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Abstract

Dinitrotoluene (DNT) has been extensively used in manufacturing munitions, polyurethane foams, and other important chemical

products. However, it is highly toxic and mutagenic to most organisms. Here, we synthesized a codon optimized bacterial

nitroreductase gene, NfsI, for plant expression. The kinetic analysis indicates that the recombinant NfsI can detoxify both 2,4-

DNT and its sulfonate (DNTS), while it has a 97.6-fold higher catalytic efficiency for 2,4-DNT than DNTS. Furthermore, we

overexpressed NfsI in switchgrass (Panicum virgatum L.), which is a multiple purpose crop used for fodder and biofuel production

as well as phytoremediation. The 2,4-DNT treatment inhibited root elongation of wild type switchgrass plants and promoted

reactive oxygen species (ROS) accumulation in roots. In contrast, overexpression of NfsI in switchgrass significantly alleviated

2,4-DNT-induced root growth inhibition and ROS overproduction. Thus, the NfsI overexpressing transgenic switchgrass plant

removed 94.1% 2,4-DNT after 6 days, whose efficiency was 1.7-fold higher than control plants. Moreover, the comparative

transcriptome analysis suggests that 22.9% of differentially expressed genes induced by 2,4-DNT may participate in NfsI-

mediated 2,4-DNT detoxification in switchgrass. Our work sheds light on the function of NfsI during DNT phytoremediation

for the first time, revealing the application potential of switchgrass plants engineered with NfsI.

Introduction

Dinitrotoluene (DNT) is a nitroaromatic compound extensively used in manufacturing munitions,
polyurethane foams, automobile airbags, and other important chemical products (Rickert et al., 1984).
Due to a history of long-term manufacturing, civilian and military use, and waste steam leaks, DNT has
entered the soil and water, which threatens the health of residents and the environment around DNT man-
ufacturing and processing facilities. DNT exists as six isomers, with 2,4- and 2,6-DNT being the major
forms that are moderately to highly toxic to humans, animals, and plants (Gong et al., 2003). The mixture
of 2,4- and 2,6-DNT has been classified as a Class B2 carcinogen to humans and animals by the United
States Environmental Protection Agency (EPA). Among them, 2,4-DNT is predominantly employed as an
intermediate for production of polyurethane (Lent et al., 2012). It is also a byproduct from the synthesis of
2,4,6-trinitrotoluene (TNT), which is one of the most widely used explosives used for civilian and military
purposes around the world. In addition, 2,4-dinitrotoluene-3-sulfonate (DNTS) produced from TNT refining
is a major toxic component in TNT red water and its contaminated soils (Tsai, 1991). Both 2,4-DNT and
its sulfonate have long-term environmental persistence and high-energetic toxicity and mutagenicity to most
organisms (Gilbert, 1977). Thus, they have been considered as the priority pollutants that must be removed
from soil and groundwater contaminated by manufacturing and processing of polyurethane and TNT.

Biological remediation including phytoremediation and microbial remediation is a safe, economic, and highly
efficient strategy for degradation of nitroaromatic compounds. Previous studies have suggested that the
detoxification pathway of DNT and other nitroaromatic explosives in plants might go through three phases:
functionalization (hydrolysis, oxidation, and reduction), transformation (conjugation by glycosyl transferases

1
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. or glutathione transferases), and compartmentalization (transportation to cell wall or vacuole) (Rai et al.,
2020; Rao et al., 2009). However, the detailed molecular mechanism of detoxification of these nitroaromatic
compounds remains elusive in plants. Previous studies have suggested that the high toxicity of nitroaromatic
compounds to plants results from the predominant accumulation of excessive reactive oxygen species (ROS)
in plant tissues, which damages normal physiological activities in plant cells (Brentner et al., 2010; Johnston
et al., 2015). Deficiency ofArabidopsis MONODEHYDROASCORBATE REDUCTASE 6 (MDHAR6) can
reduce the production of ROS in the mitochondria and confer Arabidopsishigh tolerance to TNT (Johnston
et al., 2015). In addition, overexpression of UDP-glycosyltransferases (UGT743B4 andUGT73C1 ) and
glutathione transferases (GSTU24 and GSTU25 ) in Arabidopsis leads to accumulation of the conjugation
products of TNT and reduces its cytotoxicity (Gandia-Herrero et al., 2008; Gunning et al., 2014). Although
some efforts have been made to alleviate the pollution of TNT by phytoremediation over recent decades, only
one bioengineering work has been made for DNT detoxification by expressing a cyanobacterial flavodoxin in
tobacco plants (Tognetti et al., 2007).

