose and three times more (3�)

This journal is © The Royal Society of Chemistry 2019
inoculum at 192 mg kg�1 even though improved chlorophyll and
carotenoid contents, but enhancement in these pigments was
marginal compared to those recorded in inoculated plants
grown at lower kitazin concentration.

Number of nodules/plant (NN), nodule biomass (NB) and
leghaemoglobin (LHb) contents were maximally decreased by
40, 35 and 49%, respectively at highest (288 mg kg�1) rate of
kitazin, aer 90 days of pea growth (Fig. 6A–C). Conversely, R.
leguminosarum strain RP1 improved NN, NB and LHb content by
17.2, 8.2 and 13.6%, respectively compared to plants grown in
the presence of 96 mg kg�1 kitazin. The correlation between NN
and NDB was positively correlated (R2 ¼ 0.94). Similarly, LHb
content and NN was strongly correlated (R2 ¼ 0.95) (Fig. 7a).
Similar phytotoxic inuence of synthetic chemicals and stress
alleviating ability of stress tolerant PGPR strains for example,
Bradyrhizobium sp. and Pseudomonas sp. on many physiological
activities including symbiotic characteristics of legumes devel-
oped in herbicide polluted soil has previously been reported.53

3.7.3 Seed attributes and nutrient uptake. Grain yield (GY)
and seed protein (SP) of pea plants measured at harvest (130
DAS) showed a steady decline with consecutive increase in
kitazin concentrations (Fig. 6D). On the contrary, GY and SP of
bio-inoculated peas improved by 24 and 11.7%, respectively,
compared to non-inoculated control plants. In addition,
fungicide tolerant R. leguminosarum RP1 increased GY and SP by
4.5 and 1.8% respectively, at 288 mg kg�1 dose rate of kitazin,
compared to non-inoculated peas raised in fungicide stressed
soils. The two-way ANOVA exhibited a signicant collaborative
impact of bio-inoculum R. leguminosarum and kitazin (bio-
inoculum � kitazin) on the measured seed features.
rum strain RP1 on photosynthetic pigments and proline content of P.
es of kitazina

Proline content (mg g�1 fw)

Carotenoid
Shoot
(90 DAS)

Root
(90 DAS)

Leaves
(90 DAS)

Grains
(130 DAS)

2 1.18c � 0.1 7.5g � 1.0 20e � 2.8 14.6f � 1.9 3.4e � 1.1
01 1.13c � 0.07 12.3e � 1.1 26.1d � 0.9 18e � 0.17 6.8c � 0.9
1 1.07e�0.06 17.3c � 0.9 33.5b � 1.4 22.5c � 1.3 9.3b � 0.6
1 0.98f � 0.1 27.8a � 3.7 42.3a � 1.6 29.8a � 1.2 12a � 1.0

1.48a � 0.04 5.7h � 1.5 11.2f � 1.9 10.2g � 2.3 2.3f � 0.5
7 1.31b � 0.2 9.6f � 1.2 21.2e � 1.6 15.6f � 0.5 5.4d � 0.5
5 1.11d � 0.1 15.8d � 1.5 27.5c � 1.9 20cd � 1.0 6.0c � 00
2 1.02e � 0.1 25.8b � 1.9 41.2a � 2.6 27.3b � 1.5 10.6b � 1.5

1.16 15.2 27.8 19.7 6.9
0.15 3.14 3.18 2.53 1.63
15.34 7.48 49.19 25.24 21.27
16.64 141.57 221.55 136.30 84.93
3.03 0.10 4.76 0.66 1.93

0.002 0.016 0.000 0.000 0.000
0.000 0.000 0.000 0.000 0.000
0.065 0.959 0.017 0.59 0.171

three plants/pot. Mean values are signicant at p# 0.05. Means followed
g to DMRT test. *, ** and *** represents the normal recommended (1�),
than recommended doses of kitazin.
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The nutritional content (N and P) in roots and shoots of
inoculated and uninoculated pea plants was variable. Kitazin
at 2� when used alone, reduced the root N (RN), shoot N (SN),
root P (RP) and shoot P (SP) by 12, 13, 16 and 19%, respectively.
Fig. 6 Effect of fungicide tolerant R. leguminosarum RP1 on symbiotic at
with recommended (1�), two times (2�), and three times (3�) of recomm
content at 90 and 130 DAS. Seed features (C andD) and nutritional uptake
is for uninoculated and untreated control, IC is untreated control inoculat
(n ¼ 3) where each replicate constituted three plants/pot. Mean value
according to DMRT test. Vertical and scattered bars represent means �

