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In the current work, we cloned the Arabidopsis thaliana LOS5/ABA3 gene (which encodes a 
molybdenum cofactor sulfurase enzyme required at the final ABA synthesis stage) and transformed it 

into sesame (Sesamum indicum L.) via Agrobacterium. LOS5 gene insertion and integration into 

transgenic plants was confirmed via PCR screening of T0 and T1 plants. Segregation ratio in T1 lines 

were consistent with single gene insertion in 5 out of 6 tested lines; RT-PCR was used to confirm 
expression in T1. Under non-stressed conditions, differences in height, node and leaf numbers were 
observed among transgenic lines, while under severe drought conditions (25% of pot irrigation capacity), 
transgenic plants showed less reduction in height (26.0 -35.5%) compared to azygous (AZ) non-
transgenic plants (more than 50% reduction). Increase in total extractable soluble proteins, elevation in 
proline accumulation, and a reduction in MDA levels were recorded in transgenic lines. Further analysis 
of enzymes involved in scavenger of reactive oxygen species (ROS) revealed that under non-stressed 
conditions, ascorbate peroxidase (APX), catalase (CAT), peroxidase (POX) and superoxide dismutase  
(SOD) activity levels increased by as much as 25, 23, 210 and 75% respectively, compared to AZ. This 
trend of result was recorded under stress condition but to less degree. Our results indicate that elevation 
in drought tolerance was achieved in LOS5-overexpressing sesame lines partially through accumulation 
of proline, and reduction in cellular membranes oxidative-damage “activation of scavenging enzymes”. 
To our knowledge this is the first report on transformation of useful gene in sesame. 
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INTRODUCTION 

Sesame (Sesamum indicum L.), a member of 
the family Pedaliaceae, and considered an 
important oil-producing crop and is considered 
one of the oldest cultivated oil crops worldwide. 
Seed oil-content reaches up to 40%, of which a 
high percentage is in the form of polyunsaturated 
fatty acids, oleic and linoleic acids (35 to 54% and 

38 to 48%, respectively), making sesame oil of 
high nutritional and health value. Sesame is 
cultivated in many tropical and sub-tropical 
regions of the world, and although it has been 
categorized as a moderate drought tolerant plant 
(Cobley, 1976), sesame is extremely sensitive to 
drought during the vegetative growth stage, 
making water-shortage or fluctuation during that 
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period a limiting factor in production (Sun, 2010). 
Drought/shortage of water supplies is considered 
a major environmental limiting factor affecting 
plant productivity, distribution and survival. Under 
dehydration-stress condition, a range of 
molecular, physiological and biochemical 
responses are activated within plants to provide 
protection (Arbona et al., 2016); as in the 
activation of diverse sets of genes involved in 
transcription regulation, water preservation, 
osmolytes production, as well as genes involved 
in protecting cellular organelles and membranes 
(Osakabe et al.,2014). It is well-documented by 
now, that osmotic adjustment signals in plants are 
transmitted through two major pathways, ABA-
dependent and ABA-independent pathways 
(Finkelstein et al., 2002). In the ABA-dependent 
pathway, and upon osmotic stress ABA levels 
increase, thus inducing the expression of several 
classes of genes (Zhu, 2002). On the other hand, 
in the ABA-independent pathway, and upon 
sensing osmotic stress, certain transcription 
regulators/master switchers are without ABA up 
regulation (Shinozaki and Yamaguchi-Shinozaki, 
2007). Abscisic acid (ABA) is a major hormone 
that regulates different developmental stages in 
plants, as in seed development, dormancy, 
germination, and vegetative growth. ABA also 
controls root development and expansion (Harris, 
2015), and most importantly stomatal closure, 
thus playing a vital role in the plant’s water 
evaporation, exchange of gases and 
photosynthesis (Osakabe et al., 2014). ABA is a 
major regulator of plant response to 
environmentally induced dehydration stress 
conditions (Zhu, 2016). Therefore, it was of no 
surprise that upon any dehydration-inducing 
conditions an elevation in endogenous ABA levels 
was reported (Blum, 2015). Also, exogenous 
application of ABA caused an elevation of their 
adaptive responses (Wei et al., 2015). The 
primary biosynthesis of ABA in plants occurs in 
the plastids via is oprenoid and carotenoid 
synthesis pathway. Zeaxanthin (ABA precursor)is 
converted to violaxanthin by zeaxanthin 
epoxidase enzyme (encoded by AtZEP gene in 
Arabidopsis (Park et al., 2008), followed by 
xanthoxin formation via 9- cis-epoxycarotenoid 
dioxygenase (encoded by NCED gene in 
Arabidopsis and formation of abscisic aldehyde in 
the cytosol via alcohol dehydrogenase reductase. 
The last step in ABA biosynthesis is the oxidation 
of abscisic aldehydeby aldehyde oxidase (AAO) to 
form ABA (Seo et al., 2000). At the last step, AAO 
enzymatic activity completely relies on the 

