
Abstract
!

An effective and affordable treatment against ma-
laria is still a challenge for medicine. Most con-
temporary drugs either are too expensive to pro-
duce or are not effective against resistant strains
of the malaria parasite Plasmodium falciparum.
The plant Artemisia annua L. is the source of arte-
misinin, an effective drug against malaria for
which no resistant strains of the bacterium have
been reported. However, the artemisinin content
of A. annua is very low, which makes its produc-
tion expensive. Here we report the use of trans-
genic technology to increase the artemisinin con-
tent of A. annua. We report the production of
transgenic plants of A. annua intowhichwe trans-
ferred 3-hydroxy-3-methylglutaryl CoA reduc-
tase (HMGR) gene from Catharanthus roseus (L.)

G. Don using Agrobacterium-mediated gene
transfer technology. Transgene integration and
copy number were assessed by PCR and Southern
hybridization, which confirmed the stable inte-
gration of multiple copies of the transgene in 7
different transgenic lines of A. annua. The leaf tis-
sue of three of the A. annua transgenic lines pos-
sessed significantly higher HMGR activity com-
pared with wild-type controls, and this activity
was associated exclusively with microsomal
membranes. The artemisinin content of the
shoots of one of the transgenic lines depicted an
increase of 22.5% artemisinin content compared
with wild-type control A. annua plants.
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Introduction
!

Artemisia annua L. (Asteraceae) is an annual herb
native to China that grows naturally as a part of
steppe vegetation in northern parts of China at
an elevation of 1000–1500m above sea level [1].
In 1798, a decoction of A. annuawas suggested in
the Wenbing Tiaobian as a treatment for malaria
[2]. The isolation and characterization of arte-
misinin from A. annua is considered one of the
most promising discoveries in recent research in
medicinal plants. There are no reports of artemi-
sinin-resistant P. falciparum; artemisinin and its
derivatives are effective against multidrug-resis-
tant P. falciparum strains prevalent in Southeast
Asia and Africa [3]. The artemisinin derivative ar-
tesunate is a fast-acting drug in terms of parasite
clearance comparedwith the traditional drug qui-
nine and can reduce mortality in severe cases of
malaria [4]. Artemisinin acts rapidly on the asex-
ual stages of P. falciparum, the most malignant
form of malaria. Because of the emerging resis-
tance of P. falciparum to conventional anti-malar-
ial drugs (quinine and chloroquine), artesunate
plus amodiaquine and artemether−lumefantrine
are the main artemisinin-based combination
therapy (ACT) candidates for the treatment of
drug-resistant malaria [5]. However, ACTs are
very expensive because of the relatively low
yields of artemisinin in A. annua.
Several methods have been investigated for in-
creasing the artemisinin content of A. annua, such
as organ culture, hormonemedium, andmetabol-
ic manipulation. All these methods show poten-
tial for future development, but the improve-
ments delivered by these methods so far have
not met the demand.
The artemisinin biosynthesis pathway is begin-
ning to be understood. Several key enzymes in-
volved have been discovered including 3-hy-
droxy-3-methylglutaryl coenzyme A reductase
(HMGR), farnesyl diphosphate synthase, and ses-
quiterpene synthase [6]. The synthesis of sesqui-
terpene, which determines the direction of car-
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bon flow, has been reported to correlate with the activity of
HMGR [7]. A recent study accomplished an increase in the arte-
misinin content of A. annua by suppressing the expression of
squalene synthase, a key enzyme of the sterol pathway (a com-
petitive pathway of the artemisinin biosynthetic pathway)
through RNAi, indicating that the pathway can be manipulated
to obtain higher production of artemisinin [8]. The overexpres-
sion of HMGR thus appears promising for obtaining a constant
high production of artemisinin. In this paper we report the trans-
formation of A. annua with the HMGR gene from Catharanthus
roseus (L.) G. Don for enhanced production of artemisinin.
Materials and Methods
!

Chemicals and plant material
All chemicals and plant hormones were purchased from Sigma
Chemicals unless otherwise specified. The plants of Catharanthus
roseus (L.) G. Don and Artemisia annua were collected from the
Herbal Garden of Jamia Hamdard University, New Delhi, India,
andwere identified byDr. JavedAhmed,Departmentof Botany, Ja-
miaHamdardUniversity. Thevoucher specimensofC. roseus (L.)G.
Don (U 30160) and A. annua (U 880) are deposited in the Herba-
rium of the Department of Botany at Jamia Hamdard University.

Gene isolation and transformation
Genomic DNAwas isolated from the leaves of C. roseus (L.) G. Don
according to methods described elsewhere [9]. The gene-specific
primers for the HMGR gene were designed using the published c-
DNA sequence of C. roseus L. HMGR [10]. The sequences of PCR
primers were as follows: 5′GGGGATCCATGGACTCTCGCCGGC-
GATC (forward primer) and 5′GGGTCGACTCATCACTCTCTAACT-
GAGAG (reverse primer). The HMGR gene was amplified from
the purified DNA of C. roseus (L.) G. Don by polymerase chain re-
action (PCR). PCR was performed in a reaction mixture (50 µL)
consisting of 1×reaction buffer, 0.2mM dNTPs, 20 pmol of each
primer DNA, 0.5 µg template DNA, and 1 unit of Taq DNA poly-
merase (MBI Fermentas). The reaction mixture was heated at
94°C for 4min for melting of template DNA followed by 32 cycles
at 94°C for 1min, annealing at 60°C for 1min, and extension at
72°C for 1min. At the end of 32 cycles, an additional final exten-
sion at 72°C for 5min was carried out to extend any premature
synthesis of DNA. Following agarose gel electrophoresis, the de-
sired DNA fragment of 3 kbwas cut and purified using a QIAquick
gel extraction kit (Qiagen). The isolated HMG‑CoA reductase gene
was cloned into the plant transformation vector pBinAR (pro-
vided by Prof. P.A. Kumar, NRCPB, IARI, New Delhi, India), con-
taining kanamycin resistance gene (nptII) as a selectable marker
(l" Fig. 1). The recombinant binary vector pBinAR was mobilized
Fig. 1 The HMG‑CoA reductase gene construct. The gene is cloned under
the control of the CaMV 35S promoter in the binary vector Bin AR, con-
taining the nptII gene as selection marker.
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into Agrobacterium tumefaciens strain LBA 4404 using the freeze-
thaw method [11]. Genetically engineered A. tumefaciens was
maintained on yeast extract−mannitol (YEM) medium (Himedia)
containing 1.5% agar, 50 µg/mL kanamycin, and 10 µg/mL rifam-
picin.

Cocultivation and plant transformation
The in vitro cultures of A. annuamaintained at 25°C under a 16-h
photoperiod with 50–60 µEm−2 · s−1 light intensity served as the
source of explants. The leaf discs from 8-week-old in vitro cul-
tures of A. annuawere used for cocultivation with A. tumefaciens.
Twenty milliliters of liquid YEM medium containing 50 µg/mL
kanamycin, 10 µg/mL rifampicin, and 100 µM acetosyringone
(ACROS Organics) was inoculated with bacteria and incubated at
28°C on a water bath shaker at 180 rpm overnight (16–18 h) and
used in the late log phase at OD A600 of 1.0. The bacteria were
centrifuged at 1500 rpm for 2min and the pellet was resus-
pended in 20mL of MS liquid medium [12]. Leaf explants were
immersed in a petri plate containing the Agrobacterium suspen-
sion under gentle shaking at room temperature for 20min. Ex-
plants were blot dried on sterile filter paper and cultured on cal-
lus induction medium containing MS salts + B5 vitamins + BA
(13 µM) + NAA (0.5 µM) + GA3 (0.3 µM) + sucrose (3%) and agar
(0.8%) for cocultivation. Twenty-five explants were cultured per
plate. All explants were cocultivated for a period of 48 h in the
dark at 25°C. In control experiments, explants were placed on
callus induction medium without cocultivation with A. tumefa-
ciens.

Selection and plant regeneration
After cocultivation, the leaf explants were washed with milliQ
water twice (5min each) and then with autoclaved milliQ water
containing cefotaxime (500 µg/mL) for 15min. The explants were
then blotted dry and cultured on callus induction selection me-
dium (CISM) containing MS salts + B5 vitamins + BA (13 µM) +
NAA (0.5 µM) + GA3 (0.3 µM) + kanamycin (50mg/L) + cefotaxime
(500mg/L) + sucrose (3%) and agar (0.8%). After 4 weeks the ex-
plants were subcultured on the same medium for 4 more weeks.
Callus was subcultured on shoot regeneration selection medium
(SRSM) containing MS salts + B5 vitamins + amino acids [aspara-
gine (39.93mg/L), glutamine (102.3mg/L), cysteine HCl (5.26mg/
L), and arginine (52.26mg/L)] and kinetin (1.0mg/L) + kanamycin
(50mg/L) + sucrose (3%) and agar (0.8%). Subculturing was done
at 4-week intervals. The shoots excised from proliferating shoot
cultures were elongated on SRSM minus kanamycin. The elon-
gated shoots were then rooted on medium containing MS salts +
B5 vitamins + NAA (0.5mg/L) + sucrose (3%) and agar (0.8%) and
evaluated for percentage rooting after 5 weeks.

