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Abstract
Cumin is an annual, herbaceous, medicinal, aromatic, spice glycophyte that contains

diverse applications as a food and flavoring additive, and therapeutic agents. An efficient,

less time consuming, Agrobacterium-mediated, a tissue culture-independent in planta
genetic transformation method was established for the first time using cumin seeds. The

SbNHX1 gene, cloned from an extreme halophyte Salicornia brachiata was transformed in

cumin using optimized in planta transformation method. The SbNHX1 gene encodes a vac-

uolar Na+/H+ antiporter and is involved in the compartmentalization of excess Na+ ions into

the vacuole and maintenance of ion homeostasis Transgenic cumin plants were confirmed

by PCR using gene (SbNHX1, uidA and hptII) specific primers. The single gene integration

event and overexpression of the gene were confirmed by Southern hybridization and com-

petitive RT-PCR, respectively. Transgenic lines L3 and L13 showed high expression of the

SbNHX1 gene compared to L6 whereas moderate expression was detected in L5 and L10

transgenic lines. Transgenic lines (L3, L5, L10 and L13), overexpressing the SbNHX1 gene,

showed higher photosynthetic pigments (chlorophyll a, b and carotenoid), and lower elec-

trolytic leakage, lipid peroxidation (MDA content) and proline content as compared to wild

type plants under salinity stress. Though transgenic lines were also affected by salinity

stress but performed better compared to WT plants. The ectopic expression of the SbNHX1
gene confirmed enhanced salinity stress tolerance in cumin as compared to wild type plants

under stress condition. The present study is the first report of engineering salt tolerance in

cumin, so far and the plant may be utilized for the cultivation in saline areas.

Introduction
Cumin (Cuminum cyminum L.) is an aromatic medicinal herb; dried seeds are consumed as
spices, and the plant is well documented with various functional and nutritional properties in
the scientific literature. Spices are an important constituent of human nutrition and non-leafy
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plant parts such as seed, fruit and flower are not only used for flavor enhancement but also as
food preservatives [1–2]. Cumin is most widely used plant of Apiaceae family because of multi-
functional role with therapeutic applications [3–5] such as antibacterial, antioxidant[6], antidi-
abetic and also a good source of vitamin B-complex and minerals like iron, calcium and zinc
[7]. The active constituent, cuminaldehyde is present in essential oil of cumin, which possesses
anti-inflammatory activity [3, 8], anti-aflatoxigenic property and anti-fibrillation activity [9].

The plant attains a height of 30–40 cm, thrives well in tropical regions because of the fibrous
root, and also growth period coincides with winter and springs rainfall that provides drought
tolerance ability [6–7, 10]. However, productivity and seed yield of cumin is highly susceptible
to soil salinization i.e. salinity stress which is irresistible process in semi-arid regions due to nat-
ural occurrence of high amount of soluble salt [11–12], uneven rainfall distribution and poor
quality water for irrigational purposes leading to excess salt deposition in the root zone of
growing plants [7, 13–14]. Previous studies conducted on cumin cultivation have summarized
that vegetative stage and flower setting stage of cumin plant is most sensitive showing tolerance
level up to 5 ds/m in salt affected land [15]. The germination of seed, seedling growth and
other metabolic activities of this aromatic plant is severely affected by salinity stress which fur-
ther decreases umbel formation and seed harvest index causing yield and productivity loss of
cumin seeds [5, 15–16]. In addition, the present scenario of agricultural land highly threatens
to productivity loss, as about 20% (62 million hectares) of irrigated land has already subjected
to salt-induced degradation [17].

Salinity tolerance is multi-faceted trait governed by a plethora of mechanism that varies
with plant development stage or environmental factors that are highly dynamic in nature [18].
Therefore, incorporation of salinity tolerance in domesticated crops by transferring salt toler-
ant gene is one of the major challenges for plant breeders. Although cumin is an economic cash
crop, limited efforts have been made for varietal development [19], also traditional breeding
approaches have not proven beneficial due to narrow germplasm range [20] and small floral
size further creates difficulties in emasculation and hybridization [21–22]. Moreover limited
reports are available on the intervention of biotechnological tools in cumin. Earlier, we have
established an efficient microprojectile bombardment- and Agrobacterium-mediated genetic
transformation of cumin for the first time using embryos as explants [7, 23].

