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Abstract Cyanate and its derivatives are considered as envi-
ronmental hazardous materials. Cyanate is released to the en-
vironment through many chemical industries and mining
wastewater. Cyanase enzyme converts cyanate into CO, and
NHj; in a bicarbonate-dependent reaction. At low cyanate con-
centrations, the endogenous plant cyanases play a vital role in
cyanate detoxification. However, such cyanate biodegradation
system is probably insufficient due to the excess cyanate con-
centrations at contaminated sites. In this study, we have trans-
ferred the activity of the cyanobacterial cyanase into
Arabidopsis thaliana plants in order to enhance plant resis-
tance against cyanate toxicity. The enzyme was shown to be
active in planta. Transgenic plants exposed to cyanate, either
applied by foliar spray or supplemented in growth medium,
showed less reduction in pigment contents, antioxidant en-
zymes, carbohydrate contents, and reduced levels of plant
growth retardation. Plant growth assays under cyanate stress
showed enhanced growth and biomass accumulation in
cyanase overexpressors compared to control plants. Results
of this study provide evidence for developing novel eco-
friendly phytoremediation systems for cyanate detoxification.
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Introduction

The toxic compound, cyanate, threatens both human health
and ecosystems. It is produced by anthropogenic activities
and industries that use electroplating, ore leaching, steal
manufacturing, and synthetic fibers (Hamel 2011; Patil and
Paknikar 2000; Sancho and Bellon 2005). Cyanate and its
derivative compounds have been widely used for the produc-
tion of herbicides and synthesis of polymers (Koshiishi et al.
1997; Kraus and Kraus 2001). It is also produced through
degradation of a number of metabolites such as
carbamoylphosphate and urea (Dirnhuber and Schutz 1948;
Guilloton and Karst 1987). Moreover, cyanate is also released
into the environment through spontaneous photo-oxidation of
cyanide (Malhotra et al. 2005; Rader et al. 1995) as well as the
oxidative treatment of cyanide-containing industrial wastes
(Mekuto et al. 2016; Nowakowska et al. 2006).

The common detoxification methods for cyanate and cyanide
compounds are mainly based on chemical treatments through
oxidation or chlorination reactions (Akcil and Mudder 2003).
However, these chemical methods are disadvantageous because
of their high costs and/or production of toxic by-products
(Srivastava and Muni 2010). Bioremediation using microorgan-
isms or plants provides affordable and eco-friendly alternatives
(Akcil and Mudder 2003). However, microbial biodegradation
systems are seemingly inefficient due to accumulation of toxic
microbial metabolites or overloading with excess pollutants
(Ebbs 2004). Indeed, phytoremediation using vascular plants
may be the preferable approach for detoxification of cyanate
and cyanide pollutants (Bushey et al. 2006; Taebi et al. 2008;
Yu et al. 2006).
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Cyanase enzyme (EC 4.2.1.104) converts cyanate into car-
bon dioxide and ammonium in a bicarbonate-dependent reac-
tion (Anderson 1980; Anderson and Little 1986; Johnson and
Anderson 1987). The enzyme is encoded by cynS and was
first identified in Escherichia coli where the enzyme was fully
characterized in this bacterium (Anderson and Little 1986;
Johnson and Anderson 1987; Sung et al. 1987; Taussig
1960; Walsh et al. 2000). It is also found in proteobacteria,
some gram-positive bacteria, and fungi (Butryn et al. 2015;
Elleuche and Poggeler 2008; Kamennaya and Post 2010).
Cyanase activity was also shown to support the growth of
some bacteria using cyanate as nitrogen and carbon sources
(Kunz and Nagappan 1989; Luque-Almagro et al. 2008;
Taussig 1960). The enzyme has also been discovered in
cyanobacteria (Blank and Hinman 2016; Garcia-Fernandez
and Diez 2004; Harano et al. 1997; Kamennaya et al. 2008;
Miller and Espie 1994; Voigt et al. 2014) and plants (Aichi
et al. 1998; Qian et al. 2011). The role of cyanase in cyanate
detoxification is based mainly on cyanate toxicity at relatively
low concentrations (Guilloton and Karst 1987; Kunz and
Nagappan 1989). In living organisms, cyanase plays a vital
role in the detoxification of cyanate and cyanide compounds
(Ebbs 2004). Plant cyanase may be actively involved and thus
plays an integral role in different physiological and biochem-
ical pathways. It was observed that transcription level of a
putative cyanase gene in Medicago truncatula is higher in
roots compared to root nodules (Gyorgyey et al. 2000). In
leaves of Suaeda aegyptica, cyanase gene transcription was
found to be induced by salt stress (Askari et al. 2006). Seed
germination and early seedling growth were inhibited by ap-
plication of KCNO to Arabidopsis thaliana cyanase knockout
mutants. However, transgenic A. thaliana plants overexpress-
ing A. thaliana (AtCYN) or Oryza sativa (OsCYN) cyanase
genes showed enhanced resistance to cyanate (Qian et al.
2011). So far, no significant research studies have been per-
formed to test the efficacy of introducing prokaryotic cyanase
into plants for cyanate detoxification purposes. In the current
study, we have therefore cloned and transferred the activity of
the cyanobacterial cyanase gene into A. thaliana plants.
Transgenic plants showed enhanced tolerance to cyanate
(KCNO) supplemented either in growth medium (up to
1.2 mM) or applied via foliar spray (2.5 mM). The study
was extended to evaluate the biochemical response of trans-
genic plants under cyanate stress in vivo.