PCR and southern blot analysis of putative
transformants
Genomic DNA was isolated from in vitro developed plantlets of
control and transgenic A. annua plants [9]. Integration of the
transgene into the plant genome was screened by PCR using an
nptII-specific primer pair. The sequences of PCR primers were as
follows: 5′CAATCGGCTGCTCTGATGCCG (forward primer) and 5′
AGGCGATAGAAGGCGATGCGC (reverse primer). The PCR frag-
ments were then fractioned on 0.8% agarose gel. For Southern
blot analysis, genomic DNA (10 µg) was digested with SalI, re-
solved on a 0.7% agarose gel, and blotted on a nylon membrane
(Roche Diagnostics). For hybridization of DNA, a probe was pre-
pared using the 3-kb HMGR gene obtained by complete restric-
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tion enzyme digestion of pBinAR with BamHI and SalI enzymes
and subsequent gel extraction (MinElute; Qiagen). The probe
was labeled with digoxigenin using the DIG High Prime DNA la-
beling and detection starter kit (Roche Diagnostics), and the blot
was probed with the labeled HMGR gene at 44°C. The filter was
washed and the probe detected following the manufacturerʼs in-
structions.

HMGR extraction
Crude enzyme extracts were isolated, following the procedure of
Russell [13] with modifications, from leaf tissue of 5-month-old
A. annua plantlets, maintained under in vitro conditions inside a
culture room [temperature: 26 ± 1°C; light intensity, 44.85 µE ·
m−2 · s−1; photoperiod: 16/8 h (day/night)]. All steps were carried
out at 0–4°C unless noted otherwise. Leaf tissues (1.0 g) were fro-
zen in liquid nitrogen and ground with a mortar and pestle after
the addition of 6mL of a homogenizing buffer containing 10mM
Tris-HCl (pH 7.0), 0.35M sucrose, 30mM EDTA, 10mM β-mer-
captoethanol, 0.1% bovine serum albumin (BSA), and 3.5% (w/v)
polyvinylpolypyrrolidone. The homogenate was squeezed
through a layer of Miracloth (Calbiochem) and the filtrate was
centrifuged in a swinging bucket rotor at 500 g for 3min to re-
move cell debris and nuclei. The supernatant was then centri-
fuged in a swinging bucket rotor at 3500 g for 3min to pellet plas-
tids. The plastids were ruptured by suspending them in a me-
dium containing 10mM MOPS buffer (pH 7.5), 10mM KCl,
25mM EDTA, and 10mM dithiothreitol (DTT). The rupture me-
diumwas used at a ratio of 2mL per gram of original tissue. Plas-
tidic membranes were then collected by centrifugation, sus-
pended in a medium containing 0.25M K-phosphate buffer
(pH 7.8) and 25mM DTT at a ratio of 30 µL per gram original tis-
sue, and assayed for plastid HMGR activity. The supernatant of
the 3500 g centrifugation was then centrifuged at 12000 g for
15min to pellet mitochondria and the remaining chloroplasts to
avoid contamination of the microsomal fraction. The supernatant
of this centrifugation was then centrifuged at 105000 g for 1 h to
pellet microsomal membranes, which were suspended in 0.2M
K-phosphate buffer (pH 6.9) and 25mM DTT at a ratio of 0.15mL
suspension medium per gram original tissue.

Protein assay
Protein content of the membrane preparations was measured by
using the Pierce Coomassie protein assay reagent, which employs
the Bradford [14] method for protein determination, with BSA as
a standard.

HMGR assay
HMGR activity was determined by means of the radioassay
method described by Russell [13] with modifications. The en-
zyme assay mixture was prepared on ice in 1.5-mL microcentri-
fuge tubes. The mixture consisted of 1 µL 0.2M DTT, 1 µL 160 µM
nicotinamide adenine dinucleotide phosphate (NADPH), 5 µL en-
zyme extract (microsomal, pH 6.9, or plastidic, pH 7.8), 7 µL 0.3%
BSA solution, and 6 µL R,S-[3-14C]HMG‑CoA (NEN Research Prod-
ucts) with specific activity of 2176 Bq/nmol. The reaction mix-
ture was incubated for 30min in a water bath at 30°C. The reac-
tion was stopped by adding 2 µL of 6M HCl and 2 µL of 1M me-
valonate solution. Themevalonate solutionwas prepared bymix-
ing 2M mevalonate lactone and 0.1M potassium hydroxide at a
ratio of 1:1 (v/v). After it was mixed, the reaction mixture re-
mained at room temperature for 1 h for mevalonate lactonization
to be completed. The reactants were centrifuged at 10000 g for
3min to pellet membrane fragments. The supernatant was then
analyzed by thin-layer chromatography (TLC) analysis by apply-
ing 10 µL of supernatant to Whatman LK50F silica gel plates
(20 × 20 cm; Whatman). The plates were developed in 50mL of
diethyl ether−acetone (3:1 v/v) for 15min and analyzed by X-
ray autoradiography. Radioactive spots corresponding to the sub-
strate HMG‑CoA (Rf = 0.0) and the product mevalonate (MVA,
Rf = 0.9) were scraped and quantified by liquid scintillation spec-
trometry. The identity of the product was confirmed by cochro-
matography with radiolabeled mevalonolactone (RS-[2-14C], spe-
cific activity 1.85 TBq ·mol−1; NEN Research Products). Specific
activity of HMGR was calculated after correcting for counting ef-
ficiency and recovery of MVA formed per milligram of protein per
hour. Each treatment was duplicated and each experiment was
performed twice.

Estimation of artemisinin using HPLC
Artemisinin was estimated through HPLC using a method de-
scribed elsewhere [15]. Because artemisinin lacks any chromato-
phore for UV detection in HPLC, it was chemically modified (de-
rivatized) to the molecule Q260. Standard artemisinin (0.1mg)
(Sigma-Aldrich) was dissolved in 1mL MeOH and then treated
with 4mL NaOH (0.2%) and incubated at 50°C for 30min in a
water bath shaker. The alkaline reaction mixture (Q292) was
cooled to room temperature and neutralized with 5mL glacial
acetic acid (0.1M in 20%MeOH) to make a derivative of artemisi-
nin referred to as Q260 (λ − 260 nm) (final conc. 10 µg/mL). Arte-
misinin in sample extracts was also derivatized in the same way.
Derivatized artemisinin (Q260) was resolved through a reserved-
phase column (125 × 4mm C18 column) with MeOH:10mM
phosphate buffer (pH 7.9, ratio 40:60) as the mobile phase at a
constant flow rate of 1mL with the detector set at a wavelength
of 260 nm using HPLC equipment (Water Delta 600).

Supporting information
Regeneration of transformants on kanamycin-containing selec-
tion medium is provided as Supporting Information.
Results
!

In order to verify the putative HMGR gene that was isolated from
the genomic DNA of Catharanthus roseus (L.) G. Don, the DNAwas
sequenced and analyzed for similarity with a cDNA sequence re-
ported earlier [10]. The genomic DNA sequence possesses only a
few polymorphic sites in the coding region that affect the amino
acid sequence, but the sequence is largely identical to the CDS ob-
tained earlier. The isolated genomic region is 3095 bases long and
contains 58.90% AT and 41.10% GC bases. The sequence has been
submitted to the National Center for Biotechnology Information
(NCBI) (Accession No. AY623812).
To transform leaf explants of A. annua, the Agrobacterium-medi-
ated gene transfer method was employed. All explants retained a
healthy green color during the initial 48 h on cocultivation me-
dium. After cocultivation the leaf explants cultured on callus in-
duction selection medium (CISM) developed calluses in 6–8
weeks. Calluses subcultured on shoot regeneration selection me-
dium (SRSM) developed small shoots in 4–5 weeks. These small
shoots developed into elongated shoots (approx. 5 cm long) in
3–4 weeks on SRSM devoid of kanamycin. Roots appeared within
15–20 days after transferring them to rooting medium; the root-
ing percentage was 80% (Fig. 1S as Supporting Information).
Aquil S et al. Overexpression of the… Planta Med



