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Abstract
Rhizoremediation processes are based on plant-bacteria interactions and can be effectively used for cleaning many pollutants 
from the environment to overcome the constraints of individual phytoremediation. Here, 1 mM and 1.5 mM concentrations 
of 2,4-dinitrotoluene (2,4-DNT) degrading Pseudomonas putida (P. putida) strain KT.DNT and various growth stages 
of Nicotiana tabacum (N. tabacum) were initially assayed in in vitro tissue culture system and the best conditions for the 
association of plant-rhizobacterium were ascertained to remediation of the soil contaminated with 2,4-DNT. 5-days old N. 
tabacum plants inoculated with 2 × 106 cfu/mL bacterial inoculum for 3 weeks were preferred for rhizoremediation experi-
ments as they showed a nearly threefold increase in the fresh and dry biomass in comparison to noninoculated ones. When 
these seedlings were planted either alone or together with P. putida KT2440 or P. putida KT.DNT in soils contaminated 
with 1 mM and 1.5 mM of 2,4-DNT, the maximum degradation rate of 98% and ~ 93% were determined at the end of 14 days 
by KT.DNT inoculated tobacco plants. Our results indicate that it would be advantageous to use the 2,4-DNT-degrading 
bacterium inoculated with N. tabacum plants to accelerate and enhance the cleanup of soil contaminated with 2,4-DNT.

Keywords  2, 4-DNT degrading bacterium · Nicotiana tabacum · Plant-rhizobacteria interactions · Pseudomonas putida · 
Rhizoremediation

Introduction

2,4-DNT, is a typical soil contaminant at ammunition 
manufacturing sites, derived mainly from the synthesis of 
the explosive 2,4,6-trinitrotoluene (TNT) but also from the 
production of polyurethane foams and dyes (Nishino et al. 
2000; Serrano-González et al. 2018). This mutagenic and 
carcinogenic substance is listed on the Hazardous Air Pol-
lutants List ruled by the U.S. Environmental Protection 
Agency (EPA) (Lent et al. 2012; Xu and Jing 2012) and 
also on Resource Conservation and Recovery Act (RCRA) 
Toxicity Characteristic Leaching Procedure (TCLP) organics 
list. According to EPA (2006), soils and wastes that contain 

2,4-DNT are classified as RCRA characteristic hazardous 
waste and a special treatment will be needed, if they pro-
duce leachate comprising 2,4-DNT equal or above the TCLP 
threshold concentration (0.13 mg/L). The concentration of 
2,4-DNT at firing points was determined above the detection 
limit (0.01 mg/kg (ppm)) and even higher at several propel-
lant disposal sites (Jenkins et al. 2006; Walsh et al. 2007). 
Since its accumulation in soil and groundwater at military 
areas is a serious obstacle to be solved (Dodard et al. 1999; 
Xu and Jing 2012), remediation of 2,4-DNT-contaminated 
sites has received great interest in recent years to ensure a 
safe environment.

There are a few technologies that can be adapted for the 
treatment of soil and groundwater polluted with dinitrotol-
uenes (DNTs) such as photolysis with surfactants, alkaline 
hydrolysis and incineration. However, those technologies 
require labor force and are highly expensive (Kuiper et al. 
2004; Ma et al. 2017). Therefore, using low-cost and envi-
ronmentally friendly in situ approaches to the clean the 2,4-
DNT contaminated media has become a priority. Although 
phytoremediation is an eco-friendly application for the 
cleaning of the environment contaminated with persistent 
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pollutants (Khan et al. 2015), the presence of these contami-
nants including DNTs in soil and water negatively affects 
plant growth and phytoremediation efficiency (Arslan et al. 
2015). Besides, plants have certain degradation limits due 
to their not only slow removal capabilities but also high sen-
sitivity to oxidative stress and less knowledge about their 
phytoremediation mechanisms (Carvalho et al. 2014).

An alternative approach for the mineralization of recal-
citrant nitroaromatic compounds is to use bacterial strains 
capable of the 2,4-DNT degradation (Aburto-Medina et al. 
2017). Genetic characterization of the 2,4-DNT catabolic 
pathway of Burkholderia sp. strain DNT and Burkholde-
ria cepacia R34 was reported in detail. They can catalyze 
the oxidation of 2,4‐DNT through a series of steps ultimately 
resulting in the release of nitrite, pyruvate and propionyl‐
coenzyme A (CoA) (Johnson et al. 2002; Karthikeyan and 
Spain 2016; Wang et al. 2011). However, both strains are 
not preferred for biodegradation studies since they both 
slowly degrade the complex compounds and have oppor-
tunistic pathogen properties for humans and plants (Coenye 
and Vandamme 2003; Eberl and Vandamme 2016; Suen and 
Spain 1993). Thus, the introduction of the dnt gene cluster, 
which does not encode toxic products for most microorgan-
isms, into the nonpathogenic strains has been the favored 
approach in many biodegradation studies rather than using 
these bacteria for the 2,4-DNT degradation (Akkaya and 
Arslan 2019; Akkaya et al. 2018; Dutta et al. 2003; Monti 
et al. 2005; Nasr et al. 2001; Patel et al. 2000).