presence of a sulfurylated form of a molybdenum 
cofactor, MoCo. Screening of Arabidopsis-
mutants impaired in their response to drought, 
resulted in identification of LOS5/ABA3 gene in 
Arabidopsis, which turned to encode for a MoCo 
sulfurase needed for regulating ABA biosynthesis 
in plants. Many of ABA-biosynthesis genes have 
been a target to engineer dehydration-stress 
tolerance in plants. Overexpressing the AtZEP 
gene in Arabidopsis caused an elevation in 
drought tolerance by decreasing water loss and 
enhancing primary and lateral root formation 
under stress conditions compared to non-
transgenic plants; while overexpression of NCED 
gene in petunia caused an elevation in 
endogenous ABA and proline content, as well as 
a decrease in stomatal conductance and 
transpiration rate that resulted in drought-tolerant 
plants (Estrada-Melo et al., 2015). Xiong et al., 
(2001) were the first to isolate and characterize 
the allelic mutants of molybdenum enzymes (los5-
1 and los5-2) and concluded that LOS5 is ABA3 
allele. LOS5 gene has also been targeted for 
engineering dehydration stress tolerance in plants. 
Xiao et al., (2009) evaluate the performance of 
different transgenic rice lines, expressing an array 
of dehydration-stress tolerance genes, under 
open field conditions and reported that rice- lines 
over expressing the LOS5 gene were one of the 
best performers under drought conditions and had 
an elevation in relative fertility, causing an overall 
increase in grain yield compared to non-
transgenic controls. Yue et al., (2011) reported 
that LOS5-tobacco plants were drought tolerant 
(detached leaves of LOS5-overexpressing 
seedlings had lower rate of water loss), with 
higher levels of ABA, proline, and exhibited higher 
activities levels of antioxidant enzymes compared 
to non-transgenic controls. In LOS5-cotton plants, 
transgenics had higher levels of ABA, proline, and 
higher activity of reactive scavenging enzymes 
that eventually resulted in a higher water content 
and better cell membrane integrity (Yue et al., 
2012). Soybean and maize plants over expressing 
LOS5 gene had higher levels of ABA, proline and 
antioxidant enzymatic activity that was coupled 
with a reduction in transpiration rate, as well as 
reduction in leaves wilting and electrolyte leakage 
as compared to non-transgenic plants under 
normal and drought-stressed conditions (Li et al., 
2013).Based on genetic transformation studies in 
sesame and toward a long-term goal of using 
AtLOS5 for developing drought tolerance in oil-
crops, we cloned the LOS5 gene from Arabidopsis 
plants into pRI-201-An plant expression vector, 
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and introduced it via Agrobacterium 
transformation into sesame. Several independents 
transgenic plants were produced and those 
individuals were maintained in a bio containment 
greenhouse facility for seed setting. Two 
independent evaluation experiments were 
conducted in two seasons to evaluate the 

performance of the T1 plants under normal and 

drought stressed conditions. Different stress-
related parameters were tested during the 
growing seasons under greenhouse conditions. 
 
MATERIALS AND METHODS 

Construction of the transformation vector. 
The pRI 201-AN plant expression vector 

(Takara Biotechnology Co. Ltd., Cat No. 3264) 

was used to clone the Arabidopsis thaliana- LOS5 

gene. The Arabidopsis thaliana-LOS5 cDNA was 
isolated from Arabidopsis plants using 5’-
ATATAGAGGAAGGGTCTTGCGAAGGAT -3’ and 
5’- CAGTATCGACAAAGGAC-3’, as for and Rev 
primers, respectively. The product was then 
cloned as a SalI– NdeI fragment into the pRI 201-
AN vector (containing kanamycin as a plant 
selectable marker; Figure1a). The construct was 

transformed into sesame via Agrobacterium 
tumefaciens strain LBA4404.  