Fig. 2 Molecular analysis of transgenic Artemisia
annua plants. (A) PCR analysis in 7 kanamycin-
resistant plants for the presence of the nptII gene.
Lane 1: DNA molecular weight marker (1 kb); Lane
2: Positive control plasmid DNA; Lane 3: Negative
control DNA of a wild-type plant; Lanes 4–10: Puta-
tive transgenic plant DNA. (B) Southern analysis
after genomic DNA was digested with SalI and hy-
bridized with an HMGR-specific gene probe. Lane 1:
Plasmid DNA; Lane 2: Negative control (DNA from
wild-type plant); Lanes 3–9: DNA sample from
transgenic lines.
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Out of a total of 468 explants, 73 (15.6%) produced calluses on
CISM, of which only seven (1.49%) produced shoots on SRSM.
On PCR analysis of the genomic DNA of all (seven) putative trans-
formed shoots, the 800-bp nptII fragment was successfully ampli-
fied, while no amplification was detected in the untransformed
control A. annua plants (l" Fig. 2A). The effective frequency of
transformed shoots (T0) was therefore 1.49%. In Southern hybrid-
ization, a DIG-labeled HMGR probe hybridized to SalI-digested
genomic DNA of putative transformed A. annua plants and uncut
plasmid DNA of pBin ARwere used as positive control. No hybrid-
ization could be detected in a DNA sample from an untrans-
formed negative control plant. The presence of three to four
bands in the SalI-digested genomic DNA in individual lanes indi-
cated the presence of multiple copies of the HMGR gene for six of
the transgenic lines and at least a single copy in one of the trans-
genic lines. The bands in the seven transformed plants were of
various sizes, indicating that transgene integration occurred at
different loci in the genome (l" Fig. 2B).
Each of the transgenic lines was subsequently grown and ana-
lyzed for HMGR activity and its potential effect on levels of arte-
misinin (l" Table 1). These assays indicate that lines TL3, TL4, and
TL5 possess higher HMGR activity compared with wild-type con-
trols. Our organelle fractionation and enzyme activity assays in-
dicate that this activity is exclusively associated with microsomal
membranes. Crude extracts from plastidic membranes and mito-
Table 1 Expression of microsomal HMGR activity in micro-propagated wild-type a

HMGR activity [nmol MVA (mg protein)−1 ·h−1]

Micro-propagated Transgenic

TL1 TL2 TL3
12.0 ± 1.6 13.1 ± 1.6 13.0 ± 1.2 35.2 ± 1.0

Note: Each value represents mean of 3 replicates ± SD

Table 2 Artemisinin content in micro-propagated wild-type and transgenic Artem

Artemisinin content (µg/g dw)

Micro-propagated Transgenic

TL1 TL2 TL3
315.1 ± 35.6 320.1 ± 30.2 318.0 ± 34.8 386.0 ± 33.2

Note: Each value represents an average of 5 replicates ± SD
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chondrial membranes (suspended pellets following centrifuga-
tion at 12000 g) were incapable of converting radiolabeled
HMG‑CoA to mevalonate (data not shown).
In order to test whether the higher activity of HMGRwould result
in an increase in artemisinin levels, the artemisinin levels were
calculated using HPLC. The artemisinin peak was detected at
6.42min (retention time) using 10mM phosphate buffer in
methanol (6 :4) as solvent system and a 125 × 4mm C18 column.
The maximum increase in artemisinin content of 22.5% com-
pared with wild-type (WT) A. annua plants was recorded in
transgenic line TL3, followed by 17.7% and 17.1% in TL5 and TL4 re-
spectively (l" Table 2). The rest of the transgenic lines (TL1, TL2,
TL6, and TL7) failed to show any significant increase in artemisinin
content.
Discussion
!

In recent years, there has been remarkable progress in the under-
standing of the molecular regulation of artemisinin biosynthesis.
The genes coding for key enzymes involved in the biosynthesis of
artemisinin, such as farnesyl diphosphate synthase (FPS) and
amorpha-4,11-diene synthase (AMS), have been cloned from
A. annua [16–18]. In the present study we attempted to exploit
this knowledge to increase the production effectiveness of arte-
nd transgenic Artemisia annua plants.

TL4 TL5 TL6 TL7
31.1 ± 0.9 33.0 ± 1.2 12.2 ± 1.4 11.2 ± 1.5

isia annua plants.

TL4 TL5 TL6 TL7
369.0 ± 38.3 371.1 ± 31.5 318.0 ± 35.1 302.1 ± 37.5
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misinin from A. annua. We accomplished this by the overexpres-
sion of an HMGR gene under the control of the strong CaMV 35S
promoter. The high expression of HMGR in these transgenic
plants was associated with higher artemisinin content, which
suggests that HMGR overexpression is useful for increasing arte-
misinin content and can be exploited for obtaining higher arte-
misinin levels in A. annua.
HMGR catalyzes the conversion of HMG‑CoA to mevalonate and
regulates the flux of carbon from primary to secondary metabo-
lism, leading to the synthesis of these compounds [7,19–21].
Consistent with this, several studies show a strong correlation
between HMGR and the biosynthesis of isoprenoid compounds.
In the current study, tissues of transgenic A. annua plants con-
tained higher levels of HMGR activity (l" Table 2). Presumably,
the overexpression of the HMGR gene in a cross-specific environ-
ment results in the desired enzymatic reaction occurring at a
higher rate. This indicates that the pathway is highly conserved
and has scope for further manipulation based on knowledge ac-
cumulated from studying different species.
HMGR activity is exclusively associated with microsomal mem-
branes rather than membranes of the plastidic fraction [22,23].
Because artemisinin is synthesized through the mevalonate
pathway, the constitutive expression of HMGR results in the ac-
cumulation of artemisinin, probably by channelizing the carbon
flux from primary to secondary metabolism. Consistent with
this, Chappell and coworkers [7] showed that HMGR was a rate-
limiting step for phytosterol biosynthesis in transgenic tobacco
plants engineered with a highly expressed HMGR gene from
hamster.
In the present investigation the artemisinin content of A. annua
shoot cultures on MS medium was found to be 0.3mg/g dw. The
artemisinin content of the shoots of transgenic line TL3 was 22.5%
higher than that of the in vitro grown non-transgenic plants. The
reported artemisinin content of wild-type plants ranges from
0.3mg/g dw to 0.5mg/g dw [24], the range in which our results
fell. However, in a study that generated transgenic A. annua
plants containing a reporter gene, the artemisinin content of
leaves of wild-type in vitro grown plants (1.1mg/g dw)wasmuch
above this range, and the artemisinin content of regenerated
transgenic plants was significantly higher (1.7mg/g dw) than
the controls [25]. Because no specific component of the pathway
was targeted in the said study, the result could not be explained
through current knowledge of the artemisinin biosynthesis path-
way.
The seven different transgenic lines that we generated showed
variation in the artemisinin levels among themselves. This may
be due to position effect or random integration of the transgene
at nonspecific sites in the plant genome [26]. In addition to this, a
recent study pointed out that plant genomes are made up of ho-
mogeneous segments termed isochores, which differ in GC con-
tent [27]. Disruption of an isochore by insertion of a transgene
with a very different GC content may mark this region for inacti-
vation andmethylation [28]. In the present study, four transgenic
lines (TL1, TL2, TL6, and TL7) failed to show any significant increase
in artemisinin content, which may be due to insertion of these
transgenes in isochores of different GC content than the trans-
gene. We obtained the best results in transgenic lines that con-
tained fewer insertions in the genome (l" Fig. 2).
The relatively low rate of effective transformation (1.49%) com-
pared with an earlier report where transgenic frequency of fas-
cicled shoots was reported as 4–10% [29] could be due to differ-
ences in the type of A. tumefaciens strains and vectors used for
transformation [25,30]. However, this study points to further
methods for improving the levels of artemisinin by exploiting a
better understanding of the artemisinin biosynthesis pathway.
Future experiments in this directionwould have to take these ob-
servations into consideration.
Overall, the current study shows that plant transgenics could be
exploited for the purpose of generating a cheaper drug to cure
malaria, which affects millions of people every year around the
globe.
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Fig. 1S Regeneration of transformants on kanamycin-containing selection medium. Panels A 

and B: shoot initiation; Panel C: shoot elongation; Panels D and E: shoot multiplication; 

Panel F: root formation. 
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ABSTRACT 
Saffron (Crocus sativus L.) is a sterile triploid plant and belongs to the Iridaceae (Liliales, 
Monocots). Its genome is of relatively large size and is poorly characterized. Bioinformatics 
can play an enormous technical role in the sequence-level structural characterization of 
saffron genomic DNA. Bioinformatics tools can also help in appreciating the extent of 
diversity of various geographic or genetic groups of cultivated saffron to infer relationships 
between groups and accessions. The characterization of the transcriptome of saffron stigmas 
is the most vital for throwing light on the molecular basis of flavor, color biogenesis, genomic 
organization and biology of gynoecium of saffron. The information derived can be utilized 
for constructing biological pathways involved in the biosynthesis of principal components of 
saffron i.e., crocin, crocetin, safranal, picrocrocin and safchiA. 
Key Words: bioinformatics; saffron; genomics; transcriptomics; proteomics; metabolomics; in silico. 

INTRODUCTION 
Saffron (Crocus sativus L.) is a sterile triploid plant that is naturally propagated 

vegetatively by daughter corms developing on a mother corm. It is a member of the Iridaceae 
(Liliales, Monocots) whose genomes are relatively large and are poorly characterized 
(Fernandez, 2004). Among the 85 species belonging to the genus Crocus, saffron is the most 
fascinating and intriguing species. The word “saffron” is derived from the Arabic word 
“zafran”, which translates to “yellow”. Saffron was an important cultivated plant during the 
period of the Ottoman Empire, but its production has decreased with time (Arslan et al., 
2007). Total world saffron production is estimated at 220,000 kilograms (220 metric tones), of 
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which about 90% is produced in Khorasan Province, Iran (Jahan and Jahani, 2007) and the 
remainder in Greece, Spain, Italy and India (Kashmir). 