16940 | RSC Adv., 2019, 9, 16929–16947
Whereas, strain RP1 enhanced the RN, SN, RP and SP by 11, 9,
7 and 12%, respectively, when peas were grown in soils
contaminated with similar dose of kitazin (Fig. 6E and F). Two
factor ANOVA displayed that single effect of inoculation and
tributes of Pisum sativum plants grown in sandy clay loam soils treated
ended dose of kitazin – (A) number and dry biomass of nodule (B) LHb
i.e. phosphorous content (E) and nitrogen content (F). Here, symbol UC
ed with strain RP1. Each value is a mean of three independent replicates
s followed by different letters are significantly different at p # 0.05
SD (n ¼ 3). ANOVA significant at p # 0.05.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 (a) Linear regression between biological parameters of pea plants grown in sandy clay loam soil treated with varying concentrations of
kitazin and inoculated with R. leguminosarum RP1; nodule number vs. root length (R2 ¼ 0.96), nodule number (90 DAS) vs. nodule biomass (R2 ¼
0.94), nodule number (130 DAS) vs. nodule biomass (R2¼ 0.77), nodule number vs. shoot length (90 DAS) (R2¼ 0.90), nodule biomass vs. root dry
biomass (90 DAS) (R2 ¼ 0.95), nodule biomass vs. LHb content (R2 ¼ 0.87), seed yield vs. nodule biomass (R2 ¼ 0.99), shoot dry biomass vs. total
chlorophyll content (R2 ¼ 0.78), seed yield vs. total chlorophyll (R2 ¼ 0.95). (b) Loading (A) and score (B) plots showing the principal component
analysis (PCA) of various parameters of pea plants under kitazin stress and bio inoculated with R. leguminosarum RP1 strain. Here, SVI seedling
vigor index, RL root length, SL shoot length, RFW root fresh weight, SFW shoot fresh weight, RDW root dry weight, SDW shoot dry weight, chl
total chlorophyll, corot carotenoid content, NDB nodule biomass, LHb leghaemoglobin content, SY seed yield, GP grain protein, RN, root
nitrogen, SN shoot nitrogen, RP root phosphorous, SP shoot phosphorous, R pro, root proline, S pro shoot proline, L pro leaf proline, G pro grain
proline, APX ascorbate peroxidase, GPX guaiacol peroxidase, POD peroxidase, CAT catalase and MDA malondialdehyde.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 16929–16947 | 16941
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their interaction (bioinoculant � kitazin) were signicant (p#

0.05). Morphologically, the structure and appearance of
nodules developed on RP1 inoculated plants grown in pres-
ence of test fungicide was bigger, healthy and pink compared
to plants grown in soils treated only with kitazin. The pink
coloured nodules indicating formation of LHb was compara-
tively greater on RP1 bio-inoculated pea plants relative to only
kitazin treated plants. The enhanced/improved symbiotic
interaction resulting in massive nodulation on bio inoculated
leguminous host developed under kitazin stressed environ-
ment is a strong and clear evidence of positive and effective
microbial colonization and its persistence in fungicide
contaminated soil which conclusively enhanced overall
performance of peas even under stressed situations. Similar,
enhancement in growth and yield of PGPR inoculated green
gram plants raised under herbicides stressed soils has recently
been reported by Shahid et al.54
Fig. 8 Antioxidant enzyme activity and lipid peroxidation (malondialdeh
presence of fungicide tolerant bacterial inoculant (strain RP1) and treated
POD and CAT activity (C) and MDA content (D). Each value is a mean of
three plants/pot. Mean values followed by different letters are significant
bars represent means � SD (n ¼ 3). ANOVA significant at p # 0.05.

