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Abstract The objective of this study was to determine amenability of different tropical