Advancement in the transformation techniques have revolutionized the methodology for
crop improvement, supports functional validation of genes and promoters [24–30] and a num-
ber of genetically modified crops have been developed containing the gene of interest through
transgenic approaches [31–34]. Routinely for producing transgenic plants, the procedure com-
prises of transferring the desired gene into a highly totipotent explant (callus, embryo, leaf,
shoot apex etc.) via Agrobacterium or particle bombardment and then following tissue culture
based regeneration protocol for complete plant development [23, 35]. Although the in vitro
method of plant regeneration-transformation is applicable to variety plants species [36–38] but
the method is laborious and not promising because of the requirement of sterile conditions
[39] and also somaclonal variations or morphological abnormalities as a result of the long
phase of regeneration [40–42]. Also, most of the plant species are highly recalcitrant to in vitro
regeneration [39, 43]. To overcome the constraints mentioned above, the in vivomethod of
Agrobacterium-mediated transformation, known as in planta are gaining more importance.

High salinity disturbs the ionic homeostasis within the cell by inhibiting the normal physio-
biochemical metabolism promoting plant senescence [44]. Therefore, selective ion uptake fol-
lowed by compartmentalization is a very useful strategy to keep away toxic ions (Na+) from cel-
lular machinery for normal growth or to sustain growth under saline conditions [45]. Na+/H+

antiporters (NHXs) are an essential cation/proton antiporters localized universally to the
plasma membrane and endomembranes of many cells ranging from prokaryotes to eukaryotes
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(higher plants and animals) [46]. The importance of vacuolar Na+ compartmentalization in
plant salt tolerance has been demonstrated in transgenic plants by overexpressing the NHX1
gene. Previously, the potentiality of SbNHX1 gene isolated from Salicornia brachiata as salt tol-
erant has been checked in Jatropha curcas [31] and Ricinus communis [33] through transgenic
approach. Salicornia is an extreme halophyte, possessed unique characteristics [47–49] and it
was observed that overexpression of the SbNHX1 in transgenic plants modulated the physio-
logical and biochemical response that improved growth and enhanced salt tolerance than wild
type plant [31, 33].

Till date, a number of successful in planta transformation was performed with Agrobacter-
ium using germinated seeding of plants like Raphanus sativus, Saccharum officinarum, Oryza
sativa, Solanum melongena and Brassica napus [39, 50–52]. The germinating seeds are readily
available throughout the year and easy to handle, and also plants obtained through seed trans-
formation have been found to be truly transformed [50, 52].In the present study, an in planta
transformation method for C. cyminum has been carried out using the gene SbNHX1 to
enhance the salt tolerance. The Agrobacterium strain EHA105 containing the gene construct
pCAMBIA1301-SbNHXI was transferred assisted by vacuum infiltration of germinated seeds
to develop transgenic cumin plants that can withstand with salinity stress and can be utilized
for cultivation in the salt affected area.

Materials and Methods

Plant material and selection of basal media
Healthy and uniform mature cumin seeds of a local cultivar (GC-3) were rinsed with water and
treated with 2% (v/v) NaOCl disinfectant for 10 minutes. Seeds were washed five to six times
with sterile water, kept soaked in distilled water at 4°C for overnight to make seeds fully turgid.
Four different basal media viz water agar (distilled water solidified with agar 0.8% w/v), B5
(Gamborg’s B5 basal medium including macronutrients, micronutrients and iron source
+ sucrose 3% w/v, solidified with agar 0.8% w/v), half MS (half strength Murashige and Skoogs
medium with macronutrients, micronutrients and iron source + sucrose 3% w/v, solidified
with agar 0.8% w/v) and MS (Murashige and Skoogs medium with macronutrients, micronu-
trients and iron source + sucrose 3% w/v, solidified with agar 0.8% w/v) were evaluated for the
seed germination. The plant basal media was supplemented with sucrose (3% w/v), solidifying
agent agar (0.8% w/v) and the pH was adjusted to 5.8 by adding 1 N NaOH or 1 N HCl before
autoclaving. The surface sterilized seeds were inoculated in petri dishes containing solidified
plant growth media (water agar, B5, half MS or MS basal) overlaid with sterilized filter paper
(Whatman No. 1). Cultures were incubated in dark at 21°C for seven days, later on, transferred
under 16/8 h photoperiod for one week at a light intensity of 35 μmol m-2 s-1 at 24 ± 2°C under
controlled culture conditions [7, 23]. Seeds were germinated up to the emergence of the cotyle-
donary leaf.

In planta transformation method
Agrobacterium tumefaciens (EHA105 strain) harboring the gene construct pCAMBIA1301-
SbNHX1 (31, 33) was used to perform in planta seed transformation. Agrobacterium culture
was grown in 50 mL of LB broth supplemented with 50 mgL−1 kanamycin and 25 mgL−1 rifam-
picin at 28°C till absorbance of the bacterial culture reached to OD600 = 0.6 [23]. The cells were
harvested by centrifugation at 2700 x g for 10 min, and the pellet was dissolved in equal volume
of infiltration medium (½MS salt; 300 μMAcetosyringone, AS and pH 5.7).