Transformation of sesame plants.  
Following the procedure previously described 

by Al-Shafeay et al., (2017). About 2.0 mm de-
embryonated cotyledons were dissected from 
previously sterilized sesame seeds cv. Sohag 1 
and were inoculated with A. tumefaciens 
suspension culture for 30 min, followed by 
incubating the explants at 25ºC on antibiotic-free 
MS (Murashige and Skoog, 1962) medium 
supplemented with (2.0 mg/l BA+1.0 mg/l IAA+5.0 
mg/l AgNO3+0.5 µg/l sodium tungstate+30.0 g/l 
sucrose and 7.5 g/l Agar).  Three days later, the 
cotyledons were transferred to selection medium 
containing 25.0 mg/l kanamycin; 4-6 weeks later, 
immerging shoots were transferred into modified 
rooting medium. Individuals with strong rooting 
systems were transplanted into 10 cm pots 
covered with plastic bag and placed in growth 
chamber unit (25 ºC, 16/8 hrs photoperiod, and 
50% humidity). Well-acclimatized plants were then 
transplanted into 20 cm pots filled with soil mixture 
(1:1:1; sand: peat moss: clay) in biocontainment 
greenhouse facility for seed setting. 

  

 
 

Figure1. Schematic structure of LOS5 expressing vector. 
 

T-DNA region of the vector RI201-LOS5. LB, left border; RB, right T-DNA border; LOS5: 
low expression of osmotically responsive gene-5; CaMV 35S: cauliflower mosaic virus 
35S promoter; Kan: kanamycingene;35S T: HSP-term: heat shock protein terminator; 
NOS Term: nopaline synthase Terminator. 
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T-DNA region of thevectorpRI201-LOS5. 
LB, left border; RB, right T-DNA border; 
LOS5: low expression of osmotically 
responsive gene-5; CaMV 35S: cauliflower 
mosaic virus 35S promoter; Kan: kanamycin 
gene; 35S T: HSP-term: heat shock protein 
terminator; NOS Term: nopaline synthase 
terminator. 

DNA isolation. 
Genomic DNA isolation throughout this work 

was conducted using CTAB method, following the 
procedure of Porebski et al., (1997). 

PCR analysis. 
For screening of positive progeny, 200 ng of 

genomic DNA were amplified in 25.0 µl reactions 
using LOS5-specific primers (LOSF 
5’TTCAAGAGATCCGCGACACC 3’ and LOSR 
5’ATTGCACTCCGAGGGGAAAG 3’), the product 
was a 680 bp band. The PCR conditions were: 95 
ºC for 5.0 min, followed by 35 cycles of 1.0 min at 
95 º C, 1.0 min at 60 ºC, and 1.0 min at 72 ºC, 
followed by a final step of 72 ºC for 7.0 min.  

RNA isolation. 
Total RNA was isolated from fresh leaves of 

sesame plants using TRIzol® Reagent 
(Invitrogen, Cat no. 15596026), following the 
manufacturer protocol. Isolated RNA was treated 
with DNase (Qiagen, Cat no. 79254, Germany) 
following to the manufacturer’s protocols. 

RT-PCR. 
Isolated RNA from drought-stressed and non-

stressed sesame plants were used to generate 
cDNA using MMLV enzyme (Promega, USA, Cat 
no. 7787987), following manufacturer 
recommended protocol. 

Greenhouse experiments. 
First year greenhouse experiment (2016): 

Fifty T1 seeds coming from six T0 plants (A, B, C, 
D, E, and F) were germinated in Styrofoam trays 
in bio containment greenhouse facility. Two-three 
weeks post germination, and upon full expansion 
of the 2ndtrue leaf, 2-3 leave discs were excised 
from each seedling for PCR screening 
(presence/absence of LOS5 gene). Thirty LOS5-

positive T1 individuals (from each line) were 

selected and were transplanted into 20cm 
diameter pots (15 pots; 2 plants/pot) filled with soil 
mixture (1 clay: 1 peat moss: 1 sand) and were 
divided into three replicates each consisting of five 
pots with (10 plants). Irrigation and fertilization of 

plants were conducted following sesame 
recommended practices. Agronomical 
measurements (plant height, nodes and number 
of leaves) were recorded at three developmental 
stages vegetative, pre-reproductive, and 
reproductive stages. Second year greenhouse 
experiments (2017) was conducted on 3 
transgenic lines (A, B, and C). Those three lines 
were mainly chosen based on seeds availability. 
As we did the first time, seeds from the above-
mentioned lines were germinated in Styrofoam 
trays in biocontainment greenhouse and were 
PCR-screened for LOS5 gene presence/absence. 
Once the individual seedlings are sorted out, the 
plants (transgenic individuals from line A, B, C, 
and Azygous plants driven from the three lines) 
were arranged in a complete randomized block 
design; each block consisted of 60 pots, lines A, B 
and C had 15 pots each, along with 15 pots for 
Azygous plants, and two plants in each pot. Within 
each replicate, three irrigation regimes were 