Materials and methods
Plasmid constructs
For bacterial expression, cyanase gene (CYN) coding se-

quence (gi16329170, slr0899) was firstly amplified by PCR
using genomic DNA isolated from the cyanobacterial strain
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Synechococcus elongatus PCC6803 (kindly provided by
Botany Department, Faculty of Science, Helwan University,
Cairo, Egypt) as template and gene-specific primers (5'-
ATGGCCATGGCTGGCACTGAAATTTC-3" and 5'-GTCA
CTCGAGCCATTTCT TGTAGGGTAA-3'). The primers
were designed with extensions for additional Nco 1 and Xho
I sites, respectively. Amplified PCR fragments were then li-
gated into the bacterial expression vector pET22b(+)
(Novagen, Darmstadt, Germany) in between Nco 1 and Xho
I sites. This results in a C-terminal translational fusion with six
histidines (His-tag). The structure of CYN bacterial expres-
sion cassette (pET-CYN) and CYN-PCR products is shown in
Fig. 1a, c, respectively. For plant expression, the CYN gene
coding sequence with the C-terminal His-tag was then PCR
amplified using pET-CYN plasmid DNA as template, the
same forward primer with Nco I extension (5'-ATGG
CCATGGCTGGCACTGAAATTTC-3'), and a reverse prim-
er with Xba I extension (5'-ATGTTCTAGATCAGTGGTGG
TGGTGGTG-3'). The amplified CYN-His PCR product was
then ligated into the binary plant expression vector pTRAK, a
derivative of pPAM (gi13508478). The CYN-His gene ex-
pression cassette was flanked by the scaffold attachment re-
gion (SAR) of the tobacco RB7 gene (gi3522871), the 3-UTR
of CaMV 35S (pA35S), and 5-UTR of the Cab22L tobacco
leader peptide (TL). The nptll cassette of pPCV002 (Koncz
and Schell 1986) was used for transgenic plant selection on
kanamycin. Transcription of CYN gene was controlled by
CaMV-35S promoter (Reichel et al. 1996). The detailed struc-
ture of this binary plant expression vector was previously de-
scribed (Kebeish et al. 2015). The structure of plant CYN
expression cassette is also shown in Fig. 1b.

Ncol hol
5 _| = CYN (sIr0899
His
ECORI
Ncol bal
b P35SS TL
CYN (SIr0899)  His

1 4 -ve

Fig. 1 Schematic representations of Synechococcus elongatus PCC6803
cyanase (CYN) gene expression cassettes and CYN gene PCR
amplification products. The bacterial expression vector pET22b(+) with
T7-P/T7-T promoter/termination signal of the bacterial T7 phage was
used for the expression of cyanase (CYN, gil6329170, E.C.4.2.1.104)
in Esherichia coli bacteria BL21 (DE3) (Novagen, Darmstadt, Germany)
(a). The binary plant expression vector pTRA-K (gi13508478) (b), with a
constitutive CaM promoter (p35SS), 5'-UTR of the Cab22L tobacco
leader peptide (TL), and 3’-UTR of CaMV 35S (pA35S). CYN was
amplified by PCR using S. elongatus PCC6803 genomic DNA as
template and gene-specific primers containing extensions for Nco I and
Xho 1 sites (for bacterial expression) and primers with Nco I and Xba 1
extensions for plant expression. One band in the expected size range
(453 bp) appears after a 1% (w/v) agarose gel electrophoresis in 1x
TAE for 45 min at 100 V (¢). Amplified PCR products of CYN gene
(lanes 1-4). PCR control without template (-ve)
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Plant transformation and growth conditions

Wild-type A. thaliana ecotype Columbia (Col-0) was trans-
formed with the respective constructs (i.e., pTRAK and
pTRAK-CYN) following the Agrobacterium tumefaciens
(GV3101)-mediated floral dip transformation protocol as de-
scribed by Clough and Bent (1998). Plants used for physio-
logical, biochemical, and cyanate stress experiments were
grown at short-day growth conditions (8-h light and 16-h
dark) in growth chambers at 22-25 °C with a light intensity

of 100 umol m % s,

SDS-PAGE and western blot analyses

Total proteins were extracted from A. thaliana plant leaves by
grinding 200 mg fresh leaf tissues in liquid nitrogen. One
hundred microliters of 4x Laemmli sample buffer (Bio-Rad,
Germany) were added. Samples were then boiled for 5 min
and centrifuged for 10 min at 14,000x g. The presence of CYN
protein in plant leaf extracts was tested on 12% SDS-PAGE
followed by western blot analysis using anti-His-HRP conju-
gate antibody (Qiagen, Hilden, Germany) after protein trans-
fer onto nitrocellulose membrane.