However, in the absence of plants, although a consid-
erable number of organic pollutants are catabolized by 
bacteria, this process is sometimes inefficient due to the 
relatively few microbial populations in bulk soil (Gkorezis 
et al. 2016). The combined use of plants and the associated 
bacteria enhances the role of each partner as the plant-rhizo-
bacteria interactions increase the proliferation and degrada-
tion potential of applied bacteria through the rhizosphere 
environment of the growing plants. In return, inoculation of 
rhizobacteria enhances plant resistance to the pollutant stress 
and increases their adaptation rate and biomass formation 
(Correa-García et al. 2018; Khan et al. 2013).

Characteristics like its adaptable transport and metabolic 
systems and the ability to function as a chassis in biocataly-
sis and biodegradation make the soil bacterium P. putida 
KT2440 a model strain. The efficient biotransformation of 
2,4-DNT in contaminated soil using P. putida KT.DNT, 
which has all necessary genes for 2,4-DNT degradation from 
Bulkholderia sp. R34, was previously reported by Akkaya 
and Arslan (2019). Thus, it has been hypothesized that this 
genetically stable rhizobacterium could be a good candi-
date for rhizoremediation. Due to the complex dynamics of 
plant-bacteria interactions in rhizophere, plant tissue culture 
allows the simple and controlled system for testing bacteria 
on plant performance, determination of the best inoculum 

concentration and inoculation time for culture utilization 
(Nowak 1998). Hence, the present study aims (i) to investi-
gate the optimal bacterial inoculum density and the inocula-
tion time of N. tabacum plants in in vitro conditions; (ii) to 
test the effect of high concentrations of 2,4-DNT on plant 
growth and development in this partnership and (iii) to ana-
lyze the biotransformation efficiency of 2,4-DNT-contam-
inated soils on the basis of pot assays using N. tabacum-P.
putida interactions. Tobacco was chosen due to its previous 
reveal of nitroaromatic compound uptake (Hannink et al. 
2007).

Materials and methods

Chemical products

2,4-DNT was ordered from Fluca (97%, Sigma-Aldrich Co. 
(St. Louis, USA)). The solvents and other chemicals used 
during this study were analytical grade and purchased from 
commercial sources as follows: MgSO4 (Sigma-Aldrich), 
acetonitrile (Merck Millipore).

GFP tagged P. putida KT.DNT

The construction process of GFP (Green Fluorescent Pro-
tein) tagged P. putida KT.DNT (Akkaya and Arslan 2019) 
cells and imaging bacteria by confocal laser scanning 
microscopy were the same as P. putida KT2440-G (GFP-
labeled KT2440; Arslan and Akkaya 2020). Tobacco seed-
lings grown for 5 days in in vitro conditions were transferred 
to Petri dishes where GFP tagged KT.DNT (2 × 106 cfu/mL) 
was spreaded and then incubated for 14 days to visualize the 
colonization of the bacterium on plant roots.

Preparation of bacterial inoculum

P. putida KT.DNT cells were grown 16  h at  30  °C  in 
M9 minimal medium (Abril et  al. 1989) amended with 
citrate (0.4%, w/v). Then, cells were collected by cen-
trifugation at 8000  rpm for 10  min, dissolved twice in 
MgSO4 (10 mM) and finally suspended at a density of 
2 × 103–2 × 106–2 × 108 cfu/mL for the treatment with the 
N. tabacum seedlings.

Cultivation of plants and bacterial treatment

In vitro tissue culture experiments were conducted in a 
plant growth chamber to obtain the best inoculum density 
of P. putida KT.DNT and the best growth stage of tobacco 
plants for inoculation experiments. Then, the same inoculum 
density was used for the inoculation of the plants with P. 
putida KT2440 before soil experiments. Soil experiments 
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were performed in a greenhouse with P. putida KT.DNT 
and wild-type P. putida KT2440 as a control to ascertain 
the biodegradation ability of root-associated KT.DNT in 
2,4-DNT-polluted soil.