Mature surface sterilized seeds of cumin was used to optimize the various parameters that
influence the in planta seed transformation including duration of pre-culturing of seed and
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vacuum infiltration. The sterilized pre-soaked seeds were pre-cultured for 5, 7, 9 and 11 days in
petri dishes containing 50 mL solidified MS medium overlaid with filter paper (Whatman No.
1) in dark conditions at 21°C. The germinated seeds with emerged plumule were wounded by
syringe needle dipped in Agrobacterium suspension at the apical meristem of the axis and the
inter-cotyledonary region. After the injury, germinating seeds were inoculated with 100 mL infil-
tration medium (½MS containing pellets of Agrobacterium + 300 μMAS; pH 5.7) and subjected
to vacuum infiltration for 10 min at 250 mm of Hg. After vacuum treatment, cumin seeds were
taken out from the infiltration medium and blotted dry on sterile tissue paper to get rid of the
excess of Agrobacterium suspension. After that, seeds were transferred to petri dishes containing
MS medium and incubated (co-cultivation) for 72 h in the dark at 23°C. Co-cultivated seeds
were washed five times with sterile liquid ½MS basal solution containing 300 mgL−1 cefotaxime,
blot dried on sterile tissue paper, and transferred to soil for plant development. Transformed
seedlings were grown in a growth chamber for further development at 24 ± 2°C under a 16/8 h
photoperiod. Approximately after 4-weeks, flower bud initiation started and flowers were opened
completely in the next two-weeks. At this stage, ear-bud was used on fully opened flowers for
cross pollination. Plants were further grown till seed maturation and harvesting. The number of
surviving seedlings were recorded and subjected to transgene confirmation.

Histochemical GUS assay of in planta transformants
The expression of uidA (gus) gene was confirmed histochemically by dipping randomly
selected germinating seedlings in the X-Gluc buffer (GUS assay kit, Sigma, USA) followed by
incubating at 37°C for 12 h. Subsequently plant material was washed with 70% ethanol to
remove the chlorophyll content and blue spots were examined under binocular stereomicro-
scope (Olympus, Japan).

Molecular analysis of in planta transformants
Healthy leaves were collected from samples (wild type, WT; control/non transformed and
transformed plants), genomic DNA was extracted, quantified and subjected to PCR amplifica-
tion using genes specific primers [31, 33]. Southern hybridization was performed to determine
copy number and stable integration of candidate gene. About 30 μg of purified genomic DNA
(fromWT and transformants) were digested withHind III enzyme for 24 h at 37°C, separated
on a 0.7% agarose gel and transferred to Hybond N+ membrane (Amersham Pharmacia, UK)
by the capillary method using alkaline transfer buffer (0.4 N NaOH, 1 M NaCl). The gene con-
struct pCAMBIA1301-SbNHX1 and DNA from non-transformed plants were used as a posi-
tive and negative control, respectively. The membrane was neutralized with neutralization
buffer (0.5 M Tris-Cl of pH 7.2 with 1 M NaCl), air-dried and DNA binding was fixed by UV
cross-linking, using 56 mJ cm−2 energy for 1 min in a UVC 500 cross-linker (Amersham Bio-
sciences, UK). After that blot had been hybridized with PCR-generated, DIG-11-dUTP labeled
SbNHX1 gene probe following PCR DIG probe synthesis kit (Roche, Germany). The hybrid-
ized membrane was detected by using CDP-Star chemiluminescent as a substrate, following
the manufacturer’s instructions (Roche, Germany). The X- ray film (Eastman Kodak, USA)
was processed to visualize the signals.

The overexpression of SbNHX1 gene in transgenic plants was studied by semi-quantitative
RT-PCR. Total RNA from leaves (WT and transgenic lines; L3, L5, L6, L10 and L13) was iso-
lated using RNeasy plant mini kit (Qiagen, Germany) according to manufacturer’s protocol.
The cDNA was synthesized using ImProm-II Reverse Transcription System kit (Promega,
USA). Semi-quantitative RT-PCR analysis was performed using cDNA as a template, SbNHX1
gene as a target and actin gene as an internal control.
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Physio-biochemical analysis of in planta transformants for salt tolerance
To determine the salt tolerance ability of transformed plants, different physiological and bio-
chemical studies were carried out. For this, plants grown in plastic pots containing garden soil
were irrigated with NaCl (200 mM) at regular two days interval. The effect of salt was observed
after 15 days, and leaves samples were harvested from treated and untreated plants (WT and
transgenic lines, L3, L5, L10 and L13) for different physio-biochemical analyses (electrolyte
leakage, proline, malondialdehyde and chlorophyll).

