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Main Conclusion: Transgenic western wheatgrass degrades the explosive RDX and detoxifies TNT

ABSTRACT

Contamination, from the explosives, hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX) and 2, 4, 6-
trinitrotoluene (TNT), especially on live-fire training ranges, threatens environmental and human health.
Phytoremediation is an approach that could be used to clean-up explosive pollution, but it is hindered by
inherently low in planta RDX degradation rates, and the high phytotoxicity of TNT. The bacterial genes,
xplA, and xplB, confer the ability to degrade RDX in plants, and a bacterial nitroreductase gene nfs/,
enhances the capacity of plants to withstand and detoxify TNT. While previous studies have used model
plant species to demonstrate the efficacy of this technology, trials using plant species able to thrive in the
challenging environments found on military training ranges are now urgently needed. Perennial western
wheatgrass (Pascopyrum smithii) is a United States native species that is broadly distributed across North
America, well-suited for phytoremediation, and used by the US military to re-vegetate military ranges.
Here we present the first report of the genetic transformation of western wheatgrass. Plant lines
transformed with xplA, xplB and nfsl removed significantly more RDX from hydroponic solutions and
retained much lower, or undetectable, levels of RDX in their leaf tissues when compared to wild-type
plants. Furthermore, these plants were also more resistant to TNT toxicity, and detoxified more TNT than
wild-type plants. This is the first study to engineer a field-applicable grass species capable of both RDX
degradation and TNT detoxification. Together, these findings present a promising biotechnological
approach to sustainably contain, and remove, RDX and TNT from training range soil and prevent

groundwater contamination.

Keywords: phytoremediation; RDX; TNT; western wheatgrass; transformation, monocot promoters;

stacked genes.
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INTRODUCTION

The explosives hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine (RDX) and 2,4,6-trinitrotoluene (TNT) are used
extensively by the US military. These compounds are damaging to the environment and human health:
RDX targets the nervous system and can cause seizures in humans and animals (Ramasahayam et al.
2017) while TNT is considered to be highly toxic and mutagenic (Bolt et al. 2006; Honeycutt et al. 1996;
Travis et al. 2008). The US Environmental Protection Agency has classified both RDX and TNT as
possible human carcinogens (USEPA, 2014), and during explosives manufacture, transportation, storage
and disposal, these toxic pollutants are released into the environment. Additionally, live-fire training at
military bases has resulted in the contamination of soils around targets with particulates of munitions
compounds, which have leached RDX into the underlying groundwater. The total area of operational
ranges in the United States contaminated with munitions constituents is estimated to be more than 16
million acres (United States General Accounting, 2004), with clean-up of active ranges estimated by the
US Department of Defense to cost between US$16 billion and US$165 billion (United States General
Accounting, 2004). Chemical-based methods to remediate explosives, such as alkaline hydrolysis
(Sviatenko et al. 2017), redox reactions using iron-bearing materials (Oh et al. 2016), and permeable
reaction barriers (Ahmad et al. 2007) have proven too cost-intensive for the scale of the contaminated
areas. Phytoremediation of RDX and TNT has been developed as a potentially more cost-efficient, and

sustainable method to clean up contaminated soil.

Plants readily take up and translocate RDX from the soil to the aerial tissues (Vila et al. 2007; Brentner et
al. 2010), with studies of poplar (Populus deltoides x nigra DN-34) showing that RDX can be reduced
to hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX) and hexahydro-1,3-dinitroso-5-nitro-1,3,5-
triazine (DNX) (Van Aken et al. 2004). However, despite high uptake rates, plants have relatively low
rates of RDX degradation (Mezzari et al. 2004; Best et al. 1999; Winfield 2004) with RDX accumulated

in living plant tissues returning to the environment following plant senescence (Yoon et al. 2006).
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In contrast to RDX, TNT remains predominantly in root tissues with less than 25 % translocated to aerial
tissues (Vila et al. 2007; Brentner et al. 2010). TNT is also more phytotoxic (Pavlostathis and Jackson
2002; Hannink et al. 2007; Johnston et al. 2015) than RDX, and symptoms of toxicity such as stunted
growth and chlorosis have been observed at concentrations comparable to those found on military training
ranges (Pichtel 2012). Plants have a limited ability to detoxify TNT. Endogenous nitroreductases,
including oxophytodienoate reductases (Beynon et al. 2009) reduce TNT to hydroxyl-amino and then
amino-dinitrotoluenes (HADNTSs and ADNTSs). These transformed intermediates are then conjugated to
hydrophilic molecules such as sugars (Gandia-Herrero et al. 2008) and glutathione (Gunning et al. 2014),

then appear to be incorporated into cell wall materials (Rylott and Bruce 2009).

While plants are limited in their ability to remediate these explosives, bacteria able to degrade RDX and
detoxify TNT have been isolated from explosives-contaminated soils, and the genes responsible
characterized: a fused flavodoxin-cytochrome P450 XplA and associated flavodoxin reductase XpIB from
Rhodococcus rhodocous strain 11Y confer aerobic biodegradation of RDX (Seth-Smith et al. 2002) and
from Enterobacter cloacae, nfsl encodes a nitroreductase (NR), which transforms TNT, favoring the
production of the 4-ADNT isomer (Hannink et al. 2001). Numerous species of bacteria containing xp/A
and xplB have since been isolated from RDX-contaminated locations around the world (Seth-Smith et al.
2008; Rylott et al. 2011b; Andeer et al. 2009; Andeer et al. 2013; Bernstein et al. 2011; Thompson et al.
2005; Binks et al. 1995; Coleman 1998; Adrian and Arnett 2004). Yet despite the presence of RDX-
degrading bacteria, RDX contamination in these regions persists, suggesting that other limitations are

preventing bacterial degradation of RDX.