Owing to extremely high demand from the dye, perfumery and flavoring industries, it is 
one of the most expensive spices on earth. The components of the spice “saffron” are 
localized in the red stigmatic lobes of C. sativus flower and these are responsible for its 
distinct color, flavor and smell (Himeno and Sana, 1987). For color the principal pigment is 
crocin, for smell the main component is safranal and for the special bitter flavor the main 
compound is the glycoside picrocrocin (Baskar, 1999). These compounds are derived from 
oxidative cleavage of the carotenoid zeaxanthin (Bouvier et al. 2003; Moraga et al., 2004). 
Besides these, a new class of defense chitinase namely Safchi A has recently been isolated 
from saffron (Castillo et al., 2007). There has been little success however in enhancing the 
levels of these bioactive molecules of commercial importance. 

A revolution in molecular biology, statistics and information technology has stimulated 
the merger of some advanced technologies for understanding the complex web of 
interactions linking individual components of a living cell to the integrated behavior of an 
entire organism (Bruskiewich et al., 2006). The marriage between these advanced 
technologies has given birth to the discipline of bioinformatics. As large-scale expression 
profiling experiments with saffron can generate huge amounts of data about the saffron 
transcriptome, the discipline of bioinformatics can be used to extract information from the 
data. Characterization of the transcriptome of saffron stigmas is vital for throwing light on 
the molecular basis of flavor, color biogenesis, genomic organization and the biology of the 
gynoecium of spices in general and saffron particularly. The information derived can then be 
utilized to construct biological pathways involved in the biosynthesis of the principal 
components of saffron i.e., crocin, crocetin, safranal, picrocrocin and safchiA. 

FREELY SVAILABLE BIOINFORMATICS TOOLS 
Plant genome analysis requires a broad range of protocols and algorithms. Many of these 

protocols and algorithms are freely available with bioinformatics tools. Some useful open-
source sequence-analysis packages can be freely downloaded from web resources like 
EMBOSS (The European Molecular Biology Open Software Suite; www.emboss.org), The 
Open-Bio community (www.open-bio.org), GMOD (Generic Model Organism Database; 
www.gmod.org), TIGR software site (www. tigr.org/software), SBML (Systems Biology 
Markup Language; www.sbml.org), and Expasy Web site at the Swiss Institute of 
Bioinformatics (www.expasy.ch). Some important databases useful for saffron genome 
analysis are listed in Table 1.  

PUBLIC SEQUENCE DATABASES 
Modern crop research in saffron biotechnology is greatly facilitated by the presence of 

information on the internet in the form of international public sequence databases like 
Genbank at the National Center for Biotechnology Information (NCBI; 
www.ncbi.nlm.nih.gov), the European Molecular Biology Laboratory (EMBL) sequence 
database hosted by the European Bioinformatics Institute (EBI; www.ebi.ac.uk), and the 
DNA Data Bank of Japan (DDBJ; www.ddbj.nig.ac.jp). Although basic sequence data 
submitted to any of these three databases are automatically mirrored to the other two 
databases on a routine basis it is still worth the effort to explore independently each site for 
gathering specialized information. 

PHYLOGENETIC ANALYSIS OF SAFFRON 
The first International Symposium on Saffron Biology and Biotechnology, held in 

Albacete, Spain, stressed the need for the creation of a bank of germplasm and gene banks in 
saffron. A joint consortium with partners from 9 countries (CROCUSBANK) was constituted 
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with two main goals (Fernandez, 2007). First, the collection and reproduction of saffron bulbs 
from all countries that cultivate saffron; and second, the collection of saffron allies for 
research into the taxonomy, evolution, genetics, physiology, ecology and agronomy of the 
genus. Bioinformatics tools can help in appreciation of the extent of the diversity of various 
geographic and/or genetic groups of cultivated saffron. Molecular-based trees can be 
constructed using software like CLUSTAL-W, MultAlign to infer relationships among 
groups and accessions. 

Table 1. Plant bioinformatics databases useful for saffron genome analysis (URLs last 
accessed on 5 Jan., 2009). 

Database URL Description 

Saffron genes  www.saffrongenes.org  EST collection from saffron 
stigmas  

NCBI Plant  http://www.ncbi.nlm.nih.gov/genomes/PLANTS/PlantList.html Database on plant genomes  

PlexDB www.plexdb.org/ Data on plant expression 
GRIN www.ars-grin.gov/ Plant genetic resources 
TAIR www.arabidopsis.org The Arabidopsis Information 

Resource 
NASC http://arabidopsis.info/ Arabidopsis thaliana Information  

MATDB http://mips.gsf.de/proj/thal/db/ Database on rice 

NIAS db http://www.dna.affrc.go.jp/database/  
PlantCare http://bioinformatics.psb.ugent.be/webtools/plantcare/html/ Database on cis-acting regulatory 

DNA elements in plants 
   
EXPASY www.expasy.org/links.html Index to other plant-specific 

databases 
IRIS www.iris.irri.org International Rice Information 

System 
EMBOSS www.emboss.org Sequence Analysis package 
OPEN-BIO www.open-bio.org Sequence Analysis package 

GMOD www.gmod.org Sequence Analysis package 
TIGR www.tigr.org/software Sequence Analysis package 

SBML www.sbml.org Metabolomics package 

CROPFORGE www.cropforge.org Metabolomics package 
ISCB www.iscb.org International Society for 

Computational Biology 
PRINTS http://www.bioinf.manchester.ac.uk/dbbrowser/PRINTS/index.php Database of protein fingerprints 

 

TRANSCRIPTOMICS, TRANSGENOMICS AND GENE MINING 
Saffron introduction into new areas should be encouraged as it is a unique crop in terms 

of its potential and is recognized as red gold (Yadollahi et al., 2007). It is the highest priced 
spice in the world at around $500 kg-1 of saffron (Fernandez, 2007). Gene profiles from DNA 
microarray technology provide a snapshot of life that maps to a cross section of genetic 
activities controlled by thousands of genes simultaneously. Transcriptome analysis of saffron 
plants, subjected to different photoperiod and temperature regimes can throw light on to 
genes that get up or down-regulated. Variable temperature during corm dormancy and 
subsequent low temperatures appear to be effective factors in saffron flower initiation 
(Koocheki et al., 2007). Comparison of environmental and management practices for saffron 
in Iran (Khorasan) and India (Kashmir) throw light on some basic climatic and topographic 
differences between the two regions viz., humidity, altitude, rainfall, soil-type and irrigation. 
The main similarities being in time of planting, harvesting and low temperatures during the 
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growing season (Kafi and Showket, 2007). How these differences and similarities, translating 
into gene expression, can be known using DNA microarray technology and bioinformatics 
tools. This kind of huge data bases generated by physiological, agronomic and gene 
expression studies can be analyzed under in silico to find agronomically important candidate 
genes in saffron and to identify chemical agent(s) that simulate the effect of these variable 
factors, so saffron can be grown under controlled conditions. Furthermore, molecular 
biologists and biotechnologists can utilize the knowledge generated to specifically tailor 
saffron plants for new geographical areas such as the East Midlands of England (Yadollahi et 
al., 2007). This will involve development of novel traits and agriculturally relevant 
characteristics through changes in gene regulation. Software tools can be employed for in 
silico analysis of the impact of such molecular intervention i.e., introduction of a regulatory 
sequence or a transgene, for enhanced adaptation to new geographical areas. 

Bioinformatics tools and DNA microarray technology can be useful in locating sources of 
resistance and agronomically interesting traits for transfer to saffron by appropriate 
biotechnological tools. The removal of stamens and the hand separation of stigmas from 
saffron flowers is labor intensive and leads to the high cost of saffron stigmas (Tsaftaris et al., 
2004). It is desirable to have saffron flowers, which do not form stamens, or even have 
carpels in place of stamens, thus doubling saffron production in a single flower while 
lowering the production cost. As C-class MADS-box gene function is essential for both 
stamen and carpel formation, Tsaftaris et al. (2005) recently characterized the expression of 
MADS-box genes in crocus flowers using several molecular biology techniques, 
bioinformatics tools and database resources. Such studies help in understanding and 
exploiting the molecular mechanisms that control flower development in crocus and in 
realization of the objective of producing flowers with carpels in place of stamens. Further, 
this knowledge can even be used in molecular medicine. Recently T and B-cell epitopes of 
Iranian Crocus sativus were mapped using bioinformatics tools and the predicted peptides 
were found useful for vaccine development (Hassan et al., 2008). 