Real-time RT-PCR

Quantitative real-time RT-PCR was performed as described pre-
viously (Kebeish et al. 2015). RNA was extracted from
Arabidopsis leaves based on the 1-bromo-3-chlorpropane
(BCP) protocol (Chomczynski and Mackey 1995). Synthesis
of first-strand complementary DNA (cDNA) was performed
as described by Niessen et al. (2007). qRT-PCR was performed
using an ABI PRISM1 7300 Sequence Detection System
(Applied Biosystems, Darmstadt, Germany) following the man-
ufacturer’s instructions. PCR amplifications were carried out
using SYBR Green reagents (SYBR1 GreenERTM qPCR
SuperMixes; Karlsruhe, Germany), while the primers were pur-
chased from Intron Biotechnology Inc. (Kyungki-Do, South
Korea). For the detection of CYN transcripts, primers 5'-
GGGAATCACGTTTGCTGATTT-3" and 5'-AAGT
TTCTCCGCCTCATC AA-3" were used. For ACTIN2 tran-
scripts, primers 5'-GGTAACATTGTGCTCAGTGGTGG-3'
and 5'-GGTGCAACGACCTTAATCTTCAT-3" were used.
The used primer concentration in the reaction mixture was
200 nM. Amplification program used for both CYN and
ACTIN2 was 10 min of initial denaturation at 95 °C, followed
by 40 cycles each of 15-s denaturation at 95 °C and 1 min of
combined annealing and extension at 60 °C.

Growth assay conditions

Two growth assay systems were used for cyanate stress.
Regarding the determination of root growth and plant rosette

diameter in seedlings under cyanate stress (plate assay), mea-
surements were performed using A. thaliana plants that were
grown for 4 weeks on vertically placed Murachige and Skoog
(MS) agar plates supplemented with different concentrations
of potassium cyanate (0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and
1.2 mM). For determination of rosette diameter, fresh weight,
and dry weight (foliar spray assay), plants were grown in soil
for 6 weeks. Foliar plant parts were then sprayed with 2.5 mM
potassium cyanate (foliar spray) for 2 weeks in 3-day
intervals.

Enzymatic assays

Recombinant protein was expressed in the bacterial strain
BL21 (DE3) (Novagen, Darmstadt, Germany) as described
by Kebeish et al. (2016). The empty vector pET22b(+) was
served as negative control. After induction of protein expres-
sion by 1 mM IPTG for 1.5 h at 37 °C, cells were washed once
in 10 mM potassium phosphate (pH 7.5) and resuspended in
the same buffer (15-20% (v/v) cell suspension). Cells were
then lysed in bacterial lysis buffer (20 mM Tris-HCI pH 7.5,
300 mM NaCl, 10% glycerol, 5 mM DTT, 0.1% Triton X-
1005 , mg ml™" lysozyme, and 2 U DNAse I) for 1 h on ice.
The extract was then centrifuged for 30 min at 30,000x g at
4 °C.

For in vitro cyanase assay from plant leaves, samples were
taken from6 -week-old short-day grown plants and harvested
4 h after illumination. Frozen leaf material was extracted in a
medium containing Hepes-KOH (pH 7.5), 10 mM MgCl,,
5 mM DTT, 1 mM EDTA, 20% glycerol, and 2% PVP. A
Bradford protein assay was applied to measure the total pro-
tein concentration in the isolated protein samples (Bradford
1976). Cyanase activity in bacterial as well as plant extracts
was determined by measuring the ammonia released in the
reaction medium as described by Anderson (1980). The stan-
dard assay mixture was composed of 50 mM potassium phos-
phate buffer (pH 7.7), 3 mM sodium bicarbonate, and 2 mM
potassium cyanate. The reaction was initiated by the addition
of protein extracts and terminated by the addition of equal
volumes of Nessler’s reagent after 1-10 min at 27 °C. The
amount of ammonia released (micromole) was measured by
monitoring the absorbance at 420 nm within 10 min after
adding Nessler’s reagent based on a standard curve that was
prepared using dilution series of ammonium chloride.

For the determination of antioxidant enzyme activities,
100 mg leaves were harvested from 6 to 7-week-old
A. thaliana plant sprayed with 2.5 mM KCNO for 3% in 3-
day intervals. Four hours after the third treatment, plant leaves
were collected, ground in liquid nitrogen into fine powder, and
homogenized in cold phosphate buffer (50 mM, pH 7.5). The
extracts were centrifuged at 30,000x g for 20 min at 4 °C.
Protein extracts in the supernatants were used for the
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determination of catalase, peroxidase, and superoxide dismut-
ase activities as described by Xu et al. (2008).