Seeds of the N. tabacum (Nicotiana tabacum cv Samsun) 
were sterilized by a sterilization protocol by which modi-
fied from Kavas et al. (2016). First, tobacco seeds were 
submerged for 20 min in 30% sodium hypochlorite, then 
washed three times for 5 min in sterile dH2O. Subsequently, 
the seeds were planted on 10 square Petri dishes (8 seeds/
Petri plate) with half-strength MS agar (0.8%, Murashige 
and Skoog, Duchefa) and placed vertically into plant growth 
chamber (at 22 ± 2 °C, 70% humidity, 300 μmol m−2s−1 fluo-
rescent light) with a photoperiod of 16/8 h.

After 5-, 10- 14-days, plantlets were transferred to new 
Petri dishes with or without P. putida KT.DNT. Different sus-
pensions of P. putida KT.DNT (2 × 103–2 × 106–2 × 108 cfu/
mL) were spreaded on Petri dishes and tested. Then, plates 
continued to be cultured in a plant growth chamber, and at 
day 21, tobacco plants were harvested to assay the effect of 
bacteria on plant growth properties.

Measurement of growth parameters

The morphologic data including root length (RL), shoot 
length (SL), fresh and dry root weights (RFW, RDW), fresh 
and dry shoot weights (SFW, SDW), total fresh and dry 
weights (FW, DW), chlorophyll (chl a, chl b), and carotenoid 
content were measured on each of the individual 5-, 10-, 
14-days old plantlets according to the procedure reported by 
Akkaya and Arslan (2019). To obtain the dry weights of the 
whole plant, root and shoot systems, each plant was dried 
in the oven at 65 °C for 24 h. Leaf chlorophyll concentra-
tion was detected by extraction of chlorophyll in acetone for 
24 h at 4 °C in dark followed by measurements in a spectro-
photometer (Lichtenthaler and Buschmann 2001).

Experimental design for soil trials

Two weeks after seedling, plantlets were transplanted into 
the soil in pots. Pot trial experiments were done to obtain the 
efficiency of the plant-bacteria association to remove 2,4-
DNT from the nonsterile rhizospheric soil of plant N. taba-
cum and compared with the degradation in the soil which 
has P. putida (KT2440 or KT.DNT) inoculated (2 × 106 cfu/
mL) or non-inoculated N. tabacum. Experiments were 
conducted in a controlled greenhouse (under 16/8 h light/
dark periods and corresponding 27°/20 °C thermoperiods) 
at Gebze Technical University, Department of Molecular 
Biology and Genetics to determine the effects of bacterial 
treatment on plant growth and 2,4-DNT degradation. Prior 
to use the nonsterile soil [matured manure, sand, peat and 
perlite (1:1:1:1)] was air-dried, homogenized through a 30 

mesh sieve. Then the 21-day-old plant seedlings were care-
fully removed from the MS agar and plants were placed in 
pots (Round black, 70 mm deep × 65 mm diameter) of dif-
ferent sets, which were filled with 140 g of soil. Soil water 
content was adjusted to a 60% capacity in all pots of differ-
ent sets: N. tabacum (Nt); 2,4-DNT + N. tabacum (Nt); 2,4-
DNT + KT2440 + Nt; 2,4-DNT + KT.DNT + Nt. Two differ-
ent 2,4-DNT concentrations (1 mM and 1.5 mM) and 2x106 
cfu/mL of bacteria (P. putida KT2440 and KT.DNT) were 
used for pot experiments. 0.5 M of 2,4-DNT stock solution 
was diluted into the dH2O added to the soils to get final con-
centrations of 1 mM or 1.5 mM and mixed thoroughly before 
diving to the pots. The pots were kept covered until seed-
lings were placed into soil. During the first 5 days, seedlings 
were covered with plastic bags to avoid dehydration. They 
were incubated in greenhouse conditions at 22 °C and daily 
irrigated with 15 ml of water to compensate for water loss. 
The growth parameters (SL, SFW, and SDW) of inoculated 
and control plants were measured and compared at the end 
of the 14th day. The experiment was designed with one plant 
per pot with eight replicates and it was repeated for twice. 0, 
6, 10, 14 and 21-days after transplanting, 1 gr of soil samples 
in the rhizospheric ecosystem were collected to determine if 
the 2,4-DNT reduction by the roots-attached bacteria using 
HPLC (high-performance liquid chromatography) and 2 gr 
soil sample at day 14 was taken to analyze the survival of 
bacteria in the soil.