FUNCTIONAL GENOMICS OF SAFFRON 
The primary motivation of functional genomics research in saffron is to narrow the list of 

candidate genes implicated in the biological processes involved in the production of 
flavoring compounds and stigma pigments, so that their expression can be enhanced using a 
transgenic approach and hence improve quality of the saffron stigma. Bioinformatics can 
play an enormous technical role in sequence-level structural characterization of saffron 
genomic DNA. Earlier, the only major information resource for modern genotyping and 
sequence characterization available to saffron biologists was the Arabidopsis thaliana (L.) 
Heynh. genome, published in 2000 (AGI, 2000). This information resource was further 
strengthened with the completion of the rice (Oryza sativa L.) genome project and the 
availability of the rice genome sequence (IRGSP, 2005). Even though several crop genome-
sequencing projects are rapidly constructing a rich and diverse repository of information 
about plant DNA sequences, an important database for saffron has been designed recently to 
manage and explore the expressed sequence tags (ESTs) from saffron stigmas (Agostino et 
al., 2007). The database is the first reference collection for the genomics of Iridaceae, for the 
molecular biology of stigma biogenesis and for the metabolic pathways underlying saffron 
secondary metabolism (Agostino et al., 2007). 

GENES EXPRESSED IN CROCUS STIGMAS 
Agostino et al. (2007) produced 6,603 high quality ESTs from a saffron stigma cDNA 

library and grouped these into 1,893 clusters, each corresponding to a different expressed 
gene. The complete set of raw EST sequences and their electopherograms are maintained in a 
database. This allows users to investigate sequence qualities and EST structural features. 
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Putative transcripts determined to be associated with enzymes are organized into classes and 
can be viewed in terms of enzyme assignments to metabolic pathways. This represents a 
straightforward way to investigate the properties of the stigma transcriptome, which 
contains a series of interesting sequences (putative sex determination genes, lipid and 
carotenoid metabolism enzymes, transcription factors), whose function can now be tested 
using in vivo or in vitro approaches. 

A contig (from contiguous) is a set of overlapping DNA segments derived from a single 
genetic source and is used to deduce the original DNA sequence of that source. Several such 
contigs have been characterized in saffron genome, and based on the presence of tentative 
consensus sequences categorized into groups of putative function. The important ones 
include:  

(1) Cl000944:1 encoding non-heme-β-carotene-hydroxylase, highly expressed in saffron 
stigmas (Castillo et al., 2005);  

(2) Cl000627:1 encoding a putative glucosyltransferase, very similar to UGTCs2, which is 
able to glycosylate crocetin in vitro (Moraga et al., 2004); 

(3,4) Cl001532:1 and Cl001032:1 encoding putative isoprenoid GTases, one of which 
could represent the still missing enzyme responsible for the glycosylation of picrocrocin; 

(5) Cl000348:1 encoding a Myb-like protein with high similarity to LhMyb (from Lilium, 
GenBank accession BAB40790), Myb8 (from Gerbera) (Elomaa et al., 2003) and Myb305 (from 
Antirrhinium) (Jackson et al., 1991) and probably acting as a putative transcription factor. 

Further, a large number of Cytochrome P450 sequences are expressed in saffron stigmas, 
some at very high levels (For details see Agostino et al., 2007). 

CONCLUSIONS 
Bioinformatics can assist in all stages of genotyping experiments in saffron, viz.: from raw 
data capture (e.g., gel image processing), documentation and storage to semi-automated 
analysis of raw data into inferences (i.e., germplasm fingerprinting and mapping, alignments 
of DNA variation to RNA and protein structures to elucidate functional variance, etc.). It can 
assist a saffron biologist in many ways, e.g. 
Biological sequence alignment: To compare two DNA or protein sequences; 
Proteomics: Which proteins are present in a cell and which proteins interact with each other; 
Structural genomics: Determine the (3D) structure of proteins encoded by the saffron genome; 
Comparative genomics: The function of target genes and DNA regions of saffron can be 

revealed by studying their parallels in other organisms; 
Transcriptomics: Use of mRNA transcripts to determine which genes are turned on/off in a 

particular tissue type or organ (stigmatic lobes, corms etc.) and how external 
management practices and cultivation techniques such as irrigation, fertilization and 
hormone application can change this expression; 

Phylogenetic analysis: Apply statistical algorithms to assess germplasm relatedness and 
biodiversity among different saffron clones; 

Systems biology: For in silico analysis of the impact of molecular intervention on the biological 
system of genetically modified saffron, for better adaptation and enhanced production of 
commercially important compounds. 
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ABSTRACT 
Inter Simple Sequence Repeat (ISSR) and Random Amplified Polymorphism DNA (RAPD) analysis were used to assess genetic 
variations amongst 30 isolates of Fusarium sp. isolated from malformed tissues of mango (Mangifera indica L.) collected from different 
locations of Pantnagar, India. Fusarium sp. causes one of the most serious diseases of mango, mango malformation. All isolates were 
identified using two taxon selective primers, ITS-Fu-f and ITS-Fu-r. Scoreable loci 149 and 128 were obtained with 16 ISSR and 16 
RAPD primers, respectively. Out of 149 loci, 106 were polymorphic with ISSR markers. Percentage polymorphism ranged from 14.3% 
(P-48) to a maximum of 100% (P-46 and 54), with an average of 71.1%. The 16 RAPD primers produced 102 polymorphic bands. 
Percentage polymorphism ranged from 50% (P-78 and 114) to 100% (P-71, 73 and P-79), with an average percentage polymorphism of 
79.7% among all isolates of Fusarium sp. Results of present investigation revealed that relatively RAPD markers were more efficient than 
ISSR assay. Clustering of isolates remained more or less same in RAPD and combined data of RAPD and ISSR. The similarity coefficient 
ranged from 0.57 to 0.92, 0.47 to 0.98 and 0.57 to 0.90 with ISSR, RAPD and combined dendrogram, respectively. 
_____________________________________________________________________________________________________________ 
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INTRODUCTION 
 
All the disease management strategies based on host resis-
tance require the knowledge of variability in pathogens. The 
development and use of molecular markers for the detection 
and exploitation of DNA polymorphism is one of the most 
significant developments in the field of molecular plant 
pathology. The presence of various types of molecular mar-
kers, and differences in their principles, methodologies, and 
applications require careful consideration in choosing one 
by researchers. ISSR and RAPD have been used extensively 
to study the genetic variability and the present study is a 
step towards the analysis of genetic diversity in Fusarium 
sp. isolated from malformed mango tissues. Malformation, 
arguably the most important disease of mango (Mangifera 
indica L.) globally, is of growing concern not only because, 
it is widespread and destructive and because its etiology and 
control are not well understood. Malformation is not only 
well known in India but has also been confirmed in most 
mango-growing areas/countries viz., Pakistan, Egypt, South 
Africa, Brazil, Israel, Central America, Mexico and USA 
(Kumar et al. 1993). There is a lot of confusion in the lite-
rature about the etiology of the disease because research 
efforts made hitherto, have not been able to ascertain its 
etiology; the complexity of the disorder is attributed by bio-
tic and abiotic factors including mites, fungal, viral, physio-
logical factors and nutritional deficiencies. However, in 
recent years Fusarium sp. is finding wide acceptability in 
scientific community as a causal agent of this disease. Re-
cent advances in the detection of plant pathogens using im-
munological and nucleic acid-based techniques has enabled 
the major genera and species of disease-causing organisms 
to be quickly and reliably identified. Methods that are based 

on the use of the polymerase chain reaction (PCR) are highly 
sensitive and specific and have the potential to replace tra-
ditional technologies, so two taxon selective primers based 
on Internal Transcribed Spacer Regions (ITS-Fu-f and ITS-
Fu-r) were used for quick identification of Fusarium sp. 
(Abd-Elsalam et al. 2003). 

The recent use of molecular markers has revolutionized 
the analysis of population biology of plant pathogens. 
Molecular markers have been used to characterize genetic 
diversity of different Fusarium sp. (Alves-Santos et al. 
1999, 2002; Bogale et al. 2006; Prasad et al. 2007). The 
development of RAPD markers (Welsh and McClelland 
1990; Williams et al. 1990) has provided a powerful tech-
nique for investigating intraspecific genetic variation in 
fungi although it does suffer from a certain lack of repro-
ducibility due to mismatch annealing (Karp et al. 1997). 
Inter Simple Sequence Repeat (ISSR) technique is also a 
PCR based method, which involves amplification of DNA 
segment present at an amplification distance in between two 
identical microsatellite repeat regions oriented in opposite 
direction. The technique combines most of the benefits of 
AFLP and microsatellite analysis with the universality of 
RAPD. In addition, ISSR markers are more reproducible 
than RAPD markers (Goulão and Oliveira 2001). 

Keeping in view the above said facts, the aim of the 
present investigation was isolation, identification and assess-
ment of relative efficiency of ISSR and RAPD markers for 
the analysis of genetic diversity among 30 isolates of Fusa-
rium sp. isolated from malformed mango tissues. 
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MATERIALS AND METHODS 
 
Thirty samples of malformed panicles and seedlings were col-
lected from various orchards from different locations at Pantnagar, 
Uttranchal, India. Infected samples were cut into small pieces and 
surface sterilized with 0.2% sodium hypochlorite solution for 2 
min. Thereafter the samples were washed with sterilized distilled 
water before placing them into Petri dishes seeded with Potato 
Dextrose Agar (PDA) medium. The plates were sealed and kept in 
a BOD incubator at 28 ± 2°C for 3-4 days until fungus growth 
appeared. Fresh fungal growth from the plated samples was then 
transferred on PDA. Finally every isolate was further purified by 
single spore culture. Potato Dextrose Broth (PDB) medium was 
used for harvesting the mycelium for DNA extraction. DNA was 
extracted from the fungal isolates by using the protocol of DNA 
isolation as given by Lee and Tayler (1990). The concentration of 
DNA was determined by UV visible spectrophotometer (Biomate, 
Thermo Spectronic, Cambridge, UK). 
 