To increase the ability of plants to degrade RDX, xp/A4 and xplB have been transformed into a range of
plant species. The co-pollutant TNT is phytotoxic, and also inhibits XplA activity (Jackson et al. 2007).
To overcome these hindering factors, the TNT detoxifying nitroreductase has been expressed in tobacco
(Nicotiana tabaccum; Hannink et al. 2001), the RDX-metabolizing xp/4 and xp/B in Arabidopsis

(Arabidopsis thaliana; Rylott et al. 2006); and all three genes have since been simultaneously expressed
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in Arabidopsis (Rylott et al. 2011a), and creeping bentgrass (Agrostis stolonifera; Zhang et al. 2017a).
These transgenic plants were all able to degrade RDX and resist high levels of TNT when compared to
wild-type plants. In our recent report, nfs/ transformed into the plastid genome of tobacco conferred
enhanced resistance to TNT (Zhang et al. 2017b). However, Arabidopsis, tobacco, and creeping bentgrass
are not well-adapted to thriving in the challenging environments found in military training ranges.
Switchgrass (Panicum virgatum), is a United States native species, with additional attributes that make it
suitable for phytoremediation of explosives on military training ranges, and recently plants have been
transformed with xplA4, xplB and nsfI and shown to remediate RDX (Zhang et al. 2017a). However, since
the range of the lowland switchgrass species is limited, and planting a single species in the field is likely
to result in vulnerability to pests, diseases and other environmental stresses; additional grass species are
needed. Western wheatgrass (Pascopyrum smithii) is a long-lived, cool season, United States native
species that is broadly distributed across North America, with characteristics that make it a desirable plant
for the phytoremediation of RDX and TNT on live-fire training ranges. Its low maintenance requirements
and vigorously spreading rhizomes give it the ability to recover quickly after damage caused by military
vehicle traffic, explosive fire or the range fires that occur on training ranges (Palazzo et al. 2005).
Furthermore, cultivars, which have improved performance over existing commercially available cultivars,
have been developed by the US military specifically for the re-vegetation of ranges including western
wheatgrass (Palazzo et al. 2005). However, until now wheatgrass species have proven recalcitrant to
transformation. This study uses xpl4, xplB, and nfsl to demonstrate an effective transformation protocol,

and validate the ability of this species to remediate RDX and TNT.

MATERIALS AND METHODS

Plasmid construction

The binary vector pEDLZ2014 (Figure 1) was constructed using a protocol similar to that used to
transform switchgrass, prcs2-NABNR (Zhang et al. 2017a) with the following modifications. The Osact

sequence was amplified from pANIC 5A (Mann et al. 2012) and used to replace the 35S promoter in
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pSAT4a (Tzfira et al. 2005) to produce pPNSAT4a. The xplA4, xp/B genes (GenBank accession number
AF449421 for both), and nfsl gene (M63808) were cloned by PCR from the vectors pMLBart-xplA,
pART27-xplB, and pART27-nfsI (Rylott et al. 2011a) and inserted into pNSAT3a, pNSAT4a, and
pPNSATG6a, respectively, to produce pNSAT3a-xpld, pNSAT4a-nfsl, and pNSAT6a-xplB (Zhang et al.
2017a). The hygromycin resistance gene, hygromycin B phosphotransferase (4pr), was cloned by PCR
from pCambial301 and inserted into pNSAT 1a to produce pNSAT la-/pt. The expression cassettes of
OsActin-hpt-35s T, ZmUbi-xpl4A-mas T, OsActin-nfsl-35S T, and PvUbi-xp/B-tbc T were sequentially
inserted into the pRCS2 binary vector at these respective restriction sites Ascl-Ascl, I-Ppol-1-Ppol, 1-Scel-
I-Scel, PI-Pspl-PI-Pspl to produce pEDLZ2014. All the primers used in this research are listed in
Supplement Table 1 and the sequences of all the elements in the vector were listed in Supplement

Table 2.

Culture condition for plant materials
Western wheatgrass plants (including callus regeneration, RDX and TNT uptake experiments) were

cultured at 25°C under 50 uE m?sec™! constant light with a 16 h day/8 h night photoperiod.

Transformation of western wheatgrass

The grain husks of western wheatgrass were removed and the seeds surface-sterilized in 10 % bleach for
30 min, then rinsed four times with sterile water. Sterile seeds were cultured on callus induction (CI)
medium (Murashige and Skoog’s (MS) basic medium (Murashige and Skoog 1962) with 0.5 g/L proline,
0.5 g/L N-Z amine, 2.5 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), 0.1 mg/L 6-benzylaminopurine (6-
BAP), 30 g/L sucrose, pH 5.8) in the dark for embryogenic callus induction. The embryogenic calli were

sub-cultured onto CI medium at one-month intervals.