Determination of tolerance index

The effect of 2,4-DNT on growth parameters (SL, SFW and 
SDW) was evaluated using a tolerance index (TI) which is 
a percentage of treated plants to the untreated ones and cal-
culated according to the following formula: TI = (2,4-DNT 
treated plants/untreated plants) × 100 as described by (Balint 
et al. 2002). Leaf area index was also measured by Adobe 
Photoshop 5.0 Software.

Microbial enumeration

P. putida KT.DNT grown on M9 medium were recognized 
according to their colony morphology and GFP signal under 
the blue light. The bacterial (P. putida KT2440 and P. putida 
KT.DNT) colony number (cfu g−1) was calculated before 
the inoculation of seedlings into soil and 14-days after the 
inoculation. Soil (2 g) was suspended in 5 mL of 10 mM 
MgSO4 and bacterial dilutions were prepared according to 
Akkaya and Arslan (2019) and then they were plated on 
minimal medium (M9) with Km for selecting GFP tagged 
KT.DNT colonies. The number of P. putida colonies/g was 
calculated. Attachment of KT.DNT to roots was also dem-
onstrated by confocal microscopy.
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Quantitative analysis of biotransformation 
of 2,4‑DNT in soil

To clarify the effect of bioavailability of the contaminant on 
degradation efficiency of root-associated P. putida KT.DNT 
in soil, two different concentrations of 2,4-DNT were exam-
ined in the present study. The total residual amount of the 
2,4-DNT in soil was measured by HPLC (Shimadzu, Colom-
bia, MD). Soil samples on days 0, 6, 10, and 14 were taken 
and were extracted according to Method 8330 (Jenkins and 
Walsh 1991; Walsh et al. 2007) with slight modifications 
(Akkaya and Arslan 2019). Each analysis was repeated three 
times with the samples taken from each pot and the results 
were given as the averages of three values. The supernatant 
was collected and filtered by 0.45 μm Millipore membrane 
before separation by Shimadzu Inertsil ODS-3 V column 
with UV–VIS detector (λ = 254 nm) using a flow rate of 
0.5 mL/min and a mobile phase of 80:20 acetonitrile–water 
at 30 °C. Unknown concentrations were computed from the 
calibration curve of the prepared standards.

Statistical analysis

All treatments were performed in this work are mean ± SE 
(Standard Error) of a minimum of eight replicates. To test 
the significance of experiments, a one-way ANOVA with 
post hoc test for multiple comparisons was performed with 
GraphPad Prism 7.0 (GraphPad Software, Inc., San Diego, 
CA). Differences between groups proved to be significant at 
a P value of ≤ 0.05.

Results

Evaluation of the effects of bacterial inoculation 
on the plant in vitro growth characteristics

The inf luences of the var ious concentrations 
(2 × 103–2 × 106–2 × 108 cfu/mL) of P. putida KT.DNT on 
plant growth characteristics were evaluated in the different 
developmental stage of tobacco seedlings (5, 10 and 14 days 
old), after in vitro seed germination. The beneficial effects 
of the bacterium upon plant characteristics and pigment 
contents were detected relative to control when treated to 
5-days-old seedlings at a concentration of 2 × 106 cfu/mL 
and harvested at the end of the 14th day. The measured 
parameters including SFW, SDW, RFW, RDW, FW, DW 
were found to be increased more than half by 2.45-fold, 
2.74-fold, 2.84-fold, 2.55-fold, 2.85-fold and 2.98-fold, 
respectively, compared with their controls (non-inoculated, 
NI) (Table 1). In all developmental stages of the tobacco, 
as the bacterial concentration was increased to 2 × 108 cfu/
mL, total biomass was progressively inhibited as presented 
in Table 1. Inoculation of tobacco plants with KT.DNT 
at concentrations higher than 2 × 106 cfu/mL reduced the 
shoot and root weight, eventually leading to a 50% decline 
in whole plant weight. Moreover, after the seedlings were 
incubated longer with P. putida KT.DNT at 2 × 106 cfu/mL, 
twofold reduction in dry weight was observed for the 10th 
and 14th days.