Ammonia release assay, pigment contents, and total
carbohydrate measurements

Ammonia release assay from detached leaves of transgenic
A. thaliana plants with or without KCNO was carried out
following the method of Rasco-Gaunt et al. (1999) with the
modifications previously described by us (Kebeish et al.
2015). Three young Arabidopsis leaves were harvested and
placed in a 1.5-ml reaction tube containing 1 ml of incubation
medium (50 mM potassium phosphate pH 5.8, 2% sucrose,
0.1% Tween 20, 0.1 mg I 2.4-dichlorophenoxy acetic acid,
25 mg "' phosphinotricin, with or without 2 mM KCNO).
Two reaction tubes containing only incubation medium were
used as a blank. The tested samples were incubated under
100 pE light intensity for 16 h at 26 °C. One hundred micro-
liters from each sample were transferred to a new 1.5-ml re-
action tube containing 0.5 ml of reagent-I (0.21 M sodium
salicylate, 0.085 M trisodium citrate, 25 g 1! sodium tartrate,
0.4 mM sodium nitroprusside). Samples were mixed, and
0.5 ml of reagent-II (0.75 M NaOH, 2.3 mM sodium
dichloroisocyanurate) was added. Mixtures were incubated
in the dark at 37 °C and then room temperature for 15 min.
The amount of ammonium ions in the tested samples was
quantified by measuring the extinction at 655 nm compared
to ammonium standards.

For determination of total soluble sugars, 100 mg leaves
were harvested before and after 4 h of 2.5 mM KCNO appli-
cation by foliar spray. Soluble sugars were extracted using
80% (v/v) boiling ethanol. The contents of soluble sugars in
ethanolic extracts were then determined colorimetrically as
described by Dubois et al. (1956) based on glucose standards.

Chlorophyll and carotenoid pigments were extracted from
6-week-old plants after 3% foliar spray application of 2.5 mM
KCNO in 3-day intervals. Plant leaves were collected 24 h
after the last application. Chlorophyll contents were measured
as described by Nybom (1955). One hundred milligram leaves
were harvested in a 2-ml reaction tube and immediately
ground in liquid nitrogen followed by addition of 1 ml 80%
acetone. Mixtures were vigorously vortexed and centrifuged
at 30,000 g for 10 min. Extinctions at 663, 645, and 440 nm
were measured, and pigment concentrations were calculated.

Statistical analysis

The data were represented as mean + standard error (SE) of at
least three independent experiments. Significance was deter-
mined according to Student’s ¢ test using Excel software
(Microsoft Corporation, USA). Two-sided tests were per-
formed for homoscedastic matrices.
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Results and discussion
Generation and establishment of transgenic lines

The aim of the current study was to test whether overexpres-
sion of cyanase (CYN, from S. elongatus PCC6803,
gi16329170) could enhance cyanate resistance in
Arabidopsis plants and whether the endogenously released
products of cyanate degradation (i.e., NH3 and CO,) could
be further involved in the basic plant metabolism and support
plant growth or not. Clear differences in cyanase-mediated
cyanate metabolism among species have been documented.
In bacteria, cyanase has an important role in cyanate detoxifi-
cation and cyanate-dependent production of NHj; as an alter-
native source for nitrogen (Anderson et al. 1990; Kunz and
Nagappan 1989). However, in photosynthetic cyanobacteria,
the products of cyanase activity, NH3, and CO, are supposed
to be utilized as nitrogen and carbon source (Espie et al. 2007).
Based on sequence similarity, cyanase (cynS) was identified in
Synechocystis sp. strain PCC6803, S. elongatus PCC7942
(Harano et al. 1997), and freshwater Synechococcus sp. strain
PCC6301 (Espie et al. 2007). Cyanase gene has also been
characterized and expressed in Arabidopsis (Aichi et al.
1998; Qian et al. 2011). Moreover, cyanase gene from
S. elongatus PCC6803 was previously studied and well char-
acterized (Harano et al. 1997). In the current study, we have
decided to use the well-characterized cyanobacterial gene
(CYN) for plant transformation in order to compare the activ-
ities of prokaryotic and eukaryotic cyanases in promoting cy-
anate resistance in planta. Wild-type Arabidopsis plants were
transformed with the plant expression construct, pTRAK-
CYN by A. tumefaciens-mediated floral dip transformation
(Clough and Bent 1998). Transgenic lines were selected based
on kanamycin resistance. Three independent CYN transgenic
lines were generated. Accumulation of CYN gene mRNA
transcripts was initially tested by quantitative RT-PCR in
CYN transgenic lines (Fig. 2¢). All the generated CYN lines
show high expression levels of CYN gene. However, trans-
genic line, CYN-3, shows relatively higher expression level
compared to CYN-1 and CYN-2 lines under the assay condi-
tions. The expression of CYN in transgenic lines was further
confirmed by western blot. Total protein extracts isolated from
wild type and three CYN transgenic A. thaliana plants were
subjected to 12% SDS-PAGE (Fig. 2a). The presence of CYN
protein in plant extracts was then tested by western blot anal-
ysis using anti-His-HRP conjugate antibody (Qiagen, Hilden,
Germany) after protein transfer onto nitrocellulose membrane.
A specific protein band (~16.5 kDa) corresponding to CYN
protein was observed on the western blot membrane (Fig. 2b).
The active E. coli cyanase is a homodecamer of five dimers
comprising 17 kDa subunits (Walsh et al. 2000). The results of
western blot analysis of the recombinant cyanobacterial
cyanase confirm a size of about 16.5 kDa. Our results are in
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Fig. 2 SDS-PAGE, western blot, and CYN mRNA transcript
accumulation in transgenic A. thaliana plants expressing the
cyanobacterial cyanase gene. Total plant protein extracts isolated from
wild type (WT) and three independent A. thaliana plants transgenic for
cyanase gene (CYN-1, CYN-2, CYN-3) were analyzed on 12% SDS-
PAGE and visualized by gel staining with Coomassie brilliant blue (a).
Same protein samples were analyzed by western blot after transfer onto