Estimation of electrolyte leakage, proline content, lipid peroxidation and
photosynthetic pigments of in planta transformants under salt stress
condition
The electrolyte leakage (EL) was estimated to determine salinity induced damage in leaves of
transformed cumin and compared with control plants [44]. Leaves sample (WT and transgenic
lines L3, L5, L10 and L13) were collected, washed to remove surface-adhered electrolytes,
immersed in deionized water (10 mL), and incubated at 25°C for 24 h. The initial electrical
conductivity (EC) of the solution (Lt) was measured using conductivity meter (SevenEasy, Met-
tler Toledo AG 8603, Switzerland). After that leaf samples were boiled at 99°C for 20 min,
cooled to room temperature, final electrical conductivity (L0) of the solution was measured,
and the electrolyte leakage was determined.

The change in free proline content under salinity stress was monitored by a method
described by Bates et al. [53]. The extract was prepared by homogenizing 20 mg leaves samples
(WT and transgenic lines L3, L5, L10 and L13) in 3% sulphosalicylic acid, centrifuged at 10,000
rpm for 15 min at 4°C and supernatant was collected. Supernatant (1 mL) was mixed with acid
ninhydrin (1 mL) and glacial acetic acid (1 mL) and incubated for 1 h in water bath at 98°C.
After cooling on ice cold water, 2 ml toluene was added followed by vortexing for 15 sec. The
upper phase was collected, and total proline was calculated by the standard curve, prepared
against the known concentration of proline measured at 520 nm absorbance [53].

The MDA content was estimated for quantifying the lipid peroxidation in treated and
untreated leaves samples (WT and transgenic lines L3, L5, L10 and L13) under salinity stress
following the method as described by Hodges et al. [54]. Leaves samples (20 mg) were ground
and extracted with trichloroacetic acid reagent (TCA; 2 mL, 0.1% w/v). Reaction samples were
of two types; 1st set contained TBA (0.65% w/v TBA prepared in TCA 20% w/v), and 2nd set of
the experiment included 20% w/v TCA (TBA was excluded) only. The plant extract (0.5 mL)
was mixed with 2 mL of TBA with TCA or only TCA. Both reaction mixtures were incubated
in water bath at 95°C for 30 min and later on cooled in ice water to stop the reaction. Superna-
tant was collected after centrifugation at 10,000 rpm for 5 min and finally absorbance was
recorded at 440 nm, 532 nm and 600 nm, and MDA content was measured [54].

Fresh leaves of untreated and treated plants (WT and transgenic lines L3, L5, L10 and L13)
were used for estimation of various photosynthetic pigments. Samples (20 mg) were extracted
in 100% N, N-dimethylformamide (DMF) at 4°C and different photosynthetic pigment con-
tents such as Chl a, Chl b, total Chl (a+b) and carotenoid were estimated using absorbance
recorded at 665, 647 and 461 nm [55–56].

Statistical analysis
All quantitative data, recorded from three replicates, were subjected to determine the signifi-
cance of difference by analysis of variance (ANOVA) and graphs represent mean value ± SE
followed by different letters are significantly different at P<0.05.

Transgenic Cumin with Salt Stress Tolerance

PLOS ONE | DOI:10.1371/journal.pone.0159349 July 13, 2016 5 / 18



Results

Selection of basal media
The pre-culturing of seeds was prerequisite for in planta transformation and for this, the effect
of different basal media (water agar, B5, MS and ½MS) on the emergence of cotyledonary leaf
from seeds of cumin was evaluated, and growth response was recorded after ten days (Fig 1).
Seeds inoculated on MS basal medium showed the best response towards germination as com-
pared to other media (water agar, B5 and ½MS) used in the study. The emergence percentage
of the cotyledonary leaf was 4.4-fold higher in MS as compared to water agar. Though, B5 and
½MS media showed similar response towards percent emergence which was about 3.7-fold
higher than water agar medium but was lower than that of MS medium.

Fig 1. Effect of basal media and pre-culturing. Effect of different basal media on seed emergence (A). Seeds germinated on water, B5,½MS and MS.
Effect of the stage of pre-cultured seeds on transformation frequency (B). Seeds were germinated and pre-cultured for 5, 7, 9 and 11 days. Graphs
represent mean value ± SE followed by different letters are significantly different at P<0.05.

doi:10.1371/journal.pone.0159349.g001
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Influence of pre-culturing of seed on transformation efficiency
The seeds were pre-cultured on MS basal medium for the different period (5, 7, 9 and 11 days)
before infection with Agrobacterium and transformation efficacy was monitored by analyzing
blue foci of the uidA (gus) gene expression (Fig 1). The GUS foci were found maximum in 7
days pre-culturing condition (P<0.05) followed by 9 to 11 days pre-culturing. The optimal
pre-culture period was determined as seven days which showed highest gus expression that
was 17-folds higher to 5 days pre-culturing. Furthermore, pre-cultured seeds of longer duration
(9 and 11 days) showed two-fold lower response as compared to 7 days.