Furthermore, treatment of P. putida KT.DNT with the 
same concentration (2 × 106 cfu/mL) resulted in the greater 

Table 1   The effects of 
three different inoculum 
concentrations of P. putida 
KT.DNT on in vitro plant 
growth of N. tabacum seedlings

Mean± standard error (n = 8). Means with the same letter are not significantly different in each column. 
Each trial was made with at least 8 seedlings and the experiment was repeated at least 2 times

Shoot weight (mg) Root weight (mg) Whole plain weight (mg)

Fresh Dry Fresh Dry Fresh Dry

 5 days
  NI 27.13 ± 1.3bc 1.12 ± 0.05c 8.65 ± 0.9bc 0.45 ± 0.02c 35 ± 2.1c 1.55 ± 0.07bc

  2 × 103 43.77 ± 2.6b  1.92 ± 0.07b  12.08 ± 1.2b  0.53 ± 0.05  61 ± 4.0b  2.37 ± 0.1bc

  2 × 106 66.58 ± 2.5a 3.07 ± 0.01a  24.58 ± 1.3a  1.15 ± 0.07a  100 ± 5.2a  4.63 ± 0.2a

  2 × 108  48.00 ± 2.1b  2.33 ± 0.1ab 18.33 ± 1.3ab  0.69 ± 0.04b  54 ± 3.1bc  3.12 ± 0.2ab

 10 days
  NI 29.21 ± 0.01bc 1.27 ± 0.05c 12.31 ± 0.7b  0.61 ± 0.05bc 42  ± 2.4c 1.89  ± 0.1bc

  2 × 103  25.33 ± 0.01c 1.81 ± 0.08b 14.08 ± 0.6b 0.50  ± 0.04bc 57  ± 2.5bc 2.48  ± 0.1b

  2 × 106  21.73 ± 0.1c  1.78 ± 0.1bc  14.40 ± 1.4b  0.68 ± 0.04c  32 ± 2.5cd  2.48 ± 0.2b

  2 × 108  22.50 ± 0.1c  1.45 ± 0.1bc  13.73 ± 1.3b  0.64 ± 0.05bc  36 ± 3.1cd  2.67 ± 0.2ab

 14 days
  NI 30.67  ± 0.01bc 1.88  ± 0.07b 15.67 ±  0.01b 0.65 ± 0.04bc  59 ± 3.2b 2.51 ± 0.1b

  2 × 103  24.31 ± 0.01c 1.28  ±  0.06bc  10.20 ± 0.01bc  0.57 ± 0.06bc  38 ± 2.4c  1.73 ± 0.1bc

  2  × 106  21.38 ± 0.01c  1.59 ± 0.04bc  14.00 ± 0.01b  0.71 ± 0.05b  28 ± 2.8cd  2.06 ± 0.1bc

  2 × 108  16.53 ± 0.01c  1.38 ± 0.05bc  3.67 ± 0.05c  0.21 ± 0.03d  22 ± 1.8d  1.59 ± 0.07c
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accumulation of chlorophyll and carotenoid in the leaves of 
the N. tabacum seedlings (Fig. 1). After 5 days of treatment 
with 2 × 106 cfu/mL inoculum density, Chl a ranged from 
0.49 to 0.67 mg/gFW, chl b ranged from 0.21 to 0.25 mg/
gFW and the content of total carotenoid ranged from 0.12 
to 0.14 mg/gFW in comparison to controls. Therefore, fur-
ther research for 2,4-DNT degradation was conducted using 
2 × 106 cfu/mL concentration of P. putida inoculum.

For this purpose, plants inoculated with the 2 × 106 cfu/
mL of P. putida KT.DNT and P. putida KT2440 before soil 
trials grew to a significantly greater extent than plants that 
were not treated with the bacterial inoculum (Fig. 2a, b). 
Moreover, inoculation of plants with 2 × 106 cfu/mL concen-
tration of the bacteria resulted in a decline in primary root 
lengths for KT2440 and KT.DNT-inoculated plants (com-
pare 7.2 to 3.4 and 7.2 to 2.9, respectively) and a ~ 1.5-fold 
increase in shoot length was detected as a result of treat-
ment with 2 × 106 cfu/mL of P. putida KT2440 or P. putida 
KT.DNT inoculation in comparison to N. tabacum plants 
(Fig. 2b).

Detection of rhizospheric localization of P. putida 
in N. tabacum

Presence of root-attached bacteria was verified by exam-
ining the bacteria-root interaction under confocal micros-
copy. Thus, GFP-tagged KT.DNT promoted the following 
bacterial localization on plant roots. Successive transforma-
tion of the plasmid pSEVA237-G into P. putida KT.DNT 

was verified by PCR detection of the gfp gene (data not 
shown) and colonization of the bacteria onto plant roots 
was approved by confocal microscopy (Carl Zeiss, Jena, 
Germany). Green fluorescence was visualized around the 
roots inoculated with the bacteria (Fig. 2c) but not in non-
inoculated plants (data not shown).