accordance with the data sheet of the cyanobacterial cyanase
at BRENDA database (http://www.brenda-enzymes.org). The
result of qRT-PCR and western blot assays (Fig. 3) indicates
therefore that CYN gene is well expressed in planta.
Primary cyanase enzymatic assays were performed using
bacterial protein extracts isolated from BL21 (DE3) bacteria
transformed either with the empty bacterial expression vector
pET22b(+) or with pET-CYN construct to ensure the func-
tionality of the recombinant cyanobacterial enzyme before
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Fig. 3 Analysis of cyanase activity from bacterial (a) and plant extracts
(b). Total protein extracts isolated from E. coli cultures overexpressing
Synechococcus elongatus PCC6803 cyanase (pET-CYN), E. coli cultures
transformed with the empty bacterial expression vector (pET22b(+)), or
isolated from wild type (WT) or transgenic A. thaliana plants transformed
with the empty plant expression vector (pTRA-K) or pTRA-K-CYN
construct (CYN-1, CYN-2, and CYN-3) were tested for cyanase
activity in vitro. Each data point is based on data obtained from at least
three independent experiments. Vertical bars represent standard errors

CYN-1 CYN-2 CYN-3

nitrocellulose membrane using anti-His-HRP conjugate antibodies
(Qiagen, Germany) (b). Page ruler plus protein marker (Thermo
Scientific, USA) (lane M). ¢ CYN mRNA transcripts relative to Actin2
transcripts in three independent Arabidopsis lines overexpressing the
CYN construct were analyzed by qRT-PCR. Samples were collected
from the youngest fully expanded leaf 6 h after onset of light

proceeding to plants. Fourfold increase in cyanase activity
over background was observed (Fig. 3a). After generation of
CYN transgenic Arabidopsis lines, we test the activity of
CYN in transgenic plant extracts. As controls, protein extracts
isolated from wild-type (WT) Arabidopsis plants and plants
transformed with the empty plant expression vector (pTRA-
K) were used. Approximately threefold to fourfold increase in
cyanase activity over background (i.e., in WT and pTRA-K)
was observed for transgenic lines. CYN-2 and CYN-3 lines
show relatively higher cyanase activity compared to CYN-1
line (Fig. 3b). The background activity observed for
pET22b(+) bacterial extracts and for WT and pTRA-K control
plants may be attributed to the activity of the endogenous
cyanases in both bacteria and plants (Aichi et al. 1998;
Anderson and Little 1986). The enzymatic assay results indi-
cate that the cyanobacterial CYN is active in transgenic plants.

Ammonia release and total carbohydrate contents
measured from CYN transgenic lines under cyanate stress

Because the products of cyanase activity is NH; and CO,,
NHj; release was therefore measured from leaf disks of trans-
genic plants that were incubated in medium supplemented
with 2 mM KCNO or without (—-KCNO). This assay is based
on the inhibition of ammonia fixation/re-fixation in the gluta-
mine synthetase/glutamine oxoglutarate aminotransferase
(GS/GOGAT) cycle in the presence of phosphinotricin
(Rasco-Gaunt et al. 1999). As controls, leaves from azygous
plants that were derived from CYN transformant’s segregation
and transgenic plants that have been transformed with the
empty plant expression vector (pTRA-K) were used.
Figure 4a shows the results of this assay. In the absence of
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Fig. 4 Ammonia release assay, total carbohydrate contents, pigment
accumulation, and antioxidant enzyme activity measured from
transgenic A. thaliana plants. NH; release (a) was measured from two
detached plant leaves from 6 to 7-week-old transgenic A. thaliana plants
in the absence (-KCNO) or presence (+KCNO) of 2.5 mM KCNO. Total
carbohydrate contents (b) were measured from A. thaliana plants before
and after foliar spray inoculation of transgenic Arabidopsis plants with
2.5 mM KCNO. Pigment accumulation (¢) and antioxidant enzyme