In contrast, DNT detoxification microbes and their degradation mechanism have been investigated exten-
sively. Many microbes includingEnterobacter cloacae ,Saccharomyces sp , Cadida sp , and white-rot fungus
participate in DNT degradation, which provide enriched sources for identification and characterization of
genes involved in detoxification of these nitroaromatic compounds (Koder and Miller, 1998; Ziganshin et
al., 2007; Kist et al., 2020). Previous studies have suggested that a dioxygenase is responsible for the first
step of the DNT degradation pathway. However, this dioxygenase is encoded by four genes (dntAa , Ab, Ac,
Ad ) in Burkholderia cepacian R34, which makes it difficult to be applied for plant bioengineering (Johnson
et al., 2002). Microbial type I nitroreductase (NR) is an oxygen-insensitive flavoprotein that catalyzes the
NAD(P)H-dependent reduction of nitro groups to hydroxylamino and/or amino groups on nitroaromatic
compounds. These type I NRs consist of two main groups, NfsA (group A) and NfsB (group B) (Roldán
et al., 2008). Moreover, members of NfsB can reduce both 2,4- and 2,6-DNT (Williams et al., 2019), whi-
le members of NfsA only convert 2,4-DNT (Rich et al., 2018). NfsI is a member of NfsB NR identified
fromEnterobacter cloacae (Zajc, 1999). The recombinant NfsI protein can convert both TNT and DNT in
vitro (Bryant et al., 1991). Overexpression of NfsI successfully improves the degradation efficiency of TNT
in transgenic poplar, tobacco, and wheatgrass (Brentner et al., 2010; Zhang et al., 2017b; Zhang et al.,
2019). These findings shed light on phytoremediation through transgenic plants engineered with bacterial
nitroaromatic compound degradation genes. However, it is still unknown if the plants engineered withNfsI
could detoxify DNT and its sulfonates.

Switchgrass (Panicum virgatum L.) is a perennial C4 tall grass that has been used as lignocellulosic feed-
stock for forage and biofuel production. Switchgrass can increase soil organic carbon and facilitate a larger
microbe population in margin lands. Moreover, switchgrass is well adapted to various soil types with excel-
lent drought, cold, saline, and heavy metal tolerance (Song et al., 2018). Therefore, switchgrass has great
potential for phytoremediation because of its extensive root system, vigorous growth, high ability to stress
tolerance, and low-input requirements (Rai et al., 2020). A recent study has shown that ectopic expression
of bacterial flavodoxin-cytochrome P450 XplA coupled with flavodoxin reducatase XplB in switchgrass can
dramatically improve the removal efficiency of RDX in transgenic plants (Zhang et al., 2017a). Unfortuna-
tely, overexpression of the bacterial NfsI in switchgrass cannot degrade TNT due to low transcription of
NfsI (Zhang et al., 2017a).

Here, we synthesized a codon optimized bacterial NfsI for overexpression in switchgrass and studied its
function in DNT and DNTS detoxification for the first time. The transgenic switchgrass withNfsI overex-
pression significantly alleviated the 2,4-DNT-induced root growth inhibition and reduced ROS content. The
removal efficiency for DNT achieved 94.1% in NfsI overexpressing transgenic switchgrass plants, which was
1.7-fold higher than that of control plants. In contrast, overexpression of NfsI in switchgrass barely improved
the removal capacity for DNTS, supporting the in vitro enzyme kinetics analysis that suggests that the re-
combinant NfsI has approximate 100-fold higher catalytic efficiency for 2,4-DNT than DNTS. Furthermore,
overexpression of NfsI in switchgrass partially alleviated the impact of 2,4-DNT on expression profiling of
genes involved in plant detoxification. Our work suggests that engineeringNfsI in plants may have great
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. application potential for DNT phytoremediation in the future.

Materials and Methods

Plant materials and growth conditions

A lowland-type switchgrass cultivar, Alamo, was employed for detoxification of DNT and DNTS. According
to the criteria described by Hardin (Hardin et al. 2013), the development of our switchgrass plants at
vegetative phase was divided into three vegetative stages (V1, V2, and V3) and five elongation stages (E1,
E2, E3, E4, and E5) before they entered the reproductive phase. Plants were grown in a greenhouse with a
duration period of 16-hours of light (390 μE·m-2·S-1).

Codon optimization ofNfsI

The coding sequence of NfsI characterized in Enterobater cloacae was downloaded from GenBank (accession
No. M6308.1) (Bryant and DeLuca, 1991). The codon optimization of NfsI was based on the code preference
of switchgrass and was subjected to chemical synthesis.

Enzyme kinetics analysis of recombinantNfsI

The codon optimizedNfsI was cloned into pET32a vector after digested by Eco RI. The recombinant plas-
mid pET32a-NfsI was transformed into Rosetta E. coli for production of recombinant NfsI protein (Xiong
et al., 2019). The purified recombinant protein was subjected to enzyme kinetics analysis of NfsI against 2,4-
DNT and DNTS, as described by Bryant (Bryant and DeLuca, 1991). Moreover, 2,4-DNT, DNTS, and their
transformed products were identified and quantified by reversed phase high-performance liquid chromatogra-
phy along with a photo diode array and electrospray ionization tandem mass spectrometry (LC-PDA/ESI-
MS/MS). The authentic 2,4-DNT and DNTS were used as external criteria to identify the 2,4-DNT and
DNTS, and their content was quantitated based on the absorbance at 254 nm and 205 nm, respectively.
The 2,4-DNT and DNTS were ordered from Aladdin Industrial Corporation, Shanghai, China (CAS No.
121-14-2) and Synchem OHG, Germany (CAS No. 63348-71-0), respectively.