16942 | RSC Adv., 2019, 9, 16929–16947
3.7.4 Proline accumulation, lipid peroxidation and anti-
oxidant enzymes. Proline, a distinctly water-soluble amino acid
biomolecule is known to protect biological membranes from
destructive impacts of higher concentrations of inorganics.
Moreover, proline is reported to act as a – (i) protein-compatible
hydro trope and (ii) hydroxyl radical scavenger. The increased
level of these cellular proteins thus provides a protection to
different plant species while growing under adverse (biotic and
abiotic stresses) conditions. Keeping in mind strange features of
stressor molecules, we also determined proline accumulated in
different organs of pea plants. Here, we found considerable
accumulation of proline in shoots, roots, foliage and grains of peas
raised under kitazin stress. The quantity of proline accumulated in
shoots, roots, and foliage (measured at 90 DAS) and grains (at 130
DAS) increased with cumulative doses of kitazin (Table 4). A
maximum of 27.8� 3.7, 42.3� 1.6 and 12� 1.0 mmoles per mg fw
proline was detected in shoots, roots and foliage of pea at 288 mg
yde content) extracted from foliage of P. sativum plants grown in the
with varying concentrations of kitazin; APX activity (A), GPX activity (B),
three independent replicates (n ¼ 3) where each replicate constituted
ly different at p # 0.05 according to DMRT test. Vertical and scattered

This journal is © The Royal Society of Chemistry 2019
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kg�1 soil kitazin. Similarly, an increased level of proline content in
Vicia faba raised in soils contaminated with herbicide fusillade has
been reported.55 But, in the presence of inoculum (strain RP1),
increased levels of proline were noticeably reduced, and hence,
25.8 � 1.9 (7%), 41.2 � 2.6 (2.7%) and 10.6 � 1.5 (36%) mmoles
per mg fw proline was recorded in shoots, roots and foliage,
respectively at same rate of kitazin. R. leguminosarum strain RP1
signicantly declined proline content in shoots, roots and foliage
of pea plants by 8.8, 18 and 34% respectively, compared to plants
developed in soils amended with only 192 mg kg�1 kitazin (Table
4). The reduction in proline level in various plant organs of inoc-
ulated pea raised in kitazin contaminated soil could possibly be
due to bioremediating/detoxication ability of bacterial strain RP1.
Fig. 9 A low magnification scanning electron micrograph of P. sativum
structure. A portion of nodule scanned from inside to the surface show
collapsed empty cortex tissue which make up the outermost surface laye
healthy Y and T shaped bacteroides in untreated nodules and (F) depic
displayed the infected cells containing deteriorating bacteroides with zo

This journal is © The Royal Society of Chemistry 2019
Similarly, a tolerant PGPR strain P. aeruginosa signicantly
reduced proline concentration in Cicer arietinum plants raised in
soil contaminated with heavy metals.56

Malondialdehyde (MDA) is yet another important biomole-
cule which is oen used as an index of lipid peroxidation under
harsh environmental conditions. In present study, efficiency of
kitazin in inducing lipid peroxidation and causing variations in
antioxidants enzymes was assayed. In our study, lipid perox-
idation level in pea plants gradually increased as kitazin
concentration increased. The maximum quantity (5.3 mmoles
per g fw) of MDA was detected in foliage of pea plants grown in
soil treated with 288 mg kg�1 kitazin. Whereas, R. leguminosarum
inoculated pea plant exhibited amarginal decline of 8.8, 3.5 and
nodules cut longitudinally through its long axis showing overall nodule
ing (A) central tissue (B) cortex tissue (C) empty cortex tissue and (D)
r of the nodule, (E) showing the structure of infected cells packed with
ts the empty cells representing the absences of bacteroids, and (G–I)
ogloeal mass covered with the thin layers.

RSC Adv., 2019, 9, 16929–16947 | 16943
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3.4% at 96, 192 and 288 mg kg�1 of kitazin, respectively in MDA
content (Fig. 8D). Similarly, B. cepacia strain PSBB1 in other
study was found to decrease level of MDA content in glyphosate
treated Cicer arietinum plants.57

Antioxidant defence enzymes like POD, CAT, GPX and APX
extracted from tissues of foliage varied between bio-inoculated and
uninoculated plants raised in kitazin contaminated soils. Nor-
mally, it was observed that level of antioxidant enzymes increased
as the concentration of kitazin increased from 1� to 3� concen-
trations. In contrast R. leguminosarum strain RP1 declined POD
activity extremely by 13%, 9.7% and 5% at 96, 192 and 288 mg kg�1

of kitazin, respectively (Fig. 8). The CAT activity in pea plants
treated with 288 mg kg�1 kitazin soil increased greatly by 36.6%
related to uninoculated control, which however, was decreased by
11.7% by strain RP1. Furthermore, a maximum reduction of 13%
in GPX level was observed in foliage of bio-inoculated pea plants
raised with 96 mg kg�1 kitazin soil. The APX activity in foliage was
increased maximally by 18% at 3� concentration of kitazin
compared to un-inoculated control plants. On the contrary, R.
leguminosarum RP1, instigated a maximum reduction of 6.8% in
APX activity even in presence of 1� concentration of kitazin. In
agreement to this study, activity of antioxidant defence enzyme
such as CAT, GR, SOD and APX in leaf tissue of Cicer arietinum
plants grown in stressed environment have been reported to
increase expressively in a dose dependent manner.56