PCR amplification of ribosomal DNA regions 
 
Each PCR reaction mixture contained 30 ng of genomic DNA, 25 
ng each of primers ITS-Fu-f and ITS-Fu-r, 2.5 �l of reaction buffer, 
2.5 mM MgCl2, 250 �M of each dNTPs and 2.5 U of Taq DNA 
polymerase (Life Technologies, India) in a total volume of 50 �l. 
The nucleotide sequences of these primers were 5�-CAACTCCC 
AAACCCCTGTGA-3� (ITS-Fu-f) and 5�-GCGACGATTACCAG 

TAACGA-3� (ITS-Fu-r) (Abd-Elsalam et al. 2003). The PCR pro-
file was denaturation at 95°C for 4 min, followed by 35 cycles of 
94°C for 1 min, 54°C for 30 sec, and 72°C for 1 min with final 
extension of 72°C for 5 min. The two bands were eluted from gel 
using QIAGEN MinElute kit and sequenced from Genei, Banga-
lore, India. 
 
ISSR amplification 
 
PCR Amplification (Zeitkiewicz et al. 1994) was performed with 
long primers obtained from Life Technologies, India (Table 1). 
ISSR amplification reactions were carried out in 20 �l volume 
containing 2 �l dNTP (250 �M each dNTP), 1 �l primer (30 
ng.�L-1), 1 �l template DNA (50 ng.�L-1), 2.5 μl reaction buffer 
(10X), 2.0 μl MgCl2 (25 mM), 0.3 μl Taq DNA polymerase (5 
U.�L-1) and deionized water 11.2 μl. PCR reactions were per-
formed with PTC-200 Peltier Thermal Cycler (MJ Research Inc., 
Watertown, MS, USA). Amplification conditions were: An initial 
denaturation at 94°C for 5 min and 40 cycles at 1 min, denaturing 
at 94°C, 1 min annealing at 51°C, 2 min polymerization at 72°C 
and 15 min final extension at 72°C. 
 
RAPD amplification 
 
PCR amplification (Williams et al. 1990) was performed with 
arbitrary decamer primers obtained from Life Technologies, India. 
Amplifications were performed in 20 �l volume containing 2 �l 

Table 1 Primers list of ISSR and RAPD used for the characterization of Fusarium sp. associated with mango malformed tissues associated with mango 
malformation disease of mango. 
S.No Primer code 

used in study 
Primer sequence Amplified product 

range (bp) 
Total bands Monomorphic 

bands 
Polymorphic 
bands 

% 
Polymorphism 

ISSR Primers 
1 P-46 AGAGAGAGAGAGAGAGT 420-1800 14 - 14 100.0 
2 P-48 AGAGAGAGAGAGAGAGG 500-1680   7  6   1 14.3 
3 P-49 GAGAGAGAGAGAGAGAT 345-2010 11  3   8 72.7 
4 P-51 GAGAGAGAGAGAGAGAA 380-1460 11  1 10 90.9 
5 P-52 CTCTCTCTCTCTCTCTG 580-1470   7  1   6 85.7 
6 P-54 TCTCTCTCTCTCTCTCG 520-1520   6 -   6 100.0 
7 P-55 ACACACACACACACACT 410-1480   8  1   7 87.5 
8 P-59 GAGAGAGAGAGAGAGAYT 270-1650   7  1   6 90.9 
9 P-61 ACACACACACACACACYG 400-1400   8  1   7 87.5 
10 P-62 HBHAGAGAGAGAGAGAG 400-1700   8  5   3 37.5 
11 P-63 BHBGAGAGAGAGAGAGA 430-1500 12  6   6 50.0 
12 P-64 VHVGTGTGTGTGTGTGT 300-1410 13  8   5 38.5 
13 P-65 HVHTGTGTGTGTGTGTG 170-1610 17  5 12 70.6 
14 P-67 ATGATGATGATGATGATG 400-1500   8  1   7 87.5 
15 P-68 CTCCTCCTCCTCCTCCTC 470-1300   7  2   5 71.4 
16 P-69 GGGTGGGGTGGGGTG 500-1620   5  2   3 60.0 
  Total - 149 43 106 - 
  Average 393-1570 9.3 2.7 6.6 71.1 

RAPD Primers 
1 P-71 TGCCGAGCTG 245-2250 10 - 10 100.0 
2 P-72 AGTCAGCCAG 280-2160 11  2   9 81.8 
3 P-73 AATCGGGCTG 470-1400   6  1   5 83.3 
4 P-76 GTGACGTAGG 370-2010   8 -   8 100.0 
5 P-78 GTGATCGCAG 420-1510   6  3   3 50.0 
6 P-79 CAACGCCGT   470-2010   9 -   9 100.0 
7 P-80 CAGCACCCAC 325-1980   9  4   5 55.6 
8 P-90 GTGAGGCGTC 400-1710   6  1   5 83.3 
9 P-96 TTGGCACGGG 360-1600   8  1   7 87.5 
10 P-97 GTGTGCCCCA 300-2100 13  1 12 92.3 
11 P-110 GGACTGCAGA 360-2150   5  2   3 60.0 
12 P-112 GTCAGGGCAA 400-2100   7  1   6 85.7 
13 P-113 AGACGTCCAC 600-1540   5  1   4 80.0 
14 P-114 GACGCCACAC 500-1600   6  3   3 50.0 
15 P-118 TCAGAGCGCC 385-1780   9  3   6 66.7 
16 P-171 GGACCCAACC 310-2100 10  3   7 70.0 
  Total - 128 26 102 - 
  Average 387-1875 8.0 1.63 6.4 79.7 

Combined (RAPD + ISSR) primers analysis 
  Total - 277 69 208 - 
  Average 390-1723 8.66 2.2 6.5 75.1 
Single letter abbreviation for mixed base positions: Y=(C,T); B=(C,G,T i.e. not A); H=(A,C,T i.e. not G); V=(A,C,G, i.e. not T). 
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dNTP (250 �M each dNTP), 1 �l primer (30 ng.�L-1), 1 �l tem-
plate DNA (50 ng.�L-1), 2.5 μl reaction buffer (10X), 2.0 μl MgCl2 
(25 mM), 0.3 μl Taq DNA polymerase (5 U.�L-1) and deionized 
water 11.2 μl. PCR reactions were performed with PTC-200 Pel-
tier Thermal Cycler (MJ Research Inc., Watertown, MS, USA). 
Amplification was carried out at initial denaturation 94°C for 5 
min, for 35 cycles denaturation 94°C for 1 min, annealing at 42°C 
for 1 min and extension at 72°C for 2 min and final extension at 
72°C for 7 min. 

After completion of amplifications, 4 μl of gel loading dye 
was added to each sample (20 μl) of rDNA, ISSR and RAPD and 
resolved on 1.5, 1.8 and 1.4% agarose gel in 0.5X TBE buffer, res-
pectively. The gels were visualized under UV using gel documen-
tation system (Bio Rad, USA). 
 
Data analysis 
 
DNA fingerprints were scored for the presence (1) or absence (0) 
of bands of various molecular weight sizes in the form of binary 
matrix. Data was analyzed to obtain Jaccard’s coefficients among 
the isolates by using NTSYS-pc (version 2.11W; Exeter Biological 
Software, Setauket, NY, Rohlf, 1993). The SIMQUAL program 
was used to calculate the Jaccard’s coefficients. A common esti-
mator of genetic identity was calculated as follows: 

Jaccard’s coefficient = NAB/ ( NAB+ NA+ NB) 
where NAB is the number of bands shared by samples, NA repre-
sents amplified fragments in sample A, and NB represents frag-
ments in sample B. Similarity matrices based on these indices 
were calculated. Correlation between the two matrices obtained 
with two marker types (ISSR and RAPD) was estimated by means 
of Mantel test (Mantel 1967). Coefficient correlation (r) is pro-
vided one measure of relatedness between the two matrices. Simi-
larity matrices were utilized to construct the UPGMA (unweighted 
pair-group method with arithmetic average) dendrograms. In order 
to estimate the congruence among dendrograms, cophenetic matri-
ces for each marker were computed and compared using Mantel 
test. Principal coordinate analysis was performed in order to high-
light the resolving power of the ordination. The relative efficiency 
of two markers system was also calculated using Pearson cor-
relation coefficient. To determine robustness of the dendrogram, 
the data were bootstrapped with 2000 replications along with Jac-
card’s coefficient by the computer programme WINBOOT (Yap 
and Nelson 1996). 
 