Enzymatic activity assay of NfsI at different pH values and NADPH concentrations

The effects of pH and NADPH on NfsI activity were determined by the methods described by Kim (Kim and
Song, 2005). NfsI activities were examined after being incubated with reaction buffers at pH 4.0, 5.0, 6.0, 7.0,
8.0, 9.0. The reaction mixture contained 50 μg purified recombinant NfsI protein, 200 μM 2,4-DNT/DNTS,
200 μM NADPH, and 50 mM of sodium phosphate buffer in the final volume of 500 μL with a pH range
of 4.0-9.0. NfsI activities were also detected after being incubated with reaction buffers containing different
NADPH concentrations (50, 100, 200, 400, 800, 1600 μM). The reaction mixture contained 50 μg purified
recombinant NfsI protein, 200 μM 2,4-DNT/DNTS, 50 mM sodium phosphate buffer (pH 6.0), and different
NADPH concentrations in the final volume of 500 μL. After 30 min of incubation at 30 oC, the enzymatic
reaction was terminated by 50 μL methanol, and the mixture was centrifuged at 17,000 g for 10 min. The
supernatant was collected and filtered through 0.22 μm filter membrane for HPLC analysis.

Generation ofNfsI overexpressing transgenic switchgrass plants

The codon optimized NfsI sequence was cloned into pENTR vector infused with cMyc tag and then subcloned
into pANIC6B vector via attL-attR recombinant reaction (Mann et al., 2012). The NfsI overexpression
vector pANIC6B NfsI cMyc was finally transformed intoAgrobacterium tumefaciens strain EHA105 using
the freeze-thaw method (Wise et al., 2006). The single genotype callus line induced from switchgrass cultivar
Alamo was employed forAgrobacterium -mediated transformation, following the procedure as described by
Wu (Wu et al., 2016). Hygromycin was used as the selectable reagent to generate NfsI overexpressing
transgenic switchgrass lines that were transplanted into soils and grown in the greenhouse. The control
plants were generated with the pANIC6B empty vector.

Expression levels ofNfsI in transgenic switchgrass plants

3
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. The independent positive transgenic lines were identified by genomic PCR with specific hph and NfsI primers.
The expected sizes of PCR products were 375 and 654 bp for hph and NfsI (Table S1). Stems at the E2
stage were collected from each plant and ground in liquid nitrogen. Approximate 200 mg stem samples
were extracted for total RNA by TriZol extraction kits (TransGen Biotech, China) and subjected to reverse
transcription with SuperMix (TransGen Biotech, China) after treatment with TURBO DNase I (Ambion,
Austin, TX). The expression levels of NfsI were analyzed by quantitative real-time PCR (qRT-PCR). The
primers used for qRT-PCR are listed in Table S1. The cycle thresholds were determined using a ABI PRISM
7900 HT sequence detection system (Applied Biosystems, Foster City, CA), and the data were normalized
using the level of switchgrassPvUbq2 transcripts (GenBank accession No. HM209468).

Root length and ROS content

The two representative transgenic switchgrass lines, control, and wild type plants were micropropagated by
node culture described by Alexandrova (Alexandrova et al., 1996). The well rooted uniform regenerated
plantlets were subcultured in new 1/2 MS solid medium after their roots were cut off. Thereafter, the wild
type plantlets were treated with different concentrations of 2,4-DNT (0, 2, 5, 10, 20, 40 mg·L-1) and DNTS
(0, 2, 4, 8, 16 g·L-1), respectively. The control and transgenic switchgrass plantlets were further treated with
20 mg·L-1 2,4-DNT. The roots of switchgrass plantlets treated with 2,4-DNT and DNTS were photographed,
and their length was measured after two weeks of growth. An enzyme-linked immunosorbent assay (ELISA)
was employed for detecting ROS contents of switchgrass plantlets. Approximately 50 mg of the above fresh
root samples were ground in the sodium phosphate buffer (0.01 M, pH 7.4). After centrifugation at 4,500 g,
4 °C for 20 min, the supernatants were collected for measurement of ROS contents following the protocol of
ELISA kit (Shanghai Enzyme-linked Biotech, China). The DAB stain following the procedure was carried
out as described by Johnston (Johnston et al., 2015).

2,4-DNT and DNTS uptake by control and transgenic switchgrass plants

The control and transgenic switchgrass plants were propagated through tiller-splitting. The uniform swit-
chgrass plants at E2 stage were selected and transplanted in 200 mL 1/2 MS liquid medium without sugar
and supplied with 20 mg·L-1 2,4-DNT and 1 g·L-1 DNTS, respectively. The switchgrass plants were grown
in a growth chamber at 25 °C with a 16-hour light/8-hour dark photoperiod for 6 days, while 50 μL of
liquid medium were sampled each day. The contents of 2,4-DNT and DNTS were quantified by HPLC, as
previously described (Xu et al., 2019).

Transcriptome analysis of transgenic switchgrass plants

The control and transgenic switchgrass plants at the E2 stage were treated for 2 days with 20 mg·L-1 2,4-
DNT. Subsequently, the root tissues were collected for transcriptome analysis by RNA sequencing (RNA-seq).
Transcriptome de novo assembly of switchgrass was performed directly on the set of sequenced reads using
the Trinity 2.4.0 (Broad Institute, Boston, USA). Raw Illumina pair-end reads were trimmed using FastQC
including the Q20, Q30, and GC-content of the clean data to obtain high quality reads. All assembled unigenes
were aligned against the non-redundant (Nr) database, GO, SwissProt, KEGG, and eggnog databases using
DIAMOND (Crystal Impact GbR, Bonn, Germany) with a threshold of E-value < 0.00001. The differentially
expressed unigenes were selected with log2 (fold change) [?]1 and with statistical significance (p [?] 0.05) by
R package edgeR. Furthermore, GO and KEGG enrichment analysis were used for data mining.