A biolistic particle system (Bio-Rad PDS-1000) was used for delivery of pEDLZ2014 with 7,584 kPa
(1,100 psi) rupture disks, a microcarrier flight distance of 9 cm and a vacuum of 97 kPa (27 in) Hg, with

all hardware and reagents produced by Bio-Rad. Microprojectile preparation was as described earlier
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(Lutz et al. 2006). The embryogenic calli were incubated on osmotic medium (CI medium with 36.4 g/L
sorbitol and 36.4 g/L. mannitol) for 6 h prior to bombardment. After bombardment, the calli were keep in
the dark overnight on osmotic medium, then transferred to CI medium for two days and then to CI
medium with 75 mg/L hygromycin. After two months of growth, hygromycin-resistant calli were
transferred to fresh selective CI medium for further selection and callus propagation. After three more
months of growth, the hygromycin resistant calli were transferred to regeneration medium (MS medium
with 1 mg/L 6-BAP, 0.1 mg/L 1-naphthaleneacetic acid (NAA), 30 g/L sucrose, pH 5.8) with 75 mg/L
hygromycin. Regenerated plantlets were transferred to MS medium containing 50 mg/L hygromycin, then
rooted plantlets transferred to shoot induction medium (MS medium with 2 mg/L 6-BAP, 0.2 mg/L NAA,
30 g/L sucrose, pH 5.8) with 50 mg/L hygromycin for cluster shoots induction. After two months, new
branches in cluster shoots were excised and transferred to fresh MS medium with hygromycin at 50 mg/L
to promote growth and rooting. The rhizomes were cut into sections with a node on each fragment and
cultured on MS medium for new plantlet development. One week later, new shoots and roots developed
from nodes of rhizomes fragments. Healthy plants from the cluster shoots or rhizomes were selected and

transferred to soil.

Transgene expression analysis

DNA was extracted using DNeasy plant mini kits (Qiagen, Valencia, CA, USA), and PCR reactions
performed using the primers listed in Table S1. For transcript analysis, mRNA was extracted from mature
western wheatgrass leaf blades using RNeasy plant mini kits (Qiagen). One microgram of total RNA was
treated with DNase I (Invitrogen) and used to synthesize cDNA with random primers (Invitrogen) and M-
MLYV reverse transcriptase (Invitrogen). Quantitative real-time PCR (qPCR) was performed using a
SensiFast SYBR No-ROX kit (Bioline). Data from RT-qPCR were normalized to the western wheatgrass
5.8S gene (GenBank: GU557082.1). Protein analysis used SDS-PAGE with 8 pg of crude protein per
sample, and antibodies were used as reported previously, XplA, (Rylott et al. 2006); XplIB, (Jackson et al.

2007) and nitroreductase (Rylott et al. 2011a).
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RDX uptake studies

Wild-type and transformed plants of comparable biomass and developmental status were selected and
cultured in 5 mL 2 MS media with 30 mg/L RDX for 12 days. Levels of RDX in the medium were
assayed at regular time intervals, with volumes of medium refilled back to 5 mL with tap water each time

before sampling. After 12 days, the RDX concentrations in the plant tissues were determined.

TNT uptake studies

Mature leaf blades were cut into sections about 1.5 cm length and cultured in 20 mL water containing
12.5, and 32.5 mg/L TNT. The starting biomass in each bottle was 0.572 + 0.003 g. Samples of medium
were removed at regular intervals for analysis. After 66 hours, the concentrations of TNT and 4-ADNT in

the plant tissues were determined.

Extraction of RDX, TNT, and 4-ADNT from plant tissue

Plant leaf tissue (100 mg) was freeze dried and ground to a powder using a Fast Prep 24 (MP
Biomedicals, LLC. Solon, USA). RDX, TNT and ADNT were extracted from leaf materials using 1 mL
methanol with shaking for 12 hours, then three repeat extractions with shaking for two hours. The
combined extraction products were dried using an Eppendorf Vacufuge 5301, re-dissolved in 1.5 mL

methanol, centrifuged at 13,000 for ten minutes and the supernatant (1000 uL) analyzed by HPLC.

Determination of RDX, TNT and ADNT levels

RDX, TNT and ADNT concentrations were analyzed using a modular Waters HPLC system consisting of
a Waters 717 autosampler, two Waters 515 HPLC pumps, and a Waters 2996 photodiode array detector.
A 4.6- by 250-mm Waters C18 column was used for separation under conditions similar to those
described previously (Andeer et al. 2013), with concentration determined based on absorbance at 240 nm.
Peak integrations and analyses were conducted using Millennium32 software (Waters, Milford, MA). The

limit of detection of RDX by this method is 0.01 mg/L.
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Data analysis

Data were analyzed for statistical significance using ANOVA in Microsoft Excel software (Microsoft
Excel 2016 MSO). When ANOVA analysis gave a significant difference, Fishers Least Significant
Difference (LSD) method was performed to compare the means. Groupings differing by statistical

significance are labeled by letters in the figures.

RESULTS

Creation of transgenic western wheatgrass

Following results from the expression of xplA4, xpIB, and nfs/l in switchgrass and creeping bentgrass, the
vector used in our former report (Zhang et al. 2017a), was modified to improve transgene expression. The
35S promoter driving expression of nfs/ was replaced with the rice (Oryza sativa) actin promoter (Osact);
and the switchgrass ubiquitin promoter (Pvubi) driving xp/4 expression was replaced with the maize (Zea
mays) ubiquitin promoter (ZmUbi). The structure of the resulting vector, pEDLZ2014, is shown in

Figure 1.