Effect of vacuum infiltration
Seven days pre-cultured seeds were subjected to vacuum infiltration with Agrobacterium sus-
pension for 10 min and monitored by gus expression (Fig 2). A radical increase in the effi-
ciency of transformation was detected compared to control in which no vacuum-infiltration
was applied. The mean number of gus positive was about 2.2 times higher in vacuum in-filtered
as compared to no vacuum treatment. The intense blue spots were detected over the surface of
the infiltered seedlings covering a major portion of the cotyledonary leaf, hypocotyl, and radi-
cle. Thus, application of vacuum was found to be optimum for increasing the transformation
frequency.

In planta transformation and development of transgenic plants
In planta transformation of pre-incubated cumin seeds (on MS basal medium for 7 days) was
performed using Agrobacterium suspension (of OD600 = 0.6) supplemented with 300 μMAS
followed by 10 min vacuum infiltration (Fig 3). Out of the total 200 seeds subjected to in planta
transformation, 17 plants survived and attained maturity (i.e. completed their life cycle). Thus,
survival frequency was found to be 8.5%. However only 11 plants were able to set seed nor-
mally, and next generation seeds were obtained. The complete schematic representation of
optimized in plantamethod for transformation in cumin seeds mediated by A. tumefaciens is
given as Fig 4.

Fig 2. Effect of vacuum infiltration on transformation efficiency. The graph represents mean value ± SE followed by different letters are significantly
different at P<0.05.

doi:10.1371/journal.pone.0159349.g002
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Fig 3. In planta transformation of cumin seeds. Seven days pre-cultured germinated seeds (A) were infected (co-cultivated) with Agrobacterium (B)
followed by vacuum infiltration in a desiccator (C) and then transferred to the plastic pot for further growth (D). Putative transformants showed initiation of
flower bud formation (E) and cross pollination by using ear bud (F). Randomly selected non transformed (control) seedling (G) and putatively transformed
seedlings (H) showed histochemical GUS spots. Putative transgenic plants are grown further for seed setting and maturation (I-L).

doi:10.1371/journal.pone.0159349.g003
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Molecular analyses of in planta transformants
The genomic DNA was used as a template for PCR reaction for confirmation of gene integra-
tion into the plants of cumin. PCR amplification of genomic DNA isolated from cumin T0

transformants showed the presence of the SbNHX1, reporter gene gus and selectable marker
hptII of expected bands of sizes 172 bp (internal fragment), 1280 bp and 963 bp respectively
(Fig 5). A total of 11 transformed T0 plants obtained by in planta transformation were
screened, out of which nine plants were found to be positive.

Fig 4. Schematic representation of optimized in planta transformation protocol used for Agrobacterium-mediated genetic transformation of
cumin seeds.

doi:10.1371/journal.pone.0159349.g004
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The Southern blot analysis of four randomly selected transformed T0 plants obtained by in
plantamethod was performed to determine the copy number of SbNHX1 in the genome of
cumin (Fig 5). It was found that SbNHX1 probe hybridized to a single fragment in transgenic
lines L3 and L5 whereas multiple hybridizations were observed in L10 and L13. Thus, Southern
blot analysis revealed the presence of single copy insertion in L3 and L5 and double copy gene
insertion in L10 and L13 transgenic lines (Fig 5). The WT plants did not show any hybridiza-
tion signal with the probe.

The overexpression of the SbNHX1 gene was confirmed by competitive reverse transcriptase
PCR (RT-PCR) (Fig 5). Transgenic lines (L3 and L13) showed the highest expression of the
gene; moderate expression was detected in L5 and L10 transgenic lines while lowest expression
was found in L6. Transgenic lines L3, L5, L10 and L13 were selected further for salt stress assay
including physio-biochemical responses under salinity stress.

Fig 5. Molecular confirmation of in planta transformed transgenic lines. PCR confirmation of putative transgenic lines using SbNHX1, gus gene and
hptII genes (A); Southern blot analysis of randomly selected in planta transgenic plants (B) and overexpression analysis of the SbNHX1 gene in
transgenic plants, analyzed by semi-quantitative RT-PCR (C). Lane M: Molecular weight marker ladder, lane PC: positive control, laneWT: wild type plant
(negative control i.e. non-transformed plant) and lanes L: putative transgenic lines.

doi:10.1371/journal.pone.0159349.g005

Transgenic Cumin with Salt Stress Tolerance

PLOS ONE | DOI:10.1371/journal.pone.0159349 July 13, 2016 10 / 18



Physio-biochemical analysis of in planta transformants
Transgenic lines along with WT were treated with 200 mMNaCl salt solution for 15 days in
soil at every two days interval. The effect of salinity stress was observed after 15 days. Leaves
were harvested and used for measuring the level of electrolyte leakage, MDA, proline and pho-
tosynthetic pigments during salinity stress (Fig 6).