Statistical analysis

Switchgrass plants were propagated by transferring the same number of tillers into each pot. Three copies
of each line were grown in 1-gallon pots. In this study, the control switchgrass plants and two representative
NfsI overexpressing transgenic lines were selected for further investigation of root length, ROS contents, 2,4-
DNT and DNTS uptake, as well as transcriptome profiling. Each sample included at least three vegetatively
propagated copies. Data from each treatment were subjected to an analysis of variance (ANOVA). The
significance of the treatments was tested at thep [?]0.05 level. Standard errors were provided in all tables
and figures as appropriate. All statistical analyses were performed using the SPSS package (SPSS Inc.,
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. Chicago, IL, USA).

Results

Biodegradation metabolites of 2,4-DNT and DNTS transformed by NfsI in vitro

We initially conducted codon optimization forEnterobater cloacae NfsI to improve its expression in switch-
grass (Fig. S1 ). Thereafter, we produced the recombinant NfsI in E.coli and examined the biodegradation
metabolites of 2,4-DNT by LC-PDA/ESI-MS/MS. Our results showed that the NfsI transformed 2,4-DNT in
2/4-hydroxyl amino-4/2-mononitrotoluene (HAMNT, Peak 1) through a two-electron reduction (Fig. 1A,
Fig. S2A, E ). Furthermore, HAMNT was reduced to 2/4-amino-4/2-mononitrotoluene (AMNT, Peak 2)
or formed a novel compound by autonomous polymerization (Peak 3) (Fig. 1A, B, Fig. S2B, C, F,
Fig. S3 ). In addition, we analyzed the biodegradation metabolites of DNTS and found that the NfsI only
transformed DNTS into 4-hydroxyl amino-4/2-mononitrotoluene-3-SO3

-(HAMNTS, Peak 4) (Fig. 1C, D,
Fig. S2D, G ).

NfsI had higher catalytic efficiency toward2,4-DNT than DNTS in vitro

To evaluate the catalytic efficiency of NfsI toward 2,4-DNT and DNTS, we next examined NfsI enzyme
kinetic characterization in vitro . Compared with DNTS, the NfsI had lower Kmtoward 2,4-DNT (256.9 +-
68.9 μM vs. 2814.1 ± 586.9 μM), while it had higher Vmax toward 2,4-DNT (183.0 ± 18.3 μM·s-1·mg-1 vs.
19.4 ± 1.6 μM·s-1·mg-1) (Table 1 ). Moreover, the NfsI had higher Kcat/Km toward 2,4-DNT (6.83 ± 0.29)
than DNTS (0.07 ± 0.22), suggesting that the NfsI is highly efficient at detoxifying 2,4-DNT rather than
DNTS in vitro (Table 1 ). Thus, we selected 2,4-DNT as the NfsI substrate for further studies.

Effects of pH value and NADPH concentration on NfsI enzymatic activity

Both pH value and NADPH concentration had significant effects on NfsI enzymatic activities in vitro .
Therefore, we next decided to examine the optimum pH and NADPH concentration for NfsI toward 2,4-
DNT. Our results showed that NfsI enzymatic activities initially increased and then decreased from pH 4.0
to 9.0. The optimum pH was around 6.0 at which the NfsI reached its highest activity (Fig. 2A ). We
further studied the effect of NADPH concentration on NfsI enzymatic activity at pH 6.0. The NfsI activity
was dramatically elevated as the NADPH concentration increased from 50 μM to 200 μM until a limiting
rate was reached (Fig. 2B ).

Generation and identification ofNfsI overexpressing transgenic switchgrass plants

To improve uptake efficiency of 2,4-DNT and DNTS in plants, we overexpressed the codon optimizedNfsI in
switchgrass plants. All transgenic lines were produced from a single genotypic embryogenic switchgrass callus
line through Agrobacterium -mediated transformation, which excluded the potential influence of the genetic
background of switchgrass on 2,4-DNT and DNTS tolerance as well as biodegradation. Eighteen independent
positive transgenic switchgrass lines were identified by genomic PCR with NfsI specific primers. The control
plants were generated with the pANIC6B empty vector which was used as the backbone for constructing NfsI
-overexpressing vector. There was no obvious morphological or developmental difference between transgenic
and control switchgrass plants in our greenhouse condition (Fig. 3A ).

Overexpression of NfsI in switchgrass enhanced plant tolerance against 2,4-DNT

We next decided to study if engineeringNfsI in switchgrass has potential for remediation of 2,4-DNT. Two
transgenic lines NfsI OE-02 and -14 with highestNfsI transcript abundance were selected for further in-
vestigation (Fig. 3B ). Firstly, we regenerated numerous plantlets from wild type, control, and transgenic
switchgrass plants by immature inflorescence-derived callus cultures. These uniform plants were employed for
examining the tolerance to 2,4-DNT. Our results showed that 2,4-DNT had significant impacts on the growth
and development of wild type switchgrass plants. They exhibited obvious etiolation and wilting symptoms
after 14 days when incubated with more than 5 mg·L-1 2,4-DNT (Fig. S4A ). In addition, as 2,4-DNT
concentration increased from 2 to 40 mg·L-1, their root length decreased gradually, while the ROS content
increased (Fig. S4B, C ). Furthermore, we measured the root length and ROS content ofNfsI overexpressing
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. transgenic switchgrass plants. Compared with control plants, the root length of transgenic switchgrass plants
increased by 32.2-46.1%, and their ROS contents decreased by 21.8-35.6% at a high 2,4-DNT level (20 mg·L-1)
(Fig. 4 ). Therefore, our results indicate that the NfsI overexpressing transgenic switchgrass plants have a
higher capacity to tolerate 2,4-DNT than control plants.