RESULTS 
 
ISSR band pattern 
 
Using primers ITS-Fu-f and ITS-Fu-r, amplification of the 
small subunit ribosomal DNA of Fusarium species isolated 
from malformed tissues resulted in formation of 400bp 
bands. The PCR amplification using 3� and 5� anchored di-
nucleotides repeat primers gave rise to reproducible ampli-
fication products. ISSR primers produced different numbers 
of DNA fragments, depending upon their simple sequence 
repeat motifs (Fig. 1). The 16 primers on an average pro-
duced 149 bands across 30 isolates, of which 106 were poly-
morphic, accounting for 71.1% polymorphism. The number 
of bands varied from 5 (P-69) to 17 (P-65) and varied in 
size from 170 to 2010 bp. Average number of bands and 
polymorphic bands per primer were 9.3 and 6.6, respec-

tively. Percentage of polymorphism ranged from 14.3% (P-
48) to maximum of 100% (P-46 and 54). The ISSR bands 
were scored for presence or absence among the genotypes 
and used for UPGMA analysis. A dendrogram based on 
UPGMA analysis with ISSR data is shown in Fig. 3A. Jac-
card’s similarity coefficient ranged from 0.571 to 0.92. The 
30 isolates were clustered into four clusters. Cluster I com-
prises F-1, 3, 5, 6, 8, 9 and 10. Cluster II consisted of F-16, 
17, 18, 20, 21 and F26. Cluster III comprises F-2, 4, 11, 14, 
15 and F25. Cluster IV comprises F-19, 22, 23, 24, 28, 29 
and F-30. The isolates F-7, F-12, F-13 and F-27 were sepa-
rated among the all isolates. The results of PCA analysis 
were not exactly comparable to the cluster (Fig. 4A). The F-
12 isolate had the minimum similarity coefficient (0.571) 
with F-29. The first three most informative PC components 
clarify 33.05% of total variation. 
 
RAPD band pattern 
 
Amplification of genomic DNA of the 30 isolates, using 16 
primers for RAPD analysis, yielded 128 fragments that 
could be scored. Number of amplified fragment ranged from 
5 (P-110 and P-113) to 13 (P-97), with size ranging from 
245 to 2250 bp. Out of 128 amplified bands, 102 were poly-
morphic, with an average of 6.4 polymorphic bands per pri-
mer. Percent polymorphism ranged from 50% (P-78 and P-
114) to 100% (P-71, 73 and P-79), with an average percen-
tage polymorphism of 79.7% across all isolates of Fusarium 
sp. (Fig. 2) is the representative of the extent of polymor-
phism observed among the all Fusarium isolates as revealed 
by primer P-72. A dendrogram based on UPGMA analysis 
grouped the 30 isolates into three main clusters, with Jac-
card’s similarity coefficient ranged from 0.467 to 0.979 (Fig. 
3B). Four isolates F-14, F-25, F-26 and F-27 appeared to be 
distinct from all others. Cluster I, II and III comprises 11 
isolates (F-1 to F-11), 5 (F-16, 17, 18, 20 and F-21) and 10 
(F-12, 13, 15, 19, 22, 23, 24, 28, 29 and F-29), respectively. 
The isolates F-6 and F-7 appeared to be closer to each other, 
with a 0.979 similarity coefficient. The isolates F-14 and F-
28 had least similarity to each other, with a similarity coef-
ficient of 0.467. The results of PCA analysis were compara-
ble with cluster 1 and cluster 2 but not with cluster 3 to the 
cluster analysis (Fig. 4B). The first three most informative 
PC components explained 37.82% of total variation. 
 

ISSR and RAPD data 
 
The ISSR and RAPD data were combined for UPGMA 
cluster analysis. Four clusters (Fig. 3C) were formed which 
were to some extent similar to RAPD cluster. Jaccard’s 
similarity coefficient ranged from 0.571 to 0.90. The three 
dimensional ordination (Fig. 4C) was exactly same and 
confirms the cluster analysis results demonstrating that F-12 
is separated with the others. The pattern of clustering of the 
genotypes remained more or less same in RAPD and com-
bined (ISSR and RAPD) data, whereas dendrogram based 
on ISSR showed some variation in the clustering of geno-
types. The matrices for ISSR and RAPD markers were also 
compared by using Mantel’s test (Mantel 1967) for matrix 
correspondence. The correlation between the matrices of 

Fig. 1 Inter Simple Sequence Repeats (ISSR) polymorphism in Fusa-
rium sp. isolated from malformed tissues of mango using ISSR primer 
P-49. Lane M: 100 and 500 bp ladder (Fermentas Life Sciences Ltd.); 
Lanes 1-30: Fusarium isolates. 

Fig. 2 Random Amplified Polymorphic DNA (RAPD) profile of 
Fusarium sp. isolated from malformed tissues of mango, using RAPD 
primer P-72. Lane M: 100 ladder; Lanes 1-30: Fusarium isolates. 
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cophenetic correlation values for the ISSR, RAPD and com-
bined dendrogram showed r = 0.8115, 0.9283 and 0.9013, 
respectively. The first three most informative PC compo-
nents explained 32.89% of total variation. 
 
Estimation of relative efficiencies of ISSR and 
RAPD markers 
 
The relative efficiency of a marker was assessed by cor-
relating the genetic similarity measures with different mar-
kers. The similarity coefficients of 30 isolates through ISSR 
and RAPD markers were subjected to calculate the Pear-
son’s correlation coefficient (Table 2). Highest Pearson cor-
relation value (r = 0.9068) was recorded between Combined 
and RAPD, which revealed the closeness of RAPD markers 
with combined (ISSR and RAPD) data (Fig. 5). Conse-
quently, the RAPD marker was found to be the most influ-
ential type of molecular marker to study the genetic diver-

sity Fusarium sp. isolated from malformed tissues of mango. 
 

Fig. 3 Dendrograms obtained from 30 isolates of Fusarium sp. with 
UPGMA based on Jaccard’s coefficient. Scale bar indicates the 
similarity index. (A) ISSR data based dendrogram. (B) RAPD data based 
dendrogram. (C) Combined (ISSR and RAPD) data based dendrogram. 

 

A 

B 

C 

Fig. 4 Three-dimensional plot (with vectors) of 30 isolates of Fusarium 
sp. obtained using principal coordinate analysis. The numbers plotted 
represents individual isolates. 3D plots based on (A) ISSR data, (B) 
RAPD data and (C) Combined ISSR and RAPD data. 

A

B

C

Table 2 Pearson’s Correlation coefficient (r) and Mentel’s t-test of ISSR 
and RAPD markers data obtained from 30 Fusarium sp. isolates. 
Particulars r t P 
ISSR Vs RAPD 0.5247 4.1979 1.00 
Combined molecular markers Vs RAPD 0.9068 7.2343 1.00 
Combined molecular markers Vs ISSR 0.8342 6.8969 1.00 

P= Prob. random Z < obs 
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DISCUSSION 
 
In the present study, the rRNA genes, commonly used in 
identification and taxonomic studies, was confirmed to be 
particularly appropriate for the purpose of providing target 
sequence for molecular detection. Several molecular mar-

kers and DNA based probes were developed for detecting 
Fusarium species and its different races in relation to speci-
fic hosts (Kelly et al. 1994; Kistler 1997; Gherbawy 1999; 
Wang et al. 2001; Jiménez-Gasco and Jiménez-Díaz 2003). 
Difference in the nucleotide composition of the variable ITS 
regions have been successfully employed to design specific 
primers sets that amplify selectively among and within spe-
cies of plant pathogens (Moricca et al. 1998; Alves-Santos 
et al. 1999, 2002; Saharan 2007). Molecular markers ISSR 
and RAPD have been used extensively to study the genetic 
variability and provided important genetic information rele-
vant to the resolution of various genetic and evolutionary 
properties of Fusarium sp. (Kini et al. 2002; Zheng and 
Ploetz 2002; Mishra et al. 2003;Tarakanta et al. 2003; Tóth 
et al. 2004; Prasad et al. 2007). 

Researchers who have compared RAPD and ISSR 
methods on plant system have found that ISSR markers ex-
hibit higher levels of polymorphism or reproducibility as 
compared with RAPD markers (Parsons et al. 1997; Essel-
man et al. 1999; Qian et al. 2001). But the results of the 
present investigation showed that the ISSR markers were 
not more informative than RAPD markers and showed high 
level of polymorphism in RAPD (79.7) and ISSR (71.1) 
among the 30 isolates of Fusarium species. The similar re-
sults were obtained in Caldesia grandis (Chen et al. 2006). 

The success of the present study in identifying polymor-
phism is due to the use of a number of randomly selected 
prescribed highly informative primers. The 16 RAPD and 
16 ISSR primers in the present study yielded 208 polymor-
phic markers that unambiguously discriminated 30 isolates 
into four clusters. The numbers of total polymorphic and 
discriminant fragments are higher for RAPD than ISSR. A 
possible explanation for the difference in resolution of 
RAPDs and ISSRs is that the two markers techniques target 
different portions of the genome. The ability to resolve 
genetic variation among different genotypes may be more 
directly related to the number of polymorphisms detected 
with each marker technique rather than a function of which 
technique is employed (Souframanien et al. 2004). 