implemented,well-irrigation (650 ml H2O), 

moderate-stress (325 ml H2O), and high-stress 

regime (162.5 ml H2O) (these will be referred to 

from now on as 100, 50, and 25% irrigation, 
respectively), and starting day 27th, pots were 
irrigated once a week with 100, 50 or 
25%irrigation.In general, leaf samples were 
collected from sesame plants at 45, 65, and 90 
days post germination (representing vegetative, 
pre-reproductive, and reproductive stages, 
respectively).Fully expanded healthy leaves (leaf 
no. 5 or 6 down from shoot-tip) were excised and 
leaves from each pot were pooled together to give 
5 reps/stage. Samples were immediately wrapped 
in foil and submerged in liquid nitrogen for further 
analysis. Recording of agronomic data was 
conducted at each developmental stage. 

Total soluble proteins quantification and 
activity of CAT, APX, POX and SOD enzymes. 

Freshly collected leaf samples were used to 
extract total soluble proteins using previously 
described method by Bradford (1976). The protein 
extract was used to assay catalase (CAT), 
ascorbate peroxidase (APX), peroxidase (POX) 
and superoxide dismutase (SOD) enzymes 
according to the methods of Pütter, 1974; Nakano 
and Asada, 1981; Fielding and Hall, 1978 and 
Beauchamp and Irwin, 1971, respectively. 

Membrane-lipids peroxidation damage 
(MDAassay). 

Oxidative damage to cellular membranes was 
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determined via measuring lipid peroxidation 
following the procedure of Heath and packer 
(1968). 

Free-proline determination. 
Free proline concentrations were determined 

following the procedure of Bates et al.,(1973). 

Statisticalanalysis. 
All experimental data are represented as the 

mean of at least three independent replicates. The 
results were analyzed using Student’s test (SPSS 
13.0 for Windows; SPSS Inc., Chicago, IL, USA). 
Variation among treatment means were compared 
using Duncan’s multiple range test 216 (P<0.05). 
 
RESULTS AND DISCUSSION 

Generation of transgenic sesame plants 
overexpressing LOS5 gene. 

Genetic transformation of sesame was 
conducted following the procedure previously 
described by Al-Shafeay et al., (2017). 

Agrobacterium strain LBA4404 harboring the 
pRI201-AN LOS5 was used for transformation 
(Figure 1). In total, thirteen PCR-positive 
transgenic plants were obtained as primary 

transformants and were designated as T0 plants 

(Figure 2-H). Transgenic plantlets were 
acclimatized, transplanted into pots and placed in 
bio containment greenhouse facility (Figure 2-E, F 
and H). Seed production was only successful in 
six out of the thirteen T0 plants. 

The incorporation of LOS5 gene in transgenic 

sesame T0 plants was confirmed via PCR analysis 
using specific AtLOS5 primers, and results in 

figure 2-H shows the presence of 680 bp partial 

LOS5 sequence in sesame T0 individuals. T1 
seeds derived from the six T0 plants were further 
analyzed using PCR screening (Table 1), which 
clearly confirmed the presence of a single gene 
insertion “3:1 segregation ratio” in 5 out of the 6 
lines tested. 

 
Figure 2.Regeneration, transformation and confirmation of LOS5 gene integration into transgenic 

sesame plants. 
(A)De-embryonated cotyledons cultured on regeneration media (1-7 days);(B and C) 
multiple shoot formation on selection media containing 25mg/l kanamycin (14- 21 
day); (D) putative transgenic sesame seedlings; (E) putative transgenic sesame plant 
lets growing under greenhouse condition; (F) capsule formation on transgenic 

sesame plants growing in greenhouse;(G) capsule harvesting and T1 seed 

production;(H) Presence and incorporation of LOS 5 gene in to T0 transgenic sesame 

plants as confirmed by the presenceo f 680 bp PCR amplified fragment, first lane M, 

100 bp DNA ladder, second lane is negative control, lane 3-16 positively transformed 

T0 plants; (I) verification of LOS5 gene expressions in T1 transgenic sesame individual 

plants via RT-PCR, lane M 100 bp DNA ladder, lane+: P control, lane-:N control, Lane 
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a, b, c, d, e & f:different sesame lines. 
 