Overexpression of NfsI in switchgrass improved the uptake rate of 2,4-DNT

A liquid culture system was employed to examine uptake of 2,4-DNT by theNfsI overexpressing transgenic
switchgrass plants. We chose 20 mg·L-12,4-DNT as the initial concentration based on the previous 2,4-DNT
tolerance analysis in wild type switchgrass. The culture medium containing 20 mg·L-1 2,4-DNT without
switchgrass plants was used as a blank control. After 2 days, the control switchgrass plants removed 24.9%
of 2,4-DNT from the culture medium, whereas NfsI OE-02 and -14 transgenic lines removed 66.7% and
64.3% of 2,4-DNT from the culture medium, respectively (Fig. 5A ). After 6 days, the control switchgrass
plants removed 56.3% of 2,4-DNT from the culture medium (Fig. 5A ). However, they displayed serious
symptoms of toxicity including growth stunting and leaf wilting, which prevented further removal of 2,4-DNT
(Fig. S5A ). In contrast, 94.1% of 2,4-DNT was taken up by the transgenic switchgrass plants after 6 days
(Fig. 5A ). Moreover, their growth was barely affected by 2,4-DNT treatment (Fig. S5B ). In addition,
we compared the uptake rate of DNTS between control and transgenic switchgrass plants (Fig. 5B ). Our
results showed that overexpressing NfsI in switchgrass did not improve the uptake rate of DNTS.

Overexpression of NfsI in switchgrass had global effects on expression profiling of genes re-
sponsible for 2,4-DNT

To assess the global effects of engineering NfsI in switchgrass on expression profiling of genes responsible
for 2,4-DNT, we first examined the transcriptome of root samples of control switchgrass plants that were
exposed for 2 days in a liquid culture medium supplied with 20 mg·L-1 2,4-DNT. The RNA-seq analysis
revealed that 2,4-DNT treatment induced 4,740 out of 85,522 (5.5%) genes differentially expressed in the
control plants, with 3,002 genes upregulated and 1,738 genes downregulated, respectively (Fig. S6A, Table
S2 ). The differentially expressed genes (DEGs) were subjected to Gene Ontology (GO) analysis, revealing
that most enrichment pathways were related to the plasma membrane, oxidation-reduction process, toxin
catabolic process, and secondary metabolites biosynthesis (Fig. S6B ).

We further compared the transcriptome profiling of treated and untreated control (CP-T and CP-UT) and
transgenic (TP-T and TP-UT) switchgrass plants. The matrix analysis of the four sets of DEGs revealed
that 732 genes clustered in intersection IV, which were upregulated in CP-T/CP-UT intersecting set but
downregulated in TP-T/CP-T intersecting set (Fig. 6A ). Moreover, there were 353 genes in intersection
VI, which were downregulated in CP-T/CP-UT intersecting set but upregulated in TP-T/CP-T intersecting
set (Fig. 6A ). Our results suggest that overexpression of NfsI in switchgrass can alleviate expression
changes of 22.9% of the genes responsible for 2,4-DNT stress (Fig. 6A ). These genes were categorized into
biological processes, and mainly enriched stress response, metabolic biosynthesis, gene expression regulation
and protein modification, and growth-development response (Fig. 6B ). It is noteworthy that most of the
genes among 353 candidates were involved in plant morphological formation and regulation processes (Fig.
6C and Table S3 ), implying that NfsI may promote recovery from the damage resulted from 2,4-DNT
stress. In contrast, most of the 732 candidate genes participated in the secondary metabolism process of the
plant. This finding suggests that some metabolic genes involved in 2,4-DNT detoxification were activated in
switchgrass (Fig. 6D and Table S3 ).

Discussion

2,4-DNT is an important intermediate to produce polyurethane foams and dyes. It is also found in the
environment as a mixture with TNT since 2,4-DNT is a byproduct of TNT biosynthesis. Although DNT
and TNT are broadly used in civilian and military activities, both are highly toxic xenobiotics that threaten
human health and environmental safety. Phytoremediation is a low-cost technique to clean up these nitro-
aromatic compounds (Doty, 2008). Previous studies have suggested that engineering bacterial NfsI in plants
can detoxify TNT efficiently (Van Dillewijn et al., 2008; Zhang et al., 2017; Hannink et al., 2001). However,
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. it remains unknown if this strategy could be employed for detoxification of DNT and its derivatives. It had
been shown thatEnterobater cloacae NfsI, a member of the group B type I NRs, can convert both TNT
and DNT in vitro . A recent study also indicates that the cleanup rate of N. tabacum plants for 2,4-DNT
is significantly increased after inoculation with 2,4-DNT degrading P. putida strains (Akkaya, 2020). These
works shed light on the effectiveness of genetically modifying plants for DNT remediation. Switchgrass is
a perennial tall grass with great potential for phytoremediation of nitroaromatic compounds (Zhang et al.,
2019). Unfortunately, overexpression of Enterobater cloacae NfsI in switchgrass plants did not improve their
resistance to TNT. Thus, challenges remain for engineeringNfsI in switchgrass for the detoxification of DNT
and its derivatives.