Impact of the 2,4‑DNT treatment on the morphology 
of seedlings and tolerance index

Two different 2.4-DNT concentrations (1 mM and 1.5 mM) 
were chosen to determine the reduction efficiency of root-
associated KT.DNT in degradation experiments. At higher 
concentration of 2,4-DNT, SDW is a more sensitive factor 
to 2,4-DNT treatment than SFW and SL (Fig. 3a, b). Fur-
thermore, the toxicity of 2,4-DNT with a concentration of 
1.5 mM was observed by stunted development of shoots 
and leaves in non-inoculated or KT2440-inoculated N. 
tabacum plants (Fig. 3b and Supplementary Fig. SF1). The 
plant results indicated that in the presence of 1 mM 2,4-
DNT in soil, KT.DNT was able to increase shoot length 
by 1.7-fold, and fresh and dry shoot weights by more 
than twofold (Fig. 3a). In the case where 2,4-DNT con-
centration is 1.5 mM, KT.DNT inoculated plants showed 
maximum shoot biomass production with an increase in 
6.5-fold and 7.2-fold for SFW and SDW, respectively, as 
well as 3.1-fold increase in SL compared to non-inocu-
lated 2,4-DNT exposed plants (Fig. 3b). Moreover, the leaf 
area increased in the presence of 1.5 mM concentration 

Fig. 1   Effect of three 
inoculum concentrations 
(2 × 103–2 × 108 cfu/ml) of 
P. putida KT.DNT on the 
chlorophyll a (a), chlorophyll b 
(b) and carotenoid (c) contents 
of tobacco seedlings under 
in vitro tissue culture condi-
tions. On day 21, carotenoid and 
chlorophyll contents were taken 
for 5, 10, 14-days-old tobacco 
seedlings inoculated with 
2 × 103–2 × 108 cfu of the bacte-
rium. Chlorophyll contents were 
recorded using green leaves
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Fig. 2   Inoculation with bacteria 
decreased primary root length 
and increased lateral roots and 
root hairs. Vertical agar plate 
with 21-days-old non-inoculated 
plants (left) and inoculated 
plants with 2 × 106 cfu/ml 
of P. putida KT.DNT (right) 
(a), Primary root length and 
shoot length of non-inoculated 
plants (Nt), KT2440 inoculated 
plants (Nt-KT) and KT.DNT 
inoculated plants (Nt_KT.DNT) 
at day 21 (b), Photograph of 
confocal microscopic image 
of fluorescent gfp-tagged 
Pseudomonas putida KT.DNT 
colonizing the root surface of 
a 14-day-old seedling of N. 
tabacum (c) 
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of 2,4-DNT by eightfold as compared to non-inoculated 
tobacco plants (Supplementary Fig. SF1).

The calculation of the SL, SW and SDW tolerance 
index (TI) revealed a high degree of performance for 
KT.DNT-inoculated tobacco plants. Plants inoculated 
with KT.DNT in soil containing 1 mM 2,4-DNT appear 
to be more tolerant as means of SL, SW and SDW (132%, 
222% and 370%, respectively) whereas plants inoculated 
with KT.DNT in soil containing 1.5 mM 2,4-DNT were 
the most sensitive for SL, SW and SDW (78%, 120% and 
113%, respectively). Noninoculated and KT2440-inocu-
lated plants showed nearly the same behavior for both in 
concentrations of 2,4-DNT (Fig. 4).

Bacterial survival in soil

After 3 weeks, the survival of P. putida cells (P. putida 
KT2440 and P. putida KT.DNT) in the rhizosphere of plant 
was 2 × 106 cfu/g soil and 1 × 106 cfu/g soil contaminated 
with 1 mM 2,4-DNT and 1.5 mM 2,4-DNT, respectively.

Reduction of 2,4‑DNT from contaminated soil

Strain KT.DNT showed almost complete biotransformation 
for 1 mM and 1.5 mM concentration of 2,4-DNT (98.03% 
and 92.9%, respectively) in 14 days (Fig. 5). When the 
experiments were carried out with P. putida KT2440-inocu-
lated or non-inculated tobacco plants, a slight decrease (1%) 
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was detected in the rate of 2,4-DNT concentration in soil. 
HPLC results revealed that degradation occurs more rapidly 
in the first 6 days (more than 80% of both initial concentra-
tions of 2,4-DNT) during 14 days of incubation. Especially 
after 6 days, the degradation rate of 2,4-DNT was slower in 
soil contaminated with 1.5 mM 2,4-DNT than in soil con-
taminated with 1 mM 2,4-DNT (Supplementary Fig. SF2). 
No intermediates accumulated due to the faster degradation 
rate was detected. Moreover, when the incubation time was 
extended for another week, approximately the same degrada-
tion rates were found (data not shown).