Clustering of isolates within groups was not similar 
when RAPD and ISSR derived dendrograms were com-
pared. Dendrograms did not indicate any clear pattern of 
clustering according to the location in which they were 
collected. Our results indicate the presence of high genetic 
variability among isolates of Fusarium species. RAPD mar-
kers were found more polymorphic than ISSR markers but 
bands per primer (9.3) were more in ISSR than RAPD. 
RAPD also exhibited higher relative efficiency than ISSR 
marker with combined data and came out with best discri-
mination among all the isolates studied for genetic diversity 
analysis. But low Pearson correlation coefficient (0.5247) 
between distance matrices obtained from ISSR and RAPD 
data indicate that these two markers are giving polymor-
phism at different loci, so these markers should be used in 
combination to remark on genetic variability of different 
Fusarium isolates. 

Future work is being focused on these aspects along 
with pathogenicity test to assess the relative ability of each 
isolate to infect different plants. In addition to understan-
ding the etiology of this disease, this information will im-
prove the basic understanding of the genetic variability of 
this pathogen and will be of importance to many other agri-
culture systems. 
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India is one of the largest exporters of basmati rice in the world, in addition to 
being home to a large number of quality rice varieties, both aromatic and 
nonaromatic. With the growing demand for aromatic rice locally and abroad, 
there is a need to introduce such varieties into the agriculture-based economy of 
Kashmir Valley. Traditionally, however, Kashmir farmers do not grow basmati 
varieties partly because they do not like long-grain flaky rice and partly because 
these varieties have low yield and late maturity under the valley’s temperate and 
high-altitude conditions. In the last few years, there were efforts to develop and 
popularize basmati and fine-grain aromatic rice in the region, with acceptable 
physicochemical, cooking, and eating qualities and 140-d growth duration. 
 To determine the potential of using elite rice introduced directly in 
Kashmir, six aromatic basmati varieties/hybrids released for the subtropical 
areas of northern India—Pusa Sugandh 3, Pusa Sugandh 5, Pusa 2517-2-51-1, 
UPR2268-5-1, HKR 2K-603, and Ranbir Basmati—were tested under transplanted 
and irrigated conditions at the RRSS (33.73°N, 75.15°E, 1,601 m asl). The varieties 
in 10-m2 plots were evaluated using a randomized complete block design with 
three replications. Two indigenous aromatic rice types of Kashmir Valley (Mushk 
budji and Kamad) were used as checks. The existence of these local landraces has 
been documented for more than a century (Lawrence 1895) and they have been 
maintained by farmers ever since (Parray and Shikari 2008). 

These basmati varieties were evaluated for adaptability, yield, and 
milling, cooking, and eating characteristics. The acceptable ranges of 
physicochemical parameters for premium-quality basmati rice were as follows 
(Anonymous 2005): kernel length greater than 6.6 mm and breadth less than 2 
mm; alkali spreading value between 4 and 5 on a 1–7 scale; kernel length after 
cooking and kernel elongation ratio of not less than 12 mm and 1.70, respectively; 
intermediate amylose (20–25%) preferably with soft gel consistency values; and 
volume expansion ratio greater than or equal to 3. In our experiment, we found 
that Pusa Sugandh 3 satisfied all these criteria, followed by Pusa Sugandh 5 
(Table 1). 
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Table 1. Grain quality characteristics of rice varieties. 

Characteristica Pusa 
Sugandh 3 

Pusa 
Sugandh 5 

Pusa 2517-2-
51-1 

UPR2268
-5-1 

HKR 2K-
603 

Ranbir 
Basmati 

Kamad Mushk 
Budji 

CD (0.5%) 

Amylose content (%) 26.78 29.42 26.16 25.20 20.38 22.29 18.42 14.53 1.21 

Gel consistency (mm) 60.23 55.71 50.44 64.10 90.43 75.33 87.28 90.85 9.81 

Alkali spreading value 5 7 6 6 5 5 3 4 0.70 

Kernel length (mm) 7.56 8.23 7.50 7.49 7.18 6.86 5.52 4.75 0.96 

Kernel breadth (mm) 1.80 1.75 1.75 1.75 1.25 1.75 2.50 2.51 0.82 

Length-breadth ratio 4.20 4.70 4.29 4.28 5.74 3.92 2.21 1.89 0.44 

Kernel length (after cooking) 
(mm) 

15.23 17.00 12.41 11.20 11.53 10.55 8.75 7.50 2.30 

Kernel elongation ratio 1.98 2.07 1.66 1.47 1.61 1.53 1.59 1.58 0.31 

Volume expansion 
ratio 

4.39 4.41 3.14 3.50 4.38 3.14 3.16 2.94 0.30 

Aroma (after cooking) 5 5 3 4 3 4 3 3 0.55 

Kernel shape Long 
slender 

Long 
slender 

Long 
slender 

Long 
slender 

Long 
slender 

Long 
slender 

Medium 
slender 

Short bold – 

aAll traits were measured according to the IRRI Standard evaluation system for rice (1996). 
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Significant differences have been observed, with Pusa Sugandh 5 
recording the highest amylose content (29.42%), followed by Pusa Sugandh 3 and 
Pusa 2517-2-51-1. Pusa Sugandh 3, Pusa Sugandh 5, and Pusa 2517-2-51-1 
showed medium to hard gel consistency, while the others showed soft gel 
consistency. An intermediate alkali spreading value of 5, which is desirable and 
is indicative of gelatinization temperature in the range of 70–74 °C (beyond 
which starch granules change their structure irreversibly, resulting in cooked rice 
kernels), was found for Pusa Sugandh 3 and Ranbir Basmati. Pusa Sugandh 5 
and Pusa Sugandh 3 had the highest kernel length values, kernel elongation 
ratio, and volume expansion ratio. As expected from their high amylose and 
medium-hard gels, these varieties had well-separated kernels and became 
moderately hard to hard upon cooling. Very low amylose content for Mushk 
Budji and moderate aroma for Kamad in comparison with Pusa Sugandh 3 were 
noted. Mushk Budji had short bold kernels and Kamad had medium slender 
ones; all others had long slender grains. 

Among all aromatic rice varieties, Mushk Budji was the earliest to mature 
(126 days after sowing, DAS), whereas, among the basmati types, Pusa Sugandh 
3 matured earliest (147 DAS) (Table 2). HKR 2K-603 and Ranbir Basmati did not 
mature at all. Basmati rice UPR2268-5-1 showed 55.1% and 67.7% yield 
superiority over checks Mushk Budji and Kamad, respectively. However, since it 
matures a fortnight late (154 DAS), local farmers may not adopt it because its 
maturity coincides with the onset of the wet season and results in a subsequent 
delay in sowing of the rabi crop. The consequence is a shortage of labor for 
harvesting. On the other hand, Pusa Sugandh 3 matures in 147 DAS and has a 
grain yield of 6.2 t ha−1, good aroma after cooking, high amylose, intermediate 
alkali spreading value, and medium gel consistency. This fine-grain, scented 
restorer line of wild-abortive cytoplasm, with desirable quality features 
comparable with those of Taroari Basmati and Pusa Basmati 1, and moderate 
resistance to blast, is a promising variety for Kashmir as it has been for 
traditional basmati-growing areas of Punjab, Haryana, Delhi, Uttaranchal, and 
western Uttar Pradesh. 
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Table 2. Yield performance of six different basmati genotypes vis-à-vis two local aromatic landraces, RRRS, 
Khudwani, J&K, India, 2007 kharif. 

Percent increase 
over check 

Variety Parentage Plant height 
(cm) 

Days to 50% 
flowering 

Days to 
maturity 

Panicles m−2 
(no.) 

Grain yield  
(t ha−1) 

1 2 

Pusa Sugandh 3 IET16313-Pusa 2504-1-31 
(basmati restorer line) 

103.9 114.7 146.7 312.4 6.2 43.6 55.2 

Pusa Sugandh 5 Pusa 1121 103.4 118. 3 150.0 299.2 5.7 30.8 41.3 

UPR2268-5-1 UPR908-11-1-1-5/A8342B 99.7 114.3 154.0 396.0 6.7 55.1 67.7 

HKR 2K-603 IET4141/HBC19//HBC19 106.0 120.3 DNMa 261.8 DNMa – – 

Pusa 2517-2-551-1 P1238/P2504 101.4 116.0 152.0 323.4 5.7 30.8 41.3 

Ranbir Basmati Selection from Basmati 370 105.7 121.7 DNMa 287.1 DNMa – – 

Mushk Budji (check 1) Local landrace 105.3 94.0 125.7 181.5 4.3 – – 

Kamad (check 2) Local landrace 101.4 102.5 135.5 173.2 4.0 – – 

CD (5%)  13.33 2.21 1.54 21.32 12.7   

CV (%)  4.14 1.13 0.61 4.30 13.0   

aDNM = the variety did not mature. 
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