It has been suggested that the expression levels of genes driven by 35S promoter in switchgrass are lower than
maize ubiquitin (ZmUbq) promoter (Mann et al., 2011). Therefore, we re-overexpressedNfsI in switchgrass
under the control of ZmUbq promoter to increase NfsI transcript abundance. Moreover, we employed a
codon optimization technique to improve transcription and translation efficiency of NfsI in switchgrass since
NfsI is a bacterial derived NR . Finally, we generated NfsI overexpressing transgenic switchgrass plants
and improved their tolerance and detoxification to 2,4-DNT. The uptake rate of 2,4-DNT increased from
˜56% in the control plants to ˜94% in transgenic lines NfsI OE-02 and -14 (i.e., a relative increase of 67%).
Compared with 2,4-DNT, NfsI exhibited little conversion capacity to DNTS neither in vitro norin vivo ,
implying that sulfonate has a crucial effect on nitro reduction of 2,4-DNT. Therefore, the enzyme specificity
to nitroaromatic compounds should be fully considered before engineering NRs in plants for detoxification
of these highly toxic pollutants.

NfsI reduces TNT to 2-hydroxyl-4,6-dinitrotoluene (HADNT) through two-electron reduction and then trans-
forms HADNT to 2-amino-4,6-dinitrotoluene (ADNT). The reduction pathway of 2,4-DNT is similar to that
of TNT, and both HAMNT and AMNT were produced during 2,4-DNT reduction catalyzed by NfsI. Most
strikingly, a novel compound that likely formed by an autonomous polymerization was detected by LC-
PDA/ESI-MS/MS, suggesting HAMNT and its derivatives are the greatest sources of 2,4-DNT reduction.
Compared with 2,4-DNT, DNTS were only transformed to HAMNTS by NfsI in vitro . Furthermore, the
enzyme kinetics analysis indicates that NfsI has much higher affinity and catalytic efficiency for 2,4-DNT
than DNTS. Given the fact that DNTS is a sulfonate of 2,4-DNT, we speculated that the presence of the
sulfonate may block NfsI from binding to its substrate. Although the crystal structures of many bacterial
NRs have been determined (Chauviac et al., 2012), the selectivity mechanism of NRs for their nitrated
substrates warrants further investigation.

Overexpressing NfsI in switchgrass alleviated the impact of 2,4-DNT on root length and ROS production
significantly. This is similar with the previous observation that overexpressing NfsI in Arabidopsis , tobacco,
and poplar can partially restore the inhibition of TNT on root elongation and reduce ROS accumulation
(Van Dillewijn et al., 2008; Hannink et al., 2001). Although the morphological and physiological responses
of genetically modifying plants to nitroaromatic pollutants have been assessed widely, there are few studies
involved in their transcriptome responses. One study indicated that TNT treatment can induce more than 500
genes that are differently expressed (at least 5-fold change) in wild type Arabidopsis roots. Serial analysis
of gene expression further reveals multiphase mechanisms of TNT detoxification inArabidopsis including
oxidative and reductive processes, conjugation reactions, and sequestering within the vacuole and/or cell wall
(Reference, Ekman 2003). Genes involved in these detoxification processes were also differentially expressed
in our control switchgrass treated with 2,4-DNT. It suggests that other plant species might employ a similar
mechanism for detoxification of nitroaromatic pollutants. Furthermore, we found that overexpression of NfsI
in switchgrass was able to restore approximately 22.9% of DEGs induced by 2,4-DNT treatment by different
extents. Among them, genes involved in reactions of oxidation and reduction, conjugation, and sequestering
are worthy of functional characterization in the future.

In conclusion, the bacterial NfsI was successfully overexpressed in switchgrass, which is a multiple purpose
crop used for forage and biofuel production as well as phytoremediation. Overexpression of NfsI in switchgrass
can remove 94.1% of 2,4-DNT from liquid culture medium after 6 days which is 1.7-fold higher than that
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. of control plants. Moreover, our transcriptome analysis suggests that approximately 22.9% of switchgrass
DEGs induced by 2,4-DNT might be involved in NfsI-mediated detoxification in switchgrass. Therefore,
these genes are potential candidates for deciphering molecular mechanisms underlying switchgrass responses
to nitroaromatic compounds. Further investigation will lead to more novel targets being discovered and
engineered to improve switchgrass tolerance and detoxification to nitroaromatic pollutants in the future.
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DNTS 2814.1 ± 586.9 19.4 ± 1.6 0.19 ± 0.02 0.07 ± 0.22
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Figure Legends
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. Fig. 1.M etabolites of 2,4-DNT and DNTS transformed by NfsI in vitro. HPLC analysis of
metabolites of 2,4-DNT (A) and DNTS (B) transformed by the purified recombinant NfsI in vitro . The
proposed pathway for the reduction of 2,4-DNT (C) and DNTS (D) by NfsI. Peak 1, 2/4-hydroxyl amino-4/2-
mononitrotoluene (HAMNT); Peak 2, 2/4-amino-4/2-mononitrotoluene (AMNT); Peak 3, a novel compound
derived from HAMNT; Peak 4, 4-hydroxyl amino-4/2-mononitrotoluene-3-SO3

-(HAMNTS).