To successfully transform western wheatgrass, vigorously-growing embryogenic calli were needed.
Figure 2a shows the white or light-yellow, friable embryogenic calli obtained after 1-2 months of growth.
Following additional culturing, calli suitable for transformation were obtained (Figure 2b) and bombarded
with pEDLZ2014 vector DNA. Figure 2c shows the appearance of the surviving calli two months after
bombardment; after three to four months, green and healthy plantlets were obtained (Figure 2d). In total,
10 plates of embryogenic calli were bombarded, with 98 calli showing hygromycin resistance and of
these, 30 produced green and healthy plantlets (Figure 2e). To produce biomass for subsequent analysis,
the plantlets were propagated on cluster shoot induction medium which initiated the formation of robust
shoots and rhizomes as shown in Figure 2f. The rhizomes were cut into nodal sections, as shown in
Figure 2g, and cultured to regenerate new plantlets. Figure 2h shows the appearance of the fully

regenerated plants in soil.
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To confirm the integration and expression of the transgenes in the hygromycin-resistant plantlets, PCR
and qRT-PCR analysis were conducted on thirteen, independently-transformed lines. The results,
presented in Figure 3a, show expression of xp/4, xp/B and nfs/ in the transgenic lines, while the
transgenes were not detectable in the wild-type, untransformed plants. Expression of the transgenes was
highest in lines S35, N1, N9 and D22 and subsequent western blot analysis (Figure 3b) of these lines
revealed the presence of 60, 45 and 24 kDa bands, which corresponded in size to the XplA, XpIB and NR

proteins, respectively.

RDX uptake studies

To determine the rate of RDX uptake, the plants were grown in liquid MS medium in open test tubes.
Evaporation of RDX from the medium was minimal due to its low volatility (Xiong et al. 2009). Over the
course of the experiment, all the transformed lines removed RDX from the medium faster than the wild-
type plants (Figure 4a). After 3 days, the RDX concentration in the medium containing transformed plants
was significantly lower than that of wild-type plants (p = 2x10). After 6 days, the difference between
wild-type and transformed lines further increased with lines N9 and D22 removing significantly more
RDX than lines S35 and D45 (p = 0.0003). After 12 days of culture, 65 % of the RDX had been removed
by wild-type plants while 86 % and 87 % by line N9 and D22 respectively. After 12 days, wild-type RDX
leaf tissue levels were found to be 0.12 + 0.03 mg/g RDX, in comparison, RDX was not detected in tissue
from transformed lines tested, N9, D22, and S35, and RDX was at 0.0334+0.001 mg/g in transformed line
D45 (Figure 4b). To confirm that the lack of accumulation of RDX in transformed tissue was caused by
degradation, rather than by dilution in growing plant tissues, leaf blades of wild-type and lines, N9 and
D22 were cultured in water with 20 mg/L or 40 mg/L RDX. Figure 4c shows that while the concentration
of RDX in the wild-type leaves increased from day 2 to day 8, no RDX was detected in the transformed
line D22. Although RDX was detected in leaf tissue of transformed line N9, it was 28 % lower than that
in wild-type (p = 0.004) at day 2 when cultured in RDX solution at 20 mg/L, and 53% lower (p = 0.033)

at day 2, with 40 RDX mg/L. In contrast to wild-type, the RDX concentration in line N9 decreased after 2

10
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days of culture and could not be detected on day 8. This result confirmed that both N9 and D22 are able to

degrade RDX.

TNT detoxification studies

Though the main target of this research was to engineer grasses for RDX degradation, the grasses also
need to be able to resist the phytotoxicity of TNT since training ranges are contaminated by both RDX
and TNT, and TNT can also inhibit XplA activity (Jackson et al. 2007). Thus the xp/4-xp[B-nfsl
transformed lines N9, and D22, which had the highest RDX degradation abilities, were tested for their
resistance to TNT conferred by NR activity. When leaf sections were cultured in water containing 15
mg/L TNT, the transformed lines removed TNT more quickly than wild-type plants (p =0.0019 at 18 hr
incubation). Line D22 removed TNT most rapidly, with TNT undetectable in the solution after 48 hr.
After 66 hr, nearly all TNT had disappeared from solution from wild-type and transformed plants (Figure
5a). Though wild-type western wheatgrass removed TNT from the solution, when compared to the
transgenic lines after 66 hr, the wild-type leaf sections exhibited symptoms of toxicity, with overall
yellowing of the leaf surfaces and darkening of the cut edges (Supplement Figure 1a). After 66 hours of
culture in water containing 32 mg/L. TNT, the wild-type plants were unable to remove any TNT, while the
transformed lines removed nearly all the TNT (0.38 = 0.16 mg/L remaining for N9 and 0.51 & 0.35 for
D22; Figure 5b). Furthermore, the wild-type plants showed signs of toxicity, as indicated by a reduction
in growth rate such that the biomass gain of wild-type was 24 % and 30 % of that of N9 and D22,

respectively after 3 days (Supplement Figure 1b).

While in whole plants, TNT and transformation products are localized predominantly in the roots, when
grown in liquid culture, leaf tissues are known to also contain these products (Hannink et al. 2007;
Hannink et al. 2001). To verify that TNT was transformed in the tissues of the modified plants, TNT and
ADNT levels, in leaf tissue were determined after 42 hours culture in TNT solution (Figure 5¢). When
cultured in 12.5 mg/L TNT solution, TNT was not detected in the tissues of either wild-type or

transformed plants, while ADNT was detected in wild-type leaf tissue at a level lower than for N9 and

11
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D22 (p =0.0188). When cultured in 25 mg/L TNT solution for 42 hours, the wild-type leaf tissue
accumulated 11.91+1.64 pg/g TNT, about 3 times of that in lines N9 and D22 (p = 0.0004). At the same
time, the ADNT concentration in the wild-type plants was 6.01 + 0.92 pg/g, about 60 % of that in leaf
tissue of transformed plants (p = 0.0012). These results demonstrated that though wild-type plants have
the ability to uptake and detoxify limited amounts of TNT, the nfs/-transformed western wheatgrass are
able to detoxify significantly more TNT, resulting in increased tolerance, and subsequent ability to take

up overall more TNT.