Table 1. Segregation ration of different LOS5-overexpressing sesame families PCR analysis of T2 
transgenic sesame progeny 

Plants a Observed numbers Expected numbers b Χ2(O – E)2 /e 

1
st 

year experiment 

Line A 
PCR positive 132 126 0.29 

PCR negative 36 42 0.86 

Line B 
PCR positive 109 126 2.29 

PCR negative 59 42 6.88 

Line C 
PCR positive 52 126 43.5* 

PCR negative 116 42 130.4* 

Line D 
PCR positive 25 24 0.04 

PCR negative 7 8 0.15 

Line E 
PCR positive 48 50 0.08 

PCR negative 18 17 0.06 

Line F 
PCR positive 32 33 0.03 

PCR negative 12 11 0.09 

2
nd

 year experiment 

Line A 
PCR positive 108 110 0.04 

PCR negative 38 37 0.03 

Line B 
PCR positive 91 88 0.10 

PCR negative 26 29 0.31 

Line C 
PCR positive 82 89 0.55 

PCR negative 37 30 1.63 

 

To confirm the expression of LOS5 transcript 

in T1 progeny, RT-PCR was conducted and 

transcripts ofLOS5were detected in all T1 progeny 

derived from the six lines (Figure2-I).Segregation 
ratio in  six LOS5- transgenic lines, indicating 

the exact observed numbers of T1 segregation 

based on PCR screening, and the expected 
number of PCR-positives individuals, based 
on 3:1 segregation ratio. c. χ2 value 
consistent with a 3:1 segregation. (χ2at one 
degree of  freedom, at 0.5 confidence level). 

Greenhouse experiments. 
Over two growing seasons in a 

biocontainment greenhouse facility, different 
agronomic characteristics (plant height, number of 
leaves, and number of nodes), biochemical 
(activities of different enzymes involved in 
oxidative stress damages), and molecular tests 
were carried out. In the first season, no water-
stress treatments were tested, and transgenic 
plants were grown to full maturity in a 
biocontainment facility greenhouse. Morphological 
data revealed that at vegetative stage, lines A and 
B were superior in height than the rest of the lines 

(Table 2), and both lines subsequently had higher  
number of nodes and leaves. On the other hand, 
AZ plants were intermediate in height (shorter 
than A & B lines, and significantly higher than D 
and F lines). Interestingly, at reproductive stage, 
lines C and D continued to exhibit a reduction in 
height, yet node number was not different from A 
and B lines. Lines E and F exhibited a significant 
reduction in height, which was accompanied with 
a reduction in number of nodes as well. 

In the 2nd season greenhouse experiment, 
three lines were tested A, B and C “based on seed 
availability”, with three irrigation regimes. Under 
non-stressed conditions, minor, non-significant 
differences were observed among sesame plants 
belonging to A, B and AZ at vegetative stage, 
while plants derived from C line were shorter than 
the rest (Table 3). On the other hand, and under 
water stress conditions (50% and 25%), sesame 
plants belonging to lines A and B had less 
reduction in height compared to C and AZ plants. 
Under severe water stress conditions(25% 
irrigation), transgenic sesame plants had a height-
reduction ranging from 26 to 35.5%,compared to 
more than 50% reduction in non-transgenic AZ 
plants (Figure. 3 and Table3). 
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Table 2.Agronomic measurements of six transgenic families of sesame expressing LOS 5 gene, at different developmental stages 
(vegetative, pre-reproductive and reproductive) growing in biocontainment greenhouse facility. 

Lines  
Vegetative 

  
Pre-reproductive Reproductive 

Height Nodes Leaves Height Nodes Leaves Height Nodes Leaves 

A 17.2 a 4.4 a 8.4 a 40.4 a 6.4 a 12.8 a 103.9 a 12.8 a 25.6 a 

B 17.1 a 4.0 ab 8.0 ab 37.5 a 6.4 a 12.8 a 82.2 b 10.8 b 21.6 b 

C 14.6 b 3.2 c 6.4 b 25.0 c 4.6 c 9.2 c 56.4 c 10.8 b 21.4 b 

D 13.0 c 3.2 c 6.4 b 23.1 cd 4.4 c 8.8 c 47.5 cd 10.0 b 20.0 d 

E 14.2 b 3.6 bc 7.6 ab 23.0 cd 4.6 c 9.2 c 36.7 de 7.6 c 15.2 c 

F 12.8 c 3.4 bc 6.8 ab 20.1 d 4.4 c 8.8 c 43.0 e 6.6 c 13.2 c 

Azygous 15.1 b 3.6 bc 7.2 ab 30.4 b 5.6 b 11.2 b 77.2 b 11.2 ab 22.4 ab 

Each data point is the mean of five biological replicates; values with different letters are significantly different at P>0.05. 