KCNO, NH; was released from azygous and pTRA-K leaf
samples in relatively similar levels, whereas transgenic CYN
lines showed relative but not significant increase in the
amount of NHj released (gray bars in Fig. 4a). By addition
of KCNO (black bars in Fig. 4a), NH; release was not signif-
icantly affected in control samples. However, a significant
twofold to threefold increase in NHj; release was observed
for CYN transgenic lines. This indicates that CYN is able to
induce NH; production from the exogenously applied cyanate
to transgenic plant leaves and CYN enzyme is therefore func-
tionally active in planta. The released NH; from the exoge-
nously applied cyanate is expected to be re-assimilated by
plant primary nitrogen assimilation pathway in the GS/
GOGAT cycle. However, additional energy and reducing
equivalents would be required for the re-fixation process
(Peterhansel et al. 2010).

The second product of cyanate degradation by the action of
CYN, CO, is expected to be re-fixed by the plant photosyn-
thetic machinery resulting in enhanced levels of carbohydrate
biosynthesis. To elucidate this hypothesis, we have measured
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activity (d) were measured from transgenic Arabidopsis plants after
foliar spray with 2 mM KCNO. Six-week-old plants were sprayed three
times in 4-day intervals with 2.5 mM KCNO. Segregants from CYN
plants that lost the transgene (Azygous), empty vector transformants
(pTRA-K), plants transgenic for cyanase gene (CYN-I-CYN-3). Data are
means from at least four independent plants for each genotype +SE.
Asterisks represent statistically significant differences compared to
azygous control plants (*p < 0.05, **p < 0.01, ***p < 0.001)

total carbohydrate contents before and after foliar application
of 2.5 mM KCNO. Before KCNO application, all test plants
show relatively similar levels of total carbohydrate contents
(gray bars in Fig. 4b). Application of KCNO results in a sig-
nificant twofold increase in total carbohydrate contents mea-
sured from CYN transgenic plants compared to nontransgenic
plants. However, carbohydrate biosynthesis was even dimin-
ished in azygous and pTRA-K plants upon KCNO application
(black bars in Fig. 4b). The exact amount of CO, release from
cyanate is seemingly more difficult to be measured because of
the re-fixation of CO, in the chloroplast by the photosynthetic
machinery. However, our total carbohydrate measurement da-
ta may provide evidence for the enhanced release of CO, from
cyanate in transgenic lines after foliar application of cyanate
and its subsequent integration into the photosynthetic prod-
ucts, carbohydrates. The reduction in carbohydrate biosynthe-
sis in control plants may be related to the negative effects of
the toxic cyanate on Rubisco enzyme (Grossmann 1996). This
may also be related to the low capability of the endogenous
cyanase to cope with the exogenously applied cyanate (Qian
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etal. 2011). Exogenous cyanate was shown to induce cyanase
gene transcription in microbes (Elleuche and Poggeler 2008;
Luque-Almagro et al. 2008) and used as a sole carbon and
nitrogen source providing energy and reductant for microbial
growth (Kumar et al. 2016; Palatinszky et al. 2015). However,
this phenomenon is almost absent in plants because endoge-
nous cyanase gene transcription was observed to be only in-
duced under salt stress (Askari et al. 2006; Qian et al. 2011).
Results of NHj release assay and total carbohydrate measure-
ments together with the enhanced growth data observed for
CYN transgenic Arabidopsis lines under cyanate stress
(Figs. 5 and 6 below) indicate the incorporation of both cya-
nate degradation products into the basic plant metabolism
in vivo as carbon and nitrogen source.

Effect of exogenous cyanate application on total pigments
and antioxidant enzyme activities in planta

Primary experiments with wild-type plants showed that cya-
nate application on Arabidopsis plant leaves (foliar spray) lead
to a loss of pigmentation symptoms. This assay was used to
test the efficacy of the cyanobacterial enzyme in ameliorating
the negative effects of cyanate toxicity on plants. Chlorophyll
and carotenoid contents of CYN transgenic lines were

Fig. 5 Growth assay of

therefore measured in comparison to azygous and pTRA-K
controls after three times application of 2.5 mM KCNO in 3-
day intervals. The result of this assay is shown in Fig. 4c.
Significant increase in all pigments was observed for CYN
overexpressors compared to azygous and pTRA-K plants.
This result indicates that KCNO-induced loss of pigmentation
was alleviated by overexpression of CYN in planta.