DISCUSSION

On live-fire training ranges, deposition of RDX and TNT onto soils around targets is ongoing and thus a
continuing source of soil and groundwater contamination. Phytoremediation could be a relatively low-
cost method to contain and clean-up these sites but many plant species grow poorly in RDX and TNT
contaminated soil (Vila et al. 2007; Via and Zinnert 2016; Panz and Miksch 2012; Via et al. 2015) and are

not able to degrade significant amounts of RDX (Best et al. 1999; Yoon et al. 2006; Best et al. 2006).

Studies in model plant species have demonstrated that genetically modifying plants with xp/A, xplB and
nfsl conferred the ability to degrade RDX and detoxify TNT (Hannink et al. 2007; Rylott et al. 2011a).
The subsequent development of genetically modified switchgrass and creeping bentgrass confirmed that
this system for RDX degradation worked efficiently in monocot grasses (Zhang et al. 2017a). However,
expression of the nfs/ gene, under the control of the 35S promoter, in these lines was poor, and
accordingly, the transformed switchgrass did not show enhanced resistance to TNT. Expression of the
35S promoter has been reported to be lower in monocots (Jang et al. 2002; Christensen et al. 1992). In
this research, the 35S promoter driving the expression of nfs/ was replaced with the monocot OsAct
promoter. The resulting western wheatgrass plants showed both enhanced RDX degradation and

enhanced TNT detoxification.
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Western wheatgrass has many desirable attributes that make it suitable for deployment on training ranges.
It is native to the US, growing across a broad geographical location with includes military lands (USDA,
2002). Furthermore, its robust leaves and rhizomes make it able to withstand stresses associated with
military ranges such as fire, military vehicular traffic, and nutrient poor soils. Some of these attributes
also make western wheatgrass valuable as a forage grass, so advances in its genetic modification are
important in agriculture. Here we describe a method for reliably transforming western wheatgrass. This
method could also be adapted to other forage grasses, such as slender wheatgrass (Elymus trachycaulus)
and Siberian wheatgrass (Agropyron fragile). In our experience, a prerequisite for successful development

of transformed callus is the selection of the friable white callus morphology (Figure 2b).

In conclusion, this is the first report on the genetic transformation of western wheatgrass. This protocol
will contribute to wider plant biotechnology uses, here, we utilize it to show the efficacy of xplA4, xp[B,
nfsl-expressing plants to degrade RDX and detoxify TNT. These species neatly complement transgenic
switchgrass lines, enabling this technology to be used across a broader range of environmental, and

geographic conditions for the containment and detoxification of explosives on military training ranges.

Acknowledgements

The authors declare no conflict of interest. This work was funded by US DoD SERDP ER-1498 and
ESTCP ER-201436. We thank Mr. Ryan Routsong for his work of maintaining the HPLC system and

advice for preparing HPLC samples.

References
Adrian NR, Arnett CM (2004) Anaerobic biodegradation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)

by Acetobacterium malicum strain HAAP-1 isolated from a methanogenic mixed culture. Curr
Microbiol 48:332-340

13



303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353

Ahmad F, Schnitker SP, Newell CJ (2007) Remediation of RDX- and HMX-contaminated groundwater
using organic mulch permeable reactive barriers. J Contam Hydrol 90:1-20

Andeer P, Stahl DA, Lillis L, Strand SE (2013) Identification of microbial populations assimilating
nitrogen from RDX in munitions contaminated military training range soils by high sensitivity
stable isotope probing. Environ Sci Technol 47:10356-10363

Andeer P, Stahl DA, Bruce NC, Strand SE (2009) Lateral transfer of genes for hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX) degradation. Appl Enviro Microbiol 75:3258-3262

Bernstein A, Adar E, Nejidat A, Ronen Z (2011) Isolation and characterization of RDX-degrading
Rhodococcus species from a contaminated aquifer. Biodegradation 22:997-1005

Best EP, Geter KN, Tatem HE, Lane BK (2006) Effects, transfer, and fate of RDX from aged soil in
plants and worms. Chemosphere 62:616-625

Best EP, Sprecher SL, Larson SL, Fredrickson HL, Bader DF (1999) Environmental behavior of
explosives in groundwater from the Milan Army Ammunition Plant in aquatic and wetland plant
treatments. Uptake and fate of TNT and RDX in plants. Chemosphere 39:2057-2072

Beynon ER, Symons ZC, Jackson RG, Lorenz A, Rylott EL, Bruce NC (2009) The role of
oxophytodienoate reductases in the detoxification of the explosive 2,4,6-trinitrotoluene by
Arabidopsis. Plant Physiol 151:253-261

Binks PR, Nicklin S, Bruce NC (1995) Degradation of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) by
Stenotrophomonas maltophilia PB1. Appl Environ Microbiol 61:1318-1322

Bolt HM, Degen GH, Dorn SB, Plottner S, Harth V (2006) Genotoxicity and potential carcinogenicity of
2,4,6-TNT trinitrotoluene: structural and toxicological considerations. Rev Environ Health
21:217-228

Brentner LB, Mukherji ST, Walsh SA, Schnoor JL (2010) Localization of hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) and 2,4,6-trinitrotoluene (TNT) in poplar and switchgrass plants using phosphor
imager autoradiography. Environ Pollut 158:470-475

Christensen AH, Sharrock RA, Quail PH (1992) Maize polyubiquitin genes: structure, thermal
perturbation of expression and transcript splicing, and promoter activity following transfer to
protoplasts by electroporation. Plant Mol Biol 18:675-689

Coleman NV, D.R. Nelson, and T. Duxbury (1998) Aerobic biodegradation of hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX) as a nitrogen source by a Rhodococcus sp., strain DN22. Soil Biol Biochem
30:1159-1167