Fig. 2. Effects of pH value and NADPH concentration on NfsI enzymatic activity. The enzymatic
activity of NfsI was examined at different pH values (A) and NADPH concentrations (B).

Fig. 3. Morphological and molecular characterization of transgenic switchgrass plants overex-
pressing bacterialNfsI . (A) Representative switchgrass plants from control (Ctrl) and transgenic (NfsI -
OE-02 and -14) switchgrass plants are shown. (B) Quantitative real-time PCR analysis of NfsI transcript
abundances in control and transgenic switchgrass plants. The control plants were generated with the pA-
NIC6B empty vector. Stems at the R1 stage were collected. The expression level of switchgrassPvUbiq2 was
used as the reference for normalization. Values are mean ± SE (n = 3).

Fig. 4. Effect of 2,4-DNT on root length and ROS content of control and transgenic switchgrass
plants. (A) Root length of the control and transgenic switchgrass plantlets were measured after 2,4-DNT
treatment. (B) In situdetection of ROS in roots of control and transgenic switchgrass plantlets by DAB
staining. (C) ROS content in roots of the control and transgenic switchgrass plantlets were measured after
2,4-DNT treatment. The control and transgenic (NfsI OE-02 and -14) switchgrass plantlets were exposed
to 0, 2, and 20 mg·L-12,4-DNT. After 14 days of treatment, the photographs of roots stained with NBT
were taken. Root length as well as ROS content were also measured. Each sample included six vegetatively
propagated copies. Values are mean ± SE (n = 3).

Fig. 5. Uptake of 2,4-DNT and DNTS by control and transgenic switchgrass plants. (A) 2,4-DNT
concentration in 1/2 MS liquid culture medium with time. The control and transgenic switchgrass plants at
E2 stage were exposed to 1/2 MS liquid medium supplied with 20 mg·L-1 2,4-DNT, respectively. The blank
was 1/2 MS liquid medium supplied with 20 mg·L-1 2,4-DNT without plants. (B) DNTS concentration in
liquid culture medium with time. The control and transgenic switchgrass plants at E2 stage were exposed to
1/2 MS liquid medium supplied with 1000 mg·L-1 DNTS, respectively. The blank was 1/2 MS liquid medium
supplied with 1000 mg·L-1 DNTS without plants.

Fig. 6. Transcriptome analysis of transgenic switchgrass plants responses to 2,4-DNT treat-
ment. (A) Venn diagram and intersecting sets analysis for upregulated and downregulated genes among
the control and transgenic switchgrass plants with and without 2,4-DNT treatment. CP-UT, control plants
without 2,4-DNT treatment; CP-T, control plants with 20 mg·L-12,4-DNT treatment; TP-UT, transgenic
plants (NfsI OE-02 and -14) without 2,4-DNT treatment; TP-T, transgenic plants (NfsI OE-02 and -14)
with 20 mg·L-12,4-DNT treatment for 2 days. The horizontal bars represent different intersections of four
sets of samples (I-VIII). The vertical bars represent the gene number of the intersection. (B) Gene ontology
term enrichment of differentially expressed genes (DEGs) of intersection IV and VI. (C) KEGG pathway
enrichment of DEGs in intersection VI. (D) KEGG pathway enrichment of DEGs in intersection IV. The
control and transgenic (NfsI OE-02 and -14) plantlets were exposed to 0 and 20 mg·L-12,4-DNT, respec-
tively. After 2 days treatment, total RNAs were extracted and subjected to transcriptome analysis through
RNA-sequencing. Each sample included three vegetatively propagated copies. Values are mean ± SE (n =
3).

Supporting Information

Table S1. Primers used in this study.

Table S2. Overview of differentially expressed genes between control and transgenic switchgrass
plants.

+ CP-UT, control plants without 2,4-DNT treatment; CP-T, control plants with 20 mg*L-1 2,4-DNT treat-
ment for 2 days; TP-UT, transgenic plants (NfsI OE-02 and -14) without 2,4-DNT treatment; TP-T, trans-
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. genic plants (NfsI OE-02 and -14) with 20 mg*L-1 2,4-DNT treatment for 2 days.

Table S3. Expression profiles of two intersections (IV and VI) involved in NfsI-mediated
detoxification of 2,4-DNT in switchgrass.Fig. S1. Alignmentof nucleotide sequences of the wild
type NfsI (WT NfsI ) and codon-optimized NfsI (CO NfsI ). The WT NfsI sequence (GenBank
accession No. M6308.1) was retrieved from the Enterobacter cloacae genome sequence. The nucleotide
sequence of WT NfsI was optimized based on the codon preference of switchgrass and the CO NfsI was
synthesized.

Fig. S2. UV-Vis and mass spectra of intermediates of 2,4-DNT transformed by NfsI in vitro.
(A-D) The UV-Vis spectra of peak 1-4. (E-G) The mass spectra of peak 1, 2, and 4.

Fig. S3. Autoformation of peak 3 from peak 1. (A) HPLC analysis of peak 3 autoformation with time.
(B) The concentration of peak 1 and 3 with time. Peak 1 (HAMNT) was produced from the NfsI-mediated
reduction reaction and purified by HPLC.