 
Table 3. Agronomic measurements of different transgenic sesame lines expressing the LOS 5 gene at different developmental stages 

(vegetative, pre-reproductive and reproductive) and growing under different water stress regime (100%irrigation,50%irrigation and 
25%irrigation). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Each data point is the mean of five biological replicates; values with different letters are significantly different at P>0.05. 

 
 

Irrigation 

 Vegetative Pre-reproductive Reproductive 

lines  
Height 

 
Nodes 

 
Leaves 

 
Height 

 
Nodes 

 
Leaves 

 
Height 

 
Nodes 

 
Leaves 

 
 

 
 

100% 

A 17.0 a 3.8 ab 8.8 a 40.1 a 5.8 bc 14.8 a 104.8 a 12.0 a 24.0 a 

B 16.1 ab 3.6 abc 7.2 bcd 37.1 ab 5.6 bc 14.0 ab 74.6 bc 8.8 bc 17.6 b 

C 14.1 cde 3.4 abc 6.4 cd 29.0 bc 5.2 bcd 12.4 cde 54.0 ef 9.2 b 18.4 b 

Azygous 16.7 a 3.6 abc 7.6 abc 33.1 b 5.8 bc 12.8 bcd 78.4 b 11.2 a 22.4 a 

 
 

50% 

A 16.1 ab 4.0 a 8.8 a 31.4 b 5.2 bcd 12.4 cde 56.0 ef 12.8 a 25.6 a 

B 15.3 abc 3.2 bc 8.8 a 31.7 b 6.0 a 13.6 abc 62.0 de 11.2 a 22.4 a 

C 12.7 e 3.0 cd 6.0 d 21.9 de 4.6 d 11.2 e 50.0 fg 8.8 bc 17.6 bc 

Azygous 13.7 cde 4.0 a 8.0 ab 29.5 bc 5.0 cd 12.0 de 46.0 fgh 10.0 b 25.6 a 

 
25% 

A 16.0 ab 3.8 ab 8.0 ab 29.2 bc 5.2 bcd 12.4 cde 67.8 cd 7.8 bc 15.6 bc 

B 14.6 bcd 3.4 abc 7.2 bcd 22.6 d 4.6 d 11.2 e 55.2 ef 9.2 bc 18.4 b 

C 12.5 e 2.6 d 6.0 d 18.4 e 4.0 e 8.0 f 39.6 gh 7.0 c 14.0 c 

Azygous 13.3 de 3.4 abc 6.8 bcd 25.9 cd 5.4 bc 11.2 e 38.8 h 8.8 bc 15.2 bc 
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Figure 3. Sesame plants in biocontainment facility greenhouse during drought 

experiment in 2ndseason. Representatives from families A, B, and C, along with 
Azygous individuals 90 days post under different irrigation regime (100, 50 and 25% 

irrigation, for the1st, 2nd, and 3rdplant in each individual picture (2ndrow). 
 
The same trend of results was observed for 

nodes and leaf numbers under non-stressed 
conditions, where minor differences were 
observed in the number of nodes and leaves in 
transgenic vs. non-transgenic plants. Under 
severe water stress, a significant reduction in 
internode length was observed in non-transgenic 
AZ plants (6.7 cm average length in A, B and C 
lines vs. 4.4 cm in AZ plants). In general, under 
both moderate and sever water stress, AZ plants 
showed severe and non-reversable wilting 
symptoms compared to A and B lines, where they 
showed moderate and reversable wilting 
symptoms. The same trend of results was also 
reported in tobacco and cotton plants over 
expressing LOS5 gene; Yue et al., (2011) 
indicated that no significant differences existed 
between LOS5-tobacco plants and non-
transgenics under normal non-stressed 
conditions, while 11 days of water-withholding 
was enough to cause severe wilting symptoms to 
non-transgenics compared to minor and 
reversable wilting symptoms.  Cotton plants over 
expressing LOS5 gene only showed mild wilting 
symptoms in response to drought compared to 

severe non- 
 
Reversible wilting symptoms in non-transgenic 
lines (Yue et al., 2012). In LOS5-over expressing 
soybean plants, and after 10 days of water-
withholding, the transgenics had normal turgid 
leaves compared to non-transgenic plants, which 
exhibited severe wilting symptoms (Li et al., 
2013). 