Gandia-Herrero F, Lorenz A, Larson T, Graham IA, Bowles DJ, Rylott EL, Bruce NC (2008)
Detoxification of the explosive 2,4,6-trinitrotoluene in Arabidopsis: discovery of bifunctional O-
and C-glucosyltransferases. Plant J 56:963-974

Gunning V, Tzafestas K, Sparrow H, Johnston EJ, Brentnall AS, Potts JR, Rylott EL, Bruce NC (2014)
Arabidopsis glutathione transferases U24 and U25 exhibit a range of detoxification activities with
the environmental pollutant and explosive, 2,4,6-trinitrotoluene. Plant Physiol 165:854-865

Hannink N, Rosser SJ, French CE, Basran A, Murray JA, Nicklin S, Bruce NC (2001)
Phytodetoxification of TNT by transgenic plants expressing a bacterial nitroreductase. Nature
Biotechnol 19:1168-1172

Hannink NK, Subramanian M, Rosser SJ, Basran A, Murray JA, Shanks JV, Bruce NC (2007) Enhanced
transformation of tnt by tobacco plants expressing a bacterial nitroreductase. Int J
Phytoremediation 9:385-401

Honeycutt ME, Jarvis AS, McFarland VA (1996) Cytotoxicity and mutagenicity of 2,4,6-trinitrotoluene
and its metabolites. Ecotoxicol Environ Saf 35:282-287

Jackson RG, Rylott EL, Fournier D, Hawari J, Bruce NC (2007) Exploring the biochemical properties and
remediation applications of the unusual explosive-degrading P450 system XplA/B. Proc Natl
Acad Sci U S A 104:16822-16827

Jang IC, Choi WB, Lee KH, Song SI, Nahm BH, Kim JK (2002) High-level and ubiquitous expression of
the rice cytochrome ¢ gene OsCcl and its promoter activity in transgenic plants provides a useful
promoter for transgenesis of monocots. Plant Physiol 129:1473-1481

14



354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404

Johnston EJ, Rylott EL, Beynon E, Lorenz A, Chechik V, Bruce NC (2015) Monodehydroascorbate
reductase mediates TNT toxicity in plants. Science 349:1072-1075

Lutz KA, Svab Z, Maliga P (2006) Construction of marker-free transplastomic tobacco using the Cre-
loxP site-specific recombination system. Nat Protoc 1:900-910

Mann DG, Lafayette PR, Abercrombie LL, King ZR, Mazarei M, Halter MC, Poovaiah CR, Baxter H,
Shen H, Dixon RA, Parrott WA, Neal Stewart C, Jr. (2012) Gateway-compatible vectors for high-
throughput gene functional analysis in switchgrass (Panicum virgatum L.) and other monocot
species. Plant Biotechnol J 10:226-236

Mezzari MP, Van Aken B, Yoon JM, Just CL, Schnoor JL (2004) Mathematical modeling of RDX and
HMX metabolism in poplar (Populus deltoides x Populus nigra, DN34) tissue culture. Int J
Phytoremediation 6:323-345

Murashige T, Skoog F (1962) A revised medium for rapid growth and bio assays with tobacco tissue
cultures. Physiol Plantarum 15:473-497

Oh SY, Yoon HS, Jeong TY, Kim SD, Kim DW (2016) Reduction and persulfate oxidation of nitro
explosives in contaminated soils using Fe-bearing materials. Environ Sci Process Impacts 18:863-
871

Palazzo AJ, Jensen KB, Waldron BL, Cary TJ (2005) Effects of tank tracking on range grasses. J
Terramechanics 42:177-191

Panz K, Miksch K (2012) Phytoremediation of explosives (TNT, RDX, HMX) by wild-type and
transgenic plants. J Environ Manage 113:85-92

Pavlostathis SG, Jackson GH (2002) Biotransformation of 2,4,6-trinitrotoluene in a continuous-flow
Anabaena sp. system. Water Res 36 (7):1699-1706

Pichtel J (2012) Distribution and fate of military explosives and propellants in soil: a review. Appl
Environ Soil Sci 2012:33

Ramasahayam S, Jaligama S, Atwa SM, Salley JT, Thongdy M, Blaylock BL, Meyer SA (2017)
Megakaryocyte expansion and macrophage infiltration in bone marrow of rats subchronically
treated with MNX, N-nitroso environmental degradation product of munitions compound RDX
(hexahydro-1,3,5-trinitro-1,3,5-triazine). J Appl Toxicol 37:913-921

Rylott E, Bruce N (2009) Plants disarm soil: engineering plants for the phytoremediation of explosives.
Trends Biotechnol 27:73-81

Rylott EL, Budarina MV, Barker A, Lorenz A, Strand SE, Bruce NC (2011a) Engineering plants for the
phytoremediation of RDX in the presence of the co-contaminating explosive TNT. New Phytol
192:405-413

Rylott EL, Jackson RG, Edwards J, Womack GL, Seth-Smith HM, Rathbone DA, Strand SE, Bruce NC
(2006) An explosive-degrading cytochrome P450 activity and its targeted application for the
phytoremediation of RDX. Nat Biotechnol 24:216-219

Rylott EL, Jackson RG, Sabbadin F, Seth-Smith HM, Edwards J, Chong CS, Strand SE, Grogan G, Bruce
NC (2011b) The explosive-degrading cytochrome P450 XplA: biochemistry, structural features
and prospects for bioremediation. Biochim Biophys Acta 1814:230-236