Fig. S4. Effect of 2,4-DNT on root length and ROS content of wild type switchgrass plants.
(A) The wild type switchgrass plantlets were grown on MS0 medium supplied with various concentrations of
2,4-DNT for 14 days. (B) Root length of the wild type switchgrass plantlets were measured after 2,4-DNT
treatment. (C) ROS content of the wild type switchgrass plantlets were measured after 2,4-DNT treatment.

Fig. S5. Impact of 2,4-DNT on root growth and development.Roots morphology of control (A)
and transgenic (B) switchgrass plants after 6 days incubation with 20 mg*L-1 2,4-DNT.

Fig. S6.Transcriptome analysis of control switchgrass plants responses to 2,4-DNT treatment.
Analysis of volcano plots (A) and gene ontology term (B) of differentially expressed genes (DEGs) between
control switchgrass plants with and without 2,4-DNT treatment. The control switchgrass plantlets were
exposed to 20 mg*L-1 2,4-DNT. After 2 days of treatment, total RNAs were extracted and subjected to
transcriptome analysis through RNA-sequencing. Each sample included three vegetatively propagated copies.
Values are mean +- SE (n = 3).
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. Fig. 1. Metabolites of 2,4-DNT and DNTS transformed by NfsI in vitro. HPLC analysis of
metabolites of 2,4-DNT (A) and DNTS (B) transformed by the purified recombinant NfsI in vitro . The
proposed pathway for the reduction of 2,4-DNT (C) and DNTS (D) by NfsI. Peak 1, 2/4-hydroxyl amino-4/2-
mononitrotoluene (HAMNT); Peak 2, 2/4-amino-4/2-mononitrotoluene (AMNT); Peak 3, a novel compound
derived from HAMNT; Peak 4, 4-hydroxyl amino-4/2-mononitrotoluene-3-SO3

-(HAMNTS).

Fig. 2. Effects of pH value and NADPH concentration on NfsI enzymatic activity. The
enzymatic activity of NfsI was examined at different pH values (A) and NADPH concentrations (B).

Fig. 3. Morphological and molecular characterization of transgenic switchgrass plants over-
expressing bacterial NfsI. (A) Representative switchgrass plants from control (Ctrl) and transgenic
(NfsI OE-02 and -14) switchgrass plants are shown. (B) Quantitative real-time PCR analysis of NfsI tran-
script abundances in control and transgenic switchgrass plants. The control plants were generated with the
pANIC6B empty vector. Stems at the R1 stage were collected. The expression level of switchgrass PvUbiq2
was used as the reference for normalization. Values are mean ± SE (n = 3).

Fig. 4. Effect of 2,4-DNT on root length and ROS content of control and transgenic switchgrass
plants. (A) Root length of the control and transgenic switchgrass plantlets were measured after 2,4-DNT
treatment. (B) In situ detection of ROS in roots of control and transgenic switchgrass plantlets by DAB
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. staining. (C) ROS content in roots of the control and transgenic switchgrass plantlets were measured after
2,4-DNT treatment. The control and transgenic (NfsI OE-02 and -14) switchgrass plantlets were exposed
to 0, 2, and 20 mg·L-1 2,4-DNT. After 14 days of treatment, the photographs of roots stained with NBT
were taken. Root length as well as ROS content were also measured. Each sample included six vegetatively
propagated copies. Values are mean ± SE (n = 3).

Fig. 5. Uptake of 2,4-DNT and DNTS by control and transgenic switchgrass plants. (A)
2,4-DNT concentration in 1/2 MS liquid culture medium with time. The control and transgenic switchgrass
plants at E2 stage were exposed to 1/2 MS liquid medium supplied with 20 mg·L-1 2,4-DNT, respectively. The
blank was 1/2 MS liquid medium supplied with 20 mg·L-1 2,4-DNT without plants. (B) DNTS concentration
in liquid culture medium with time. The control and transgenic switchgrass plants at E2 stage were exposed
to 1/2 MS liquid medium supplied with 1000 mg·L-1 DNTS, respectively. The blank was 1/2 MS liquid
medium supplied with 1000 mg·L-1 DNTS without plants

Fig. 6. Transcriptome analysis of transgenic switchgrass plants responses to 2,4-DNT treat-
ment. (A) Venn diagram and intersecting sets analysis for upregulated and downregulated genes among
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. the control and transgenic switchgrass plants with and without 2,4-DNT treatment. CP-UT, control plants
without 2,4-DNT treatment; CP-T, control plants with 20 mg·L-1 2,4-DNT treatment; TP-UT, transgenic
plants (NfsI OE-02 and -14) without 2,4-DNT treatment; TP-T, transgenic plants (NfsI OE-02 and -14)
with 20 mg·L-1 2,4-DNT treatment for 2 days. The horizontal bars represent different intersections of four
sets of samples (I-VIII). The vertical bars represent the gene number of the intersection. (B) Gene ontology
term enrichment of differentially expressed genes (DEGs) of intersection IV and VI. (C) KEGG pathway
enrichment of DEGs in intersection VI. (D) KEGG pathway enrichment of DEGs in intersection IV. The
control and transgenic (NfsI OE-02 and -14) plantlets were exposed to 0 and 20 mg·L-1 2,4-DNT, respec-
tively. After 2 days treatment, total RNAs were extracted and subjected to transcriptome analysis through
RNA-sequencing. Each sample included three vegetatively propagated copies. Values are mean ± SE (n =
3).
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