To gain more information about the biochemical response
of plants under cyanate stress, the work was extended to mea-
sure the antioxidant enzymes, catalase (CAT), peroxidase
(POD), and superoxide dismutase (SOD), that were expected
to be induced upon foliar cyanate application. The antioxidant
enzyme activities were measured in extracts from leaves of
CYN transgenic lines and control lines (Fig. 4d). Again, azy-
gous and pTRA-K controls show increased levels of all the
measured antioxidant enzymes. However, CYN transgenic
lines showed reduced induction of these enzymes (—85% for
superoxide dismutase, —75% for catalase, and —30% for per-
oxidase). This reduction in antioxidant enzyme activities in
CYN overexpressors may be due to the efficient removal of
the exogenously applied cyanate by the cyanobacterial
cyanase enzyme. The biochemical assay data observed in
the current study (Fig. 4) are in accordance with the results
observed with transgenic Arabidopsis plants overexpressing
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concentrations of KCNO (0—

1.2 mM). Segregants from CYN

0.0 0.1 0.2

0.4 0.6 0.8 1.0 1.2

Azygous

CYN-3

plants that lost the transgene 1.4 3 b 25- c
(Azygous). Plants transgenic for OAzygous BCYN-2 mCYN-3 BAzygous MCYN-2 BCYN3
cyanase gene lines 2 and 3 (CYN- 1.2 4 T
2 and CYN-3). Data are means T 2.0 A
from at least four independent S 1.0 £
plants for each genotype +SE. % L 15 Tl
Rosette diameter and root length £ 0.8+ %) : hi
values recorded for CYN-2 and ~‘.§ 5
CYN-3 lines are significantly 2 0.6 - 3 1.0-
different compared to azygous o &
plants at all the applied KCNO e 041
concentrations (p < 0.001) 02 0.5
0.0 + 0.0 +--RERL
SESESITSS SIS
ASSRNRNS N S S S N
KCNO concentration KCNO concentration

@ Springer



11832

Environ Sci Pollut Res (2017) 24:11825-11835

a b
12 - -
OBefore KCNO 12
 After KCNO *
10 4 * 1.0 -
€ -
S 8- : 3 081
§ 6 - g 0.6 -
2 §
T 4+ iL 0.4
(=]
o
2 A 0.2 1
0 0.0
> NV W2 o N
o & W @ SRS
o @ L ?@Qﬂ;\?‘yo
d

Fig. 6 Growth assay of transgenic Arabidopsis plants and controls
grown in soil and sprayed with 2.5 mM KCNO. Plant rosette diameter
(a) before and after 2.5 mM KCNO foliar spray inoculation, total plant
fresh weight (b), and total plant dry weight (¢) measured from 8-week-old
transgenic Arabidopsis plants and controls grown in soil after foliar spray
with 2.5 mM KCNO at 3-day intervals for 2 weeks. d Representative
photograph of transgenic Arabidopsis thaliana plants and control plants

the bacterial enzyme cyanidase (CYND) when cyanide was
applied via foliar spray to CYND transgenic plants (Kebeish
et al. 2015). CYND transgenic A. thaliana plants showed sig-
nificant increase in pigment contents and reduced induction of
CAT, POD, and SOD enzymes compared to control plants
under cyanide stress.

Evaluation of transgenic plant resistance to cyanate stress
(growth assays)

Two growth assays were performed to test the degree of cya-
nate resistance in transgenic Arabidopsis plants. In the first
assay, cyanate was supplied via the root system as would be
expected on contaminated soil at polluted sites. A pool of
azygous and two CYN transgenic lines (CYN-2 and CYN-
3) were germinated on vertical MS agar plates containing
different concentrations of KCNO (0.0, 0.1, 0.2, 0.4, 0.6,
0.8, 1.0, and 1.2 mM) at short-day growth condition.
Primary root length and rosette diameter were measured after
4 weeks. Primary root length and rosette diameter of azygous
and CYN transgenic lines were almost identical for both ge-
notypes (i.e., transgenic and azygous control plants) in the
absence of KCNO. However, a negative relationship was ob-
served between external KCNO concentration and primary
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grown in soil after foliar spray with 2.5 mM KCNO for 2 weeks.
Segregants from CYN plants that lost the transgene (Azygous), empty
vector transformants (pTRA-K), plants transgenic for cyanase gene
(CYN-1-CYN-3). Data are means from at least three independent plants
for each genotype £SE. Asterisks represent statistically significant
differences compared to azygous control plants (**p < 0.01,
*#kp < 0.001)