3.8 Cytological/anatomical deviations in pea nodules and
localization of Rhizobium

Nodule formation comprises of complex process that probably be
interrupted by harmful environmental factors and these may be
noticeable at cytological and anatomical level. Therefore, to
Fig. 10 Panel (A) represents the SEM image of colonization of R. legumin
shows the untreated control root surface, while, (B–D) depicts the attac

16944 | RSC Adv., 2019, 9, 16929–16947
understand the noxious effect of kitazin on Rhizobium-pea interac-
tion on nodule morpho-anatomy, nodules were detached from the
root system of plants raised in kitazin supplemented soil and
inoculated with R. leguminosarum. SEM images revealed the pres-
ence of bacteroids surrounding the vacuoles. A dense enlarged and
mass of bacteroids are seen in fungicides untreated (control)
nodules, whereas, distorted/damaged, smaller and chaotic formed
bacteroids were observed in kitazin supplemented nodules (Fig. 9).
This may possibly be due to the toxicity of fungicide. Similarly,
anatomical/ultrastructural changes in nodular tissues aer
exposing faba bean-Rhizobium leguminosarum coupling to silver
nanoparticles has been reported.58 Nevertheless, despite reports
here and there, to best of our knowledge, this is the rst nding
highlighting the destructive inuence of fungicide (kitazin) on
anatomy and ultrastructure of pea nodules inoculated with R.
leguminosarum. These investigations further proved that even-
though the Rhizobium inoculant could eliminate the fungicide
toxicity to certain extent but at higher doses this fungicide can
obstruct the pea-Rhizobium symbiosis leading ultimately to obliter-
ation in N supply to plants due to destructive effects on bacteroids.

3.9 R. leguminosarum strain RP1 as a root colonizer

Colonization is an important, initial and compulsory element of
plant-microbe interaction in the rhizosphere for protecting the
plants from various soil pathogens and for growth and develop-
ment of plants.59 Many root colonizing symbiotic rhizobia have
been used as a potent biofertilizers/bio-inoculants to induce the
growth of plants. Considering these, R. leguminosarum strain RP1
was checked for its root colonizing ability using SEM and CLSM
(Fig. 10). For this, bacterial inoculated roots of pea plants were
washed thoroughly, xed in glutaraldehyde and viewed under
osarum on root surface of pea plants, respectively; in both the panel (A)
hments/colonization of bacterial cells on root surface.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01253b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

4:
25

:3
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
microscope. Microscopic observation revealed that cells were
aggregated on root tips and at the elongation zone, whereas,
uninoculated roots did not show any bacterial colonization.
Several constituents of bacterial cell surface such as exopoly-
saccharides, cell wall polysaccharide and extra cellular bacterial
proteins can support the process of attachment on root surface.
As PGPR colonize the root surfaces, they multiply and reproduce
by receiving key signalling compounds and nutrients from the
root exudates which successively leads to biolm formation on
the root system and this is very clear indication of successful
plant-microbe colonization. Similarly, successive colonization of
root colonization and attachment of bacteria on root surface for
the improved growth of leguminous plant has been reported.60

4. Conclusion

Phytotoxicity of kitazin to existence, morpho-structure,
membrane disruption and growth regulators of R. leguminosa-
rum varied greatly. Sadly, the ability of RP1 strain to produce
bioactive molecules was altered at higher rates of fungicide, yet
interestingly it was not abolished completely. Moreover, kitazin
toxicity to peas was visible through reduction in germination,
root tip distortion and oxidative damage in vitro bioassays. R.
leguminosarum in plant assay experiment, protected peas from
fungicidal toxicity and concurrently improved the biomass,
symbiosis, chlorophyll formation, seed attributes and nutrients
accumulation. Augmentation of pea production even under
harsh condition by RP1 as observed in this studymay probably be
due to expression of numerous PGP factors, strong colonizing
efficiency of this strain, and substantive reduction in stressor
molecules and antioxidants in peas. Conclusively, fungicide
tolerant ability together with growth enhancing activities and
stress relieving potential makes strain RP1 as an interesting and
agronomically viable and sustainable choice for enhancing pea
production in soils contaminated even with fungicides.
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