Discussion

Harnessing plants and pollutant degrading bacteria benefi-
cial associations in the field of remediation contaminated 
soil has a great biotechnological potential to clean-up pol-
luted environments (Afzal et al. 2012; Gkorezis et al. 2016; 
Ma et al. 2011). Although several studies were conducted 
to understand the importance of rhizobacteria-plant interac-
tions in enhancing soil remediation, usage of the engineered 
bacterium associated with plants to remove nitroaromatics 
polluted soils were rarely investigated (Dutta et al. 2003; 
Monti et al. 2005; Thijs et al. 2014). P. putida is referred 
to as safe strain for in situ bioremediation by Nelson et al. 
(2002) and previously constructed its 2,4-DNT degrading 
strain, KT.DNT, showed higher degradation capacity in 2,4-
DNT contaminated soil (Akkaya and Arslan 2019). Several 
studies have reported the enhanced degradation ability of 
rhizobacteria in polluted environments when it is combined 
with plants (Arslan et al. 2015; Gkorezis et al. 2016). Hence, 
in the present study, KT.DNT was employed for rhizoreme-
diation of 2,4-DNT contaminated soil in association with 
tobacco. It has already been known that the density of bacte-
rial inoculum and developmental stage of plants affect the 
metabolic status and activity of the inoculated bacteria dur-
ing the phytoremediation of the polluted soil (Shabir et al. 
2016). Additionally, plant tissue culture systems for study-
ing plant-bacteria interactions allow more easily controlled 
conditions than soil, especially with regard to testing single 
factors (Nowak 1998). The importance of timing and level 
of inoculation with rhizosphere bacteria on plants has been 
noted by Bashan (1986). Therefore, different concentrations 
of the bacteria (2 × 103–2 × 108 cfu/mL) at different time 
intervals were tested for the determination of the best inocu-
lation density and time to inoculate tobacco plants in tissue 
culture conditions and apparently, 2 × 106 cfu of KT.DNT 
applied to plants, significantly enhanced shoot, root and total 
plant biomass together with increased shoot lengths. It was 
also reported that inoculation with a lower concentration of 
KT2440 strain (2 × 103 cfu/mL) resulted in the production of 
more plant biomass (A.thaliana) as compared to inoculum 

with higher cell density (Arslan and Akkaya 2020). On the 
other hand, in this study, inoculation of other dicot N. taba-
cum with higher inoculum concentration of the P. putida 
KT.DNT led to more plant growth promotion in in vitro tis-
sue culture conditions. Therefore, optimization of inoculum 
density for each plant is an important parameter for evaluat-
ing the effects of bacteria. The increase in total chlorophyll 
and carotenoid contents recorded in plants inoculated with 
the same concentration of the bacterium could be explained 
by their increased leaf area which contributes to more pho-
tosynthesis, and hence more dry matter accumulation. It was 
known that the root hairs of P. putida KT2440 inoculated 
plants were significantly shorter and denser than the control 
plants (Arslan and Akkaya 2020; Molina et al. 2006). Dense 
root hairs and lateral roots that are colonized by P. putida 
KT.DNT can stimulate the degradation of 2,4-DNT in soil. 
In addition, KT.DNT strain showed the same positive effects 
on the growth of the tobacco plants under in vitro conditions 
as the parental strain KT2440 and it indicates that integra-
tion of the dnt pathway in the genome did not create any 
negative burden on interaction with its host.

At the end of the degradation assay, SDW and DW toler-
ance index were significantly enhanced (7.2-fold and 4.8-
fold, respectively) together with higher leaf area index than 
the control plants in contaminated soil with 1.5 mM 2,4-
DNT by inoculation with KT.DNT as compared to non-inoc-
ulated plants. In accordance with the results, high abundance 
(1 × 106 cfu/g soil) of bacterial populations in the rhizos-
phere were successfully recovered 14 days after inoculation. 
Although this rate of 2,4-DNT has a toxic effect on bacterial 
growth in liquid culture (Spain 1995), it is noteworthy that 
bacteria attached to plant roots can still survive and degrade 
the 2,4-DNT-contaminated soil. Previous research showed 
that bioengineered KT.DNT reduced 97.1% of 0.5 mM of 
2,4-DNT in the polluted soil (Akkaya and Arslan 2019). In 
this study, using the same inoculation time reported in the 
literature (Akkaya and Arslan 2019), KT.DNT cells showed 
higher reduction rate at higher 2,4-DNT concentrations with 
the association of tobacco. It was reported that released 
organic compounds by plants can serve as sources of carbon 
and energy for bacteria (Rohrbacher and St-Arnaud 2016). 
The increased degradation potential of KT.DNT in combina-
tion with tobacco can be due to the higher metabolic activity 
of KT.DNT in the plant rhizosphere than in bulk soil. (Kow-
alchuk et al. 2002; Kuiper et al. 2004; Segura et al. 2009). 
Furthermore, the chemical compounds could facilitate the 
separation of organic pollutants from the organic matter in 
the soil and make them more useful to bacteria as previously 
reported (Chaudhry et al. 2005; Gao et al. 2010).