Seth-Smith HM, Rosser SJ, Basran A, Travis ER, Dabbs ER, Nicklin S, Bruce NC (2002) Cloning,
sequencing, and characterization of the hexahydro-1,3,5-Trinitro-1,3,5-triazine degradation gene
cluster from Rhodococcus rhodochrous. Appl Environ Microbiol 68 (10):4764-4771

Seth-Smith HMB, Edwards J, Rosser SJ, Rathbone DA, Bruce NC (2008) The explosive-degrading
cytochrome P450 system is highly conserved among strains of Rhodococcus spp. Appl Environ
Microbiol 74:4550-4552

Sviatenko LK, Gorb L, Leszczynska D, Okovytyy SI, Shukla MK, Leszczynski J (2017) In silico kinetics
of alkaline hydrolysis of 1,3,5-trinitro-1,3,5-triazinane (RDX): M06-2X investigation. Environ
Sci Process Impacts 19:388-394

Thompson KT, Crocker FH, Fredrickson HL (2005) Mineralization of the cyclic nitramine explosive
hexahydro-1,3,5-trinitro-1,3,5-triazine by Gordonia and Williamsia spp. Appl Environ Microbiol
71:8265-8272

15



405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442

443

444

445

446

447

448

Travis ER, Bruce NC, Rosser SJ (2008) Short term exposure to elevated trinitrotoluene concentrations
induced structural and functional changes in the soil bacterial community. Environ Pollut
153 :432-439

Tzfira T, Tian GW, Lacroix B, Vyas S, Li J, Leitner-Dagan Y, Krichevsky A, Taylor T, Vainstein A,
Citovsky V (2005) pSAT vectors: a modular series of plasmids for autofluorescent protein
tagging and expression of multiple genes in plants. Plant Mol Biol 57:503-516

United States Department of Agriculture (2002) Plant fact sheet-western wheatgrass (Pascopyrum
smithii) https://plants.usda.gov/factsheet/pdf/fs pasm.pdf

United States Environmental Protection Agency (2014) Technical fact sheet —hexahydro-1,3,5-trinitro-
1,3,5-triazine (RDX) https://www.epa.gov/sites/production/files/2014-
03/documents/ffrrofactsheet _contaminant rdx january2014 _final.pdf and technical fact sheet —
2,4,6-trinitrotoluene (TNT) https://www.epa.gov/sites/production/files/2014-
03/documents/ffrrofactsheet _contaminant tnt january2014_final.pdf

United States General Accounting Office (2004) Department of Defense operational ranges, more
reliable cleanup cost estimates and a proactive approach to identifying contamination are needed.
http://www.dtic.mil/cgi-bin/GetTRDoc? AD=ADA435939&Location=U2&doc=GetTRDoc.pdf

Van Aken B, Yoon JM, Just CL, Schnoor JL (2004) Metabolism and mineralization of hexahydro-1,3,5-
trinitro-1,3,5-triazine inside poplar tissues (Populus deltoides x nigra DN-34). Environ Sci
Technol 38:4572-4579

Via SM, Zinnert JC (2016) Impacts of explosive compounds on vegetation: A need for community scale
investigations. Environ Pollut 208:495-505

Via SM, Zinnert JC, Young DR (2015) Differential effects of two explosive compounds on seed
germination and seedling morphology of a woody shrub, Morella cerifera. Ecotoxicology
24:194-201

Vila M, Lorber-Pascal S, Laurent F (2007) Fate of RDX and TNT in agronomic plants. Environ Pollut
148 :148-154

Winfield LE, Rodger, J. H., & D'surney, S.,J. (2004) The responses of selected terrestrial plants to short
(<12 days) and long term (2, 4 and 6 weeks) hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)
exposure. part I: Growth and developmental effects. Ecotoxicology 13:335-347

Xiong RC, Fern JT, Keffer DJ, Fuentes-Cabrera M, Nicholson DM (2009) Molecular simulations of
adsorption and diffusion of RDX in IRMOF-1. Mol Simulat 35:910-919

Yoon JM, Van Aken B, Schnoor JL (2006) Leaching of contaminated leaves following uptake and
phytoremediation of RDX, HMX, and TNT by poplar. Int J] Phytoremediation 8:81-94

Zhang L, Routsong R, Nguyen Q, Rylott EL, Bruce NC, Strand SE (2017a) Expression in grasses of
multiple transgenes for degradation of munitions compounds on live-fire training ranges. Plant
Biotechnol J 15:624-633

Zhang L, Rylott EL, Bruce NC, Strand SE (2017b) Phytodetoxification of TNT by transplastomic tobacco
(Nicotiana tabacum) expressing a bacterial nitroreductase. Plant Mol Biol 95:99-109

Legends

Figure 1 Construction of vector pEDLZ2014 for transformation of western wheatgrass.

T-DNA region of the binary vector plasmid pEDLZ2014 used to transform western wheatgrass. The RDX
degradation gene xp/A4, flavodoxin reductase gene xp/B, and TNT detoxifying nitroreductase gene nfs/

were constructed into versatile cloning vector pNSATSs. Arrows show the direction of transcription.
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Abbreviations: Osact, Oryza sativa actin promoter; Apt, selection marker gene, hygromycin B
phosphotransferase (hpt); 35s T, terminator of CaMV 35s gene; Zmubi, Zea mays ubiquitin promoter;
mas T, terminator of manopine synthase gene of Agrobacterium; Pvubi, Panicum virgatum (switchgrass)

ubiquitin promoter; rbc T, terminator of rubisco small subunit of tobacco; RB left border; RB right border

Figure 2 Tissue culture, transformation and propagation of western wheatgrass.