No significant difference (P<0.05) in the electrolyte leakage, proline content, and lipid per-
oxidation was found inWT and transgenic plants under control condition (0 mMNaCl). How-
ever under 200 mMNaCl stress condition, the leakage of electrolyte in WT increased by two-
folds than that of control. The electrolyte leakage also increased for transgenic lines, but it was
found to be significantly (P<0.05) lower compared to WT plants under stress condition (Fig
6A). The level of MDA was 1.7-folds higher in WT compared to control under stress condition
(200 mMNaCl). In contrast, transgenic lines showed lower MDA accumulation to that of WT
plants under 200 mMNaCl stress (Fig 6B). Similarly, the transgenic lines were found to accu-
mulate less proline content as compared to WT, and a significant difference was observed
under salt stress (Fig 6C).

In leaves of WT and transgenic plants, the chlorophyll a content showed no significant dif-
ference in the control condition (0 mM NaCl). The WT showed 63% reduction in chlorophyll
a content under salt stress (200 mMNaCl) compared to control (Fig 6D). On the other side,
the level of chlorophyll a was reduced about 2.2, 43, 21 and 37% in transgenic lines L3, L5, L10
and L13 respectively under salt stress (200 mMNaCl). In the case of chlorophyll b, WT plants
showed 62% reduction in salt stress compared to control (Fig 6E). Transgenic lines were found
to tolerate salinity stress by showing lower deterioration of chlorophyll under stress (200 mM
NaCl). The percentage of total chlorophyll (a+b) in WT was decreased up to 62.5% under stress
compared to control (Fig 6F). However transgenic lines L3, L5, L10 and L13 showed 3.6, 50, 21
and 37% reduction in total chlorophyll under NaCl stress (200 mM). While estimating the
carotenoid content, WT plants showed approximately 70% reduction in stress (200 mMNaCl)

Fig 6. Bio-physiology of transgenic lines under salinity stress. Estimation of electrolyte leakage (A), lipid peroxidation (B), proline (C), chlorophyll a
(D), chlorophyll b (E), total chlorophyll (F) and carotenoid contents (G) of WT and transgenic plants. Graphs represent mean value ± SE followed by
different letters are significantly different at P<0.05.

doi:10.1371/journal.pone.0159349.g006
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compared to control (0 mMNaCl) condition (Fig 6G). On the contrary, the carotenoid content
was decreased by 26, 38, 36 and 32% respectively in leaves of transgenic plants L3, L5, L10 and
L11 treated with salt (200 mMNaCl). Overall, transgenic lines (L3, L5, L10 and L11) performed
better compared to WT plants under salinity stress.

Discussion
Salinity imposes a detrimental effect on the plant's life, and most of the plants, known as glyco-
phytes cannot survive under saline condition. Tolerance to the salinity stress can be of utmost
importance to provide enough food to the growing world population. Antiporters are a key
determinant for maintaining cellular ion homeostasis within the plant cell thus averting the
toxic effects of accumulated salt by compartmentalizing into the vacuolar organelle, or exclud-
ing to the apoplast and keeping low ion content in the cytosol [18]. Although salinity is a multi-
genic trait and is governed by the coordinated action of several genes, but previous studies have
also supported the efficacy of salinity tolerance imparted by overexpressing single gene either
in a model plant or crop plants [25, 27, 30, 32, 34]. The importance of vacuolar Na+ compart-
mentalization in plant salt tolerance has been demonstrated in transgenic plants overexpres-
sing the NHX1 gene [31, 33]. Functional validation PgNHX1 in rice revealed that transgenic
plants can withstand NaCl up to 100 mM and perform better in terms of seed germination and
seed setting [57]. NHX1 antiporter also controls various cellular processes that are not directly
linked to salt tolerance. Mutational studies in Arabidopsis revealed that NHX1 mutants suf-
fered from numerous developmental abnormalities such as altered cell structure, cell growth,
protein processing and vesicular trafficking leading to abnormal phenotype in normal growth
environments [58–59]. Taken together, these findings implicate the pivotal role of the antipor-
ter (NHX family) in salt tolerance and supporting the feasibility of generating transgenic plants
using Na+/H+ genes for enhanced salt tolerance.

In plantamethod is a tissue culture-independent genetic transformation carried out using
Agrobacterium tumefaciens to obtain transformed plants [60]. In the present study, transgenic
cumin plants overexpressing the SbNHX1 gene were developed by an in planta transformation
protocol. The method is devoid of conventional tissue culture procedures such as callus culture
and plant regeneration through indirect pathways because cumin seeds were directly used for
transformation with Agrobacterium and subsequently transferred to soil for plant development
(Figs 3 and 4). In the present scenario, the method is widely accepted for transforming crops
plants because of several advantages such as less time consuming, reduce labor cost and free of
somaclonal variations and other deformities related to plant regeneration [51–52]. Therefore,
based on previous findings, an attempt was carried out to perform Agrobacterium-mediated in
planta transformation in cumin using seeds.