The degradation of pollutants was substantially affected 
by bacterial survival and colonization in the rhizosphere 
was reported by Afzal et al. (2013). Enhanced plant bio-
mass production by bacterial inoculation would increase 
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plant tolerance to phytotoxic contaminants leading to the 
plant stress resulting in soil health recovery (Gurska et al. 
2009; Monti et al. 2005). These genus of P. putida KT2440 
have already been described as ability to tolerate different 
types of aromatic compounds (Jiménez et al. 2010). This 
may explain how P. putida KT2440 can survive in 2,4-DNT-
contaminated soil. In addition, plants inoculated with P. 
putida KT.DNT have a higher tolerance to 2,4-DNT-con-
taminated soils (1 mM and 1.5 mM) than non-inoculated or 
KT2440-inoculated ones due to the powerful degradation 
capacity of KT.DNT.

Although there are some examples where plants are used 
alone for bioremediation of 2,4-DNT-contaminated soil, one 
of the major obstacles arising from the adoption of remov-
ing 2,4-DNT from polluted soil is due to the sensitivity of 
many plant species to 2,4-DNT, i.e. while some crop plants 
are sensitive to 1 mg/mL 2,4-DNT (Podlipná et al. 2015), 
others are generally sensitive to lower concentrations such 
as 0.5 mg/mL (Remans et al. 2012). Here, the maximum 
2,4-DNT reduction (98.03%) was achieved with inoculated 
plants for 14 days in 1 mM of 2,4-DNT contaminated soil 
with no accumulation of intermediates because of the almost 
complete biotransformation of 2,4-DNT. The slightly (1%) 
initial decrease in the concentration of 2.4-DNT in boxes 
containing N. tabacum and N. tabacum plants inoculated 
with KT2440 probably caused by abiotic factors, such as 
photolysis of 2,4-DNT with sunlight or absorption in the 
container walls (Gong et al. 2016; Podlipná et al. 2015). The 
fact that the rate of biotransformation did not change when 
the incubation time is extended to 3 weeks may be due to 
the adsorption of the remaining 2,4-DNT by the adventitious 
root system in soil (Pandey and Souza-Alonso 2019).

Previously, Dutta et al. (2003) applied an engineered 
strain DHK1 carrying PJS1 DNT-biodegradative plasmid, 
which enables alfalfa plants to grow two folds greater than 
the parent strain in 0.14 mM 2,4-DNT contaminated soil 
at the end of the 6 weeks. However, in the present study, 
KT.DNT strain is capable of faster and higher reduction in 
the 2,4-DNT-contaminated soil (98.03% in 14 days) than 
the ones reported by Dutta et al. (2003). Since this strain has 
chromosomal integration of the genes encoding the 2,4-DNT 
catabolic pathway, it can overcome the limitation associated 
with degradation ineffectiveness due to plasmid instability 
(Timmis and Pieper 1999). Thus, this bacterium has been 
considered promising for rhizoremediation of contaminated 
environments due to the high metabolic capacity and safety.

During bacterial inoculation and biodegradation experi-
ments, the usage of GFP tagged KT.DNT cells has provided 
easy monitoring of the viability and metabolic activity of 
bioengineering bacterium. To sum up, the incorporation of 
the engineered bacterium in rhizoremediation studies is an 
effective and low-cost application for sustained cleaning of 
2,4-DNT-contaminated soil.

Conclusion

In bacteria assisted phytoremediation of pollutants, rhizo-
bacteria that possess appropriate genes for the degradation 
of the contaminants allows to alleviate toxicity to the plant. 
Although there are some studies reporting 2,4-DNT deg-
radation through bacterial-assisted phytoremediation, the 
efficiency of degradation still needs to be improved. In this 
study, it is shown that plant-associated 2,4-DNT-degrading 
bacterium has a great potential for rapid degradation of 2,4-
DNT in the contaminated soil. The efficient, economic, and 
sustainable green remediation technology reported in this 
paper can be easily used for the degradation of the toxic 
compound in environmental soil.
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