Total solubleproteins. 
Under non-stressed conditions, minor 

differences in total extractable soluble proteins 
were observed among different transgenic lines A, 
B and C, yet transgenic lines had an average of 
15% higher extractable soluble proteins than their 
AZ counterpart and reached up to 36% at 
reproductive stage. 

Membrane stability in LOS5-transgenic 
sesameplants. 

It is known that dehydration-inducing 
conditions are a major cause for reactive oxygen 
species (ROS) production in plants that is usually 
coupled with an inability of the detoxification 
enzyme to deal with it, which results in oxidative 
damage to cellular membranes, depending on the 
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severity of dehydration (Del Río, 2015). 
Malondialdehyde (MDA), a chemical compound 
that results from the degradation of 
polyunsaturated fatty acids when reacting with 
ROS, has been used as an indicator for 
membranes damage (Mattos and Moretti, 2015). 
MDA levels were measured and found that under 
non-stressed conditions, AZ plants in general had 
on average 63% more MDA than transgenic lines 
(Figure 4- D); and although the average content of 
MDA in transgenic plants increased at 65 dpg 
(1.44, 1.06, and 1.96 Ug-1FW at 100, 50, and 25% 
irrigation, respectively), this increase was more 
significant in AZ plants (2.02, 1.99, and 3.6 Ug-

1FW at 100, 50, and 25 irrigation, respectively; 
Figure 4-E).The results indicate that transgenic 
sesame plants had less membrane damages 
under non-stressed/stressed conditions. Previous 
work in different plants overexpressing LOS5 
gene (Arabidopsis, tobacco, cotton, soybean and 
maize) indicated that MDA level in non- 
transgenics was significantly higher than 
transgenics under stress conditions ( Yue et al., 
2011). Yue et al., (2011) reported a 14% decrease 
in MDA accumulation in transgenic cotton plants 
compared to non-transgenic counterparts, under 
moderate water stress; while a 20 and 30% 

reduction in MDA content was reported in 
soybean and maize plants over expressing LOS5 
gene under water-stressed conditions compared 
to non-transgenic counterparts (Li et al., 2013). 

Proline content in LOS5-sesame plants. 
Analysis of proline content revealed that 

under non-stressed conditions and throughout the 
growing season, line A had at least twice the 
proline content than B, C and AZ plants (Figure 
4a). While under 50% irrigation regime, all 
transgenic sesame lines had higher proline 
content average than AZ plants (89.18 vs. 56.97 
µg.g-1FW). The same trend of results was 
observed under higher stress conditions (Figure 
4c); all transgenic plants accumulated significantly 
more proline than their AZ counter parts, and 
plants belonging to line C accumulated twice the 
levels of proline compared to AZ plants 
(Figure4c). Accumulation of proline in response to 
dehydration stresses is a common phenomenon in 
dehydration-stress tolerant plants (Butt and Sitara, 
2017). Previous studies in LOS5-overexpressing 
plants reported an elevation of 31, 26, 45 and 
20% proline content in tobacco, cotton, maize and 
soybean. 

 

 
 

Figure 4.Proline (a, b and c) and MDA (d, e and f) levels in LOS 5-transgenicsesameplants (lines 
A, B, and C) along with azygous non-transgenic plants, after 45, 65 and 90 dpg. Three irrigation 
regimes were applied during the experiment. a, and d, proline and MDA  levels  under  control  
non-stressed  conditions;  b  and  e,  proline  and  MDA  levels  under moderate drought 
conditions (50% irrigation); c and f proline and MDA levels under severe drought conditions (25% 
irrigation).Each data point is the mean of five replicates, and at each point represents ±S. 
error. 
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Antioxidant enzymes in transgenicsesame. 
ROS are natural products generated in plants 

as secondary products of photosynthesis, and 
plants are equipped with needed tools 
“detoxification enzymes” to degrade these highly 
oxidative products, yet this ability is hindered 
under dehydration-inducing conditions such as 
drought, salinity and extreme temperatures. 
Therefore, the ability of plants to with 
stand/overcome dehydration-stress conditions is 
partially affected by their ability to degrade 
accumulated ROS. Furthermore, increase in ABA 
concentration or external application of ABA was 
found to elevate and activate the expression of 
enzymes involved in ROS degradation (DelRío, 
2015). We measured the activity of APX, CAT, 
POX and SOD enzymes to assess LOS 5 
incorporation effects in transgenic sesame plants 
(Figures 5 and 6). Under non-stressed conditions, 
APX 1 activity level was higher in transgenic 
plants vs. AZ plant (an average of 25% increase 
compared to AZ plants), whereas under 50% 
irrigation regime, transgenics had an average of 
close to 90% more activity compared to AZ plants 
at pre-production stage (Figure 5e). Under 25% 