In the optimization of the in planta transformation protocol in cumin, the results indicated
that basal medium for seed germination, pre-culture of seeds and vacuum infiltration were key
determinants for increasing the chance of T-DNA transfer into the host plant. The seed vigor
is an important factor for successful in planta transformation method. Rapidly dividing cells of
germinating seeds could be easily targeted for Agrobacterium infection. For this, the germina-
tion response of cumin seeds on different basal media was checked before used for infection
with Agrobacterium (Fig 1). The composition of the nutrient media was found to influence the
growth, and full strength MS basal medium was found to be best suitable for seed inoculation
in which 4.4 times higher seed emergence was achieved as compared with water agar medium.
Seeds inoculated on MS basal medium showed rapid germination leading to the emergence
and healthy growth of seedling as compared to other basal media. Moreover rapidly dividing
cells could readily promote T-DNA transfer and integration into the host genome.
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Subramanyam et al. [52] have also reported that the percentage of seed germination is a critical
factor for successful in planta transformation using seeds as explant.

The competency for Agrobacterium infection could be enhanced by pre-culturing the
explants to be used for transformation procedure. Growing the seeds in the basal medium
could break the dormancy and also promote mobilization of reserved nutrient material needed
for germination [61]. Thus, transformation efficiency could be increased significantly because
actively dividing cells were known to be more susceptible to agro-infection leading to T-DNA
delivery and integration [52, 62]. In this study, the duration of pre-culturing of seeds before
infection with Agrobacterium was found to be crucial for enhancing the transformation effi-
ciency. Seeds were kept in dark incubation for a different time interval before infection with
Agrobacterium to identify the precise stage at which maximum transformation could be
achieved (Fig 1). The highest number of GUS spots were observed in 7 days old germinated
seeds which was 16.6 times higher than five days old germinated seed used for transformation.
However as the duration of pre-culture was increased beyond seven days, the transformation
frequency was drastically reduced. The GUS spots were uniformly distributed over the different
regions germinated seedling covering the cotyledonary leaf, hypocotyl, and radicle in 7 days
old pre-cultured seed used for Agrobacterium infection. However, the subsequent increase in
pre-culture duration of seed to 9 and 11 days resulted in drastic reduction in visible blue foci
which was found to be restricted to the junction point of hypocotyl and radicular part of germi-
nated seedling. Furthermore, seven days old germinated seeds were easy to handle for transfor-
mation procedure as compared to 9 and 10 days old germinated seeds. Results are in the
agreement with previous studies demonstrating the role of actively dividing cells in increasing
the transformation efficiency. Braun [63] have emphasized that actively dividing plant cells
were in a state of de-nova meristematic activity, resulting in wound-induced reaction necessary
for attachment of Agrobacterium to plant cell surface for T-DNA transfer. Also, these cells
were found to be expressing a higher level of cellular totipotency with a low degree of physio-
logical and morphological specializations, and can revert to cellular dedifferentiation easily
from the quiescent stage [62].

Vacuum infiltration is now routinely used for transformation method for enhancing the
accessibility of Agrobacterium to penetrate deeper into the plant cells for infection [64]. Hence
in the present study, seven days pre-cultured seeds were submerged in Agrobacterium suspen-
sion, and vacuum was applied for 10 minutes to facilitate the Agrobacterium cells to enter the
plant tissue (Fig 2). In the developing embryos of seeds, various primordia develop, but only
the embryonic apical meristems were reported to produce shoot apex would produce the germ
cells, i.e. eggs and pollen [39]. So very few piercing were created in the germinated cumin seeds
using a fine needle to prevent damaging effect of injury on plumules that will, later on, form
shoots. Lin et al. [39] also observed that plumules of the seeds fail to develop shoots due to the
direct piercing of needle into the plumules. So after creating injury by fine needle, the vacuum
was applied that assisted deeper penetration of the suspension of Agrobacterium to enter into
the seed of cumin. The region expressing blue loci on transformed seedlings was found to
increase dramatically and showed 2.2 times higher GUS spots in vacuum treated as compared
to seedlings with no vacuum treatment. Also, the GUS spots were uniformly distributed along
the seedling as compared to control. The transformation efficiency was approximately 82% for
vacuum treatment seed whereas transformation efficiency remained about 36% in control
when no vacuum was used. The application of vacuum infiltration has been reported to
enhance transformation efficiency in several crop species generated by in planta transforma-
tion such as rice [39], brassica [65] and sugarcane [51].