(a) Two month old calli induced from mature seeds. (b) Embryogenic calli that were used for
bombardment with vector DNA. (¢) Calli screened on Callus Induction medium with 75 mg/L
hygromycin for two months after bombardment. (d) Hygromycin resistant plantlets from calli that were
transferred to regeneration medium for 1-2 month. (e) Regenerated plantlets growing on MS medium with
75 mg/L hygromycin. (f) PCR and qRT-PCR positive plants were transferred to cluster shoot induction
medium to induce cluster shoots and rhizomes. (g) Shoot induced on rhizomes sections with nods on MS

medium. (h) Transgenic plants growing in soil.

Figure 3 Molecular characterization of xp/A-xplB-nfsl transformed western wheatgrass.

a) Transcript abundance measured using quantitative RT- PCR on plant lines transformed with xp/4, xp/B
and nfsl. Values were normalized to the 5.8s rRNA gene and relative to expression level of the transformed
line D22. Data are the means = SE, n = 3.

b) Western blot analysis on leaf blades of western wheatgrass lines expressing XplA, XplB and
nitroreductase (NR) protein. WT, wild type; PC, positive control, xpl4-xplB-nfsl transformed Arabidopsis

(Rylott et al. 2011a).

Figure 4 Uptake and degradation of RDX by xpld-xplB-nfsl transformed western wheatgrass. (a)
Concentration of RDX in culture medium over the course of the experiment. (b) Concentration of RDX in

plant tissue after 12 days culture. (¢) Accumulation of RDX in leaf tissue during 8 days culture in 20 mg/L
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and 40 mg/L RDX solution. Letters indicate that RDX concentration in tissue were significantly different

(p<0.05) from other lines. Data are the means + SE, n = 3; ND = None Detected; NPC, No Plant Control

Figure 5 Uptake of TNT by xplA-xplB-nfsl transformed western wheatgrass. Plants were grown in water
with TNT at (A) 15 mg/L, and (b) 32 mg/L. (C) The concentration of TNT and 4-ADNT in the leaf tissue
after 42 hours culture in 12.5 and 25 mg/L. TNT solution. The lowercase letters and uppercase letters
indicate that TNT and 4-ADNT concentration in tissue were significantly different from other lines at

0.05 or 0.01 level (ND = None Detected). Data are the means + SE, n = 3.
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Figure 1 Construction of vector pPEDLZ2014 for transformation of western wheatgrass.

T-DNA region of the binary vector plasmid pEDLZ2014 used to transform western wheatgrass. The RDX
degradation gene xpl/A, flavodoxin reductase gene xp/B, and TNT detoxifying nitroreductase gene nfs/
were constructed into versatile cloning vector pNSATSs. Arrows show the direction of transcription.
Abbreviations: Osact, Oryza sativa actin promoter; hpt, selection marker gene, hygromycin B
phosphotransferase (hpt); 35s T, terminator of CaMV 35s gene; Zmubi, Zea mays ubiquitin promoter;
mas T, terminator of manopine synthase gene of Agrobacterium; Pvubi, Panicum virgatum (switchgrass)

ubiquitin promoter; rbc T, terminator of rubisco small subunit of tobacco; RB left border; RB right border
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Figure 2 Tissue culture, transformation and propagation of western wheatgrass.

(a) Two month old calli induced from mature seeds. (b) Embryogenic calli that were used for
bombardment with vector DNA. (¢) Calli screened on Callus Induction medium with 75 mg/L
hygromycin for two months after bombardment. (d) Hygromycin resistant plantlets from calli that were
transferred to regeneration medium for 1-2 month. (e) Regenerated plantlets growing on MS medium with
75 mg/L hygromycin. (f) PCR and qRT-PCR positive plants were transferred to cluster shoot induction
medium to induce cluster shoots and rhizomes. (g) Shoot induced on rhizomes sections with nods on MS

medium. (h) Transgenic plants growing in soil.
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Figure 3 Molecular characterization of xp/A-xplB-nfsl transformed western wheatgrass.

a) Transcript abundance measured using quantitative RT- PCR on plant lines transformed with xp/4, xp/B
and nfsl. Values were normalized to the 5.8s rRNA gene and relative to expression level of the transformed
line D22. Data are the means + SE, n = 3.

b) Western blot analysis on leaf blades of western wheatgrass lines expressing XplA, XpIB and
nitroreductase (NR) protein. WT, wild type; PC, positive control, xpl4-xp/B-nfsl transformed Arabidopsis

(Rylott et al. 2011a).
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Figure 4 Uptake and degradation of RDX by xpld-xplB-nfsl transformed western wheatgrass. (a)
Concentration of RDX in culture medium over the course of the experiment. (b) Concentration of RDX in
plant tissue after 12 days culture. (¢) Accumulation of RDX in leaf tissue during 8 days culture in 20 mg/L
and 40 mg/L RDX solution. Letters indicate that RDX concentration in tissue were significantly different

(p<0.05) from other lines. Data are the means + SE, n = 3; ND = None Detected; NPC, No Plant Control
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Figure 5 Uptake of TNT by xplA-xplB-nfsl transformed western wheatgrass. Plants were grown in water
with TNT at (A) 15 mg/L, and (b) 32 mg/L. (C) The concentration of TNT and 4-ADNT in the leaf tissue
after 42 hours culture in 12.5 and 25 mg/L. TNT solution. The lowercase letters and uppercase letters
indicate that TNT and 4-ADNT concentration in tissue were significantly different from other lines at

0.05 or 0.01 level (ND = None Detected). Data are the means + SE, n = 3.
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