root elongation as well as rosette diameter of azygous plants
(light gray bars in Fig. 5b, ¢). A clear induction in plant rosette
diameter was obvious for CYN-2 and CYN-3 transgenic lines
at KCNO concentration of 0.1 and 0.2 mM compared to un-
treated controls (Fig. 5b). This indicates that low concentra-
tions of KCNO (up to 0.2 mM) promote plant growth, where-
as KCNO concentrations above 0.2 mM KCNO have negative
impact on both CYN transgenic plants and azygous controls.
Interestingly, root hair formation was inhibited in azygous
control plants at KCNO concentrations of 0.2 mM and there-
after, whereas this effect was observed at KCNO concentra-
tion above 0.6 mM in CYN overexpressors (see Fig. 5a). It is
clear that primary root length and plant rosette diameter mea-
surements of CYN transgenic lines are significantly higher
compared to azygous controls at all the used KCNO concen-
trations (Fig. 5b, ¢). Previous research studies have shown that
seedlings of the model plant A. thaliana are sensitive to cya-
nides and show growth retardation phenotypes even at low
concentration of the pollutant (Garcia et al. 2010; Mc
Mahon Smith and Arteca 2000; O’Leary et al. 2014). In con-
trast, CYN transgenic plants survived concentrations up to
0.6 mM cyanate without any visible signs of stress.
Although soil contamination is considered as the major source
of cyanide and cyanate toxicity to plants (Trapp et al. 2003),
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our initial growth assays were based on foliar spray applica-
tion because a significant amount of the exogenously applied
cyanate is not expected to be metabolized in plant roots, how-
ever ends up in shoots (Yu et al. 2012). Thus, in the second
growth assay, 2.5 mM cyanate was applied via plant leaves
(foliar spray) to 6-week-old plants for 2 weeks in 2-day inter-
vals. Plant rosette diameter, fresh weight (FW), and dry weight
(DW) were measured as indicators for KCNO tolerance
(Fig. 6). Plant rosette diameter was recorded before and after
KCNO application. Before KCNO application, CYN trans-
genic plants and controls showed very similar growth pattern
(gray bars in Fig. 6a). However, KCNO application has neg-
ative effects on growth of azygous and pTRA-K control plants
(Fig. 6a, d). A significant increase in plant rosette diameter
was observed for CYN transgenic lines compared to controls
(black bars in Fig. 6a). About 10% increase in plant rosette
diameter was observed for azygous and pTRA-K controls. In
contrast, 70-90% increase in plant rosette diameter was ob-
served for CYN transgenic lines compared to untreated plants.

Total plant fresh weight and total plant dry weight were
also measured from 8-week-old plants that were sprayed with
2.5 mM KCNO (foliar spray) for 2 weeks in 2-day intervals.
Again, CYN transgenic lines show significant increase in both
parameters compared to azygous and pTRA-K controls under
the assay condition. Significant fourfold increase in FW
(Fig. 6b) and significant threefold increase in DW (Fig. 6¢)
were observed for CYN transgenic lines compared to controls.
Thus, CYN overexpressors perform superior when KCNO
was applied to plant leaves. These results indicate that CYN
expression enhances cyanate tolerance and promotes growth
in Arabidopsis plants.

It is useful to compare the currently observed effects of
cyanobacterial CYN expression with the previously published
approach for the functionality of Arabidopsis and rice
cyanases (Qian et al. 2011). The authors have overexpressed
the cyanase gene from A. thaliana (AtCYN) and O. sativa
(OsCYN) in Arabidopsis plants. Transgenic lines overex-
pressing AfCYN or OsCYN exhibited resistance to KCNO
stress (up to 1 mM) when cyanate was applied to
Arabidopsis seedlings in MS agar plates. However, our
growth assay data showed that CYN overexpressors can with-
stand up to 1.2 mM KCNO under the same assay conditions
(Fig. 5). Moreover, application of higher concentrations of
KCNO (2.5 mM) to plant leaves via foliar spray resulted in
a significant induction of CYN transgenic plant growth
(Fig. 6). Control plants showed very weak or stunt growth
phenotype upon KCNO application. This growth assay indi-
cates that the endogenous cyanase is insufficient to detoxify
the exogenously applied cyanate. This may be due to the fact
that endogenous cyanase transcription is not induced by ap-
plication of exogenous cyanate to Arabidopsis plants (Qian
et al. 2011). The enhanced growth of CYN transgenic plants
under cyanate stress might be due to (1) the efficient removal

of the exogenous biotic stress factor cyanate and (2) the re-
assimilation of the cyanase-dependent cyanate degradation
products, NH3 and CO,, by the primary plant nitrogen and
carbon assimilation pathways as shown above (Fig. 4a, b) al-
though additional energy and reducing equivalents would be
required for the re-assimilation process (Kebeish et al. 2007;
Peterhansel et al. 2010).

Cyanate in soil may come from chemical compounds con-
taining urea or cyanide, and anthropogenic activities released
additional cyanate containing wastes to the environment
(Dirnhuber and Schutz 1948; Malhotra et al. 2005; Rader
et al. 1995; Sancho and Bellen 2005). Full cyanate tolerance
has not been achieved in the current study. Thus, an effective
bioremediation system has to be developed in order to release
the toxic cyanide and cyanate from the environment. We sug-
gest that a gene stacking approach incorporating effective mi-
crobial cyanases, mitochondrial and/or plastid targeted
nitrilases, and stress-eliminating enzymes (e.g., glutathione-
S-transferase (GST)) in combination with augmentation of
the plant endogenous cyanate detoxification pathway would
introduce new research opportunities for developing an effec-
tive environmental friendly cyanate remediation system
through the use of genetically engineered plants, especially
if implemented in a plant species with higher natural tolerance
to CNO . It remains to be shown in further studies whether
this approach is more effective when transgenic plants are
allowed to grow in a cyanate-contaminated soil harboring
soilborne cyanate-resistant microorganisms.
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