After studying the key components such as basal media for seed germination, pre-culture of
seeds and vacuum infiltration, Agrobacterium-mediated in planta transformation of cumin
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seeds were carried out. The percentage of explants that survived the process of inoculation and
attained maturity was 8.5%. A total of 11 surviving plants at flowering stage were used for con-
firmation of putative transgenic lines by PCR amplification using SbNHX1, uidA and hptII
gene specific primers, out of which 9 transgenic lines were found to be positive that gave ampli-
fication of 172 bp, 1280 bp and 963 bp, respectively (Fig 5).

The Southern hybridization demonstrated the copy number of SbNHX1 gene integrated
into the genome of transgenic cumin lines but not in WT plants (Fig 5). The study revealed a
single copy insertion in line L3 and L5. However, double copy gene integration was observed in
L10 and L13 transgenic lines. The RT-PCR using actin and SbNHX1 showed the overexpres-
sion of SbNHX1in transgenic lines but not in WT plant (Fig 5). The histochemical GUS stain-
ing showed intense visible blue spots while it was absent in WT (Fig 3). The accumulation of
insoluble indolyl dye in the transformed tissue is mainly because of activity of the β-glucosidase
enzyme on its substrate 5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid, cyclohexylammo-
nium salt (X-Gluc) [66]. The gus present in the gene construct encodes for this enzyme indi-
cates expression of functionally active proteins from the transgenes.

To determine the efficacy of SbNHX1 transgene integrated into the genome of any plant,
the proper monitoring of the physiological status under stress condition is crucial. The physio-
logical analysis of transgenic lines of cumin was performed by subjecting these plants to salt
treatment for 15 days at 200 mMNaCl stress (Fig 6). Various physio-biochemical processes
get disturbed under salinity stress, and the severity of damage can be monitored by measuring
the level of electrolyte leakage, MDA, proline and photosynthetic pigments during stress.
These are considered as notable indicators for the physiological status of the plant [33]. It was
observed that transgenic lines carrying the SbNHX1 gene (L3, L5, L10 and L11) performed bet-
ter and maintained healthy growth as compared to WT plants at 200 mMNaCl salt stress by
observing the physio-biochemical status.

The electrolyte leakage and lipid peroxidation are common phenomena due to the mem-
brane damage caused by the generation of reactive oxygen species (ROS) as a consequence of
salinity stress in plants. The electrolyte leakage is mainly due to activation of cation channels
resulting in the efflux of K+ and its counter ions Cl-, NO3-, cittrate3- and malate2- [67] and pro-
duction of malondialdehyde is caused by lipid peroxidation [68]. The present study exhibited
lower electrolyte leakage and MDA content in transgenic cumin lines with respect to WT
plants under salt stress (200 mM). Transgenic castor performed better and showed enhanced
salt tolerance due to ectopic expression of the SbNHX1 gene in terms of MDA and electrolyte
leakage as compared to WT plants [33].

Proline is an organic osmolyte, known to accumulate during salt stress in a variety of plants
to provide osmotic balance and protection to cellular enzymes [18, 33]. During salt treatment
(200 mMNaCl), the proline content was increased in both WT and transgenic plants. How-
ever, the transgenic lines maintained lower proline content as compared with that of wild type.
It justifies that transgenic cumin performed better under salinity stress due to the expression of
SbNHX1 gene. The higher content of various photosynthetic pigments (Chl a, Chl b, Chl a+b
and carotenoid) in transgenic plants as compared to WT demonstrated the lower deterioration
of chlorophyll, representing the better tolerance ability to 200 mM salinity stress. Several other
studies have also shown that protective role of the vacuolar SbNHX1 gene in ameliorating the
Na+ toxicity. Transgenic jatropha and castor overexpressing SbNHX1 gene showed better
growth and chlorophyll amount when subjected to a different level of salinity stress as com-
pared to non-transformed plants [31, 33]. Thus, the above results confirmed that overexpression
of the SbNHX1 gene in transgenic cumin supported the maintenance of better physio-biochemi-
cal status and showed salt endurance compared to WT plants at 200 mMNaCl salt in laboratory
conditions.
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Conclusion
In the study, an efficient tissue culture-independent in planta genetic transformation method
was established in cumin for the first time. Transgenic cumin plants were developed using
SbNHX1 gene that encodes for an antiporter (Na+ and H+) to ascertain the optimized method.
Transgenic cumin plants were thriving well under salinity stress (200 mMNaCl) compared to
WT plants as evident by higher photosynthetic pigments and lower physio-biochemical indica-
tors (electrolyte leakage, proline, and malondialdehyde). Transgenic cumin plants overexpres-
sing SbNHX1gene showed adequate tolerance under salinity stress and thus could be used for
the cultivation in salt affected areas for the sustainable agriculture.
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