irrigation, significant differences between 
transgenic and AZ plants was observed at 
vegetative stage, yet these differences were less 
obvious at later stages (although plants from 
family C continue to show more APX1 activity at 
pre-production stage than the rest of the 
transgenics and AZ plants). Yue et al., (2011) 
indicated in their results that APX levels was 
similar in transgenic and non-transgenic tobacco 
plants under non-stressed conditions, while APX 
activity increased in general in transgenic tobacco 
under drought conditions compared to control 
non-transgenic plants; while a 15% increase in 
APX activity was reported in transgenic cotton 
plants under stress conditions compared to non-
transgenic counterparts (Yue et 
al.,2012).Analysis of CAT enzymatic activity 
clearly revealed that under non-stressed 
conditions, transgenic plants had an average of 
23% more CAT activity at vegetative stage than 
AZ plants (Figure 5A, with C line showing the 
highest activity), while at moderate stress, 
transgenic lines had an average of 44% more 
CAT activity than their AZ counter parts. 

 
 
Figure 5.Catalase (a, b and c) and ascorbate peroxidase (d, e and f) levels in LOS5 -transgenic 
sesame plants (lines  A, B, and  C) along with  azygous non-transgenic plants, after 45, 65 and 
90 dpg. Three irrigation regimes were applied during the experiment. A and d, CAT and APX 
levels under control  non-stressed  conditions;  b  and  e,  CAT and  APX  levels under 
moderate  drought  conditions  (50%  irrigation);  c  and  f,  CAT  and  APX  levels  under  severe 
drought  conditions  (25%  irrigation).  Each data point is the mean   of 5 replicates and at each 
point represents ± S. error. 
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Figure 6. Peroxidase (a, b and c) and superoxide dismutase (d, e and f) levels in LOS5- transgenic 
sesame plants (lines A, B, and C) along with azygous non-transgenic plants, after 45, 65 and 90 
dpg. Three irrigation regimes were applied during the experiment. A and  d,  POX  and  SOD  
levels  under  control  non-stressed  conditions;  b  and  e,  POX  and  SOD  levels under moderate 
drought conditions  (50%  irrigation);  c  and  f,  POX  and  SOD  levels  under severe drought  
conditions  (25%  irrigation).   Each data point is the   mean of five replicates, and at each point 
represents± S. error. 

 
 Under non-stressed conditions, POX activity 

was significantly higher at vegetative stage in 
transgenic vs. AZ plants, with activity that ranged 
from 2.34 to 2.75 folds; this trend continued at 
later developmental stages to reach an average 
of 2.1-fold increase at production stage (Figure 6 
a, b & c). At severe stress conditions (25% 
irrigation), transgenic plants had an average POX 
activity of 1.48 and 1.2-fold than their AZ counter 
parts at vegetative and pre-production stages. 
SOD activity was on average higher in LOS5-
transgenicvs. AZ plants at all developmental 
stages under non-stressed conditions (1.3, 0.7, 
and 0.27 folds at vegetative, pre-production and 
production stages, respectively). Under moderate 
and severe water stress, SOD activity in 
transgenic plants increased by 19 - 26% and 21-
30%, respectively (Figure 6 d, e &f). Interestingly, 
no differences in SOD levels were reported in 
LOS5-cotton, soybean and maize plants 
compared to non-transgenic counterparts under 

non-stressed conditions, while under drought 
conditions the SOD activity level increased in 
transgenic plants compared to non-transgenic 
controls. 

CONCLUSION 
Availability of irrigation water in inadequate 

quantities is detrimental for crops to reach their 
production potentials (Xiong et al., 2001 and 
2002).Modern molecular techniques and 
transgenesis could minimize the time needed to 
generate new varieties to address shortage of 
water. With previous reports on LOS5 gene role in 
activating pathways directly associated with 
drought tolerance in plants, we transformed LOS5 
gene into sesame plants to elevate dehydration-
stress tolerance in sesame. The results presented 
in this work clearly indicate that LOS5-sesame 
lines had an elevation in proline accumulation 
levels, increased activity in detoxification enzymes 
involved in scavenger of reactive oxygen species, 
and therefore a decrease in membrane oxidative 
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damage in response to drought stress under 
greenhouse conditions. To our knowledge, this is 
the first report on transformation of an 
economically important trait in sesame, a plant 
that is among those known for being difficult to 
regeneration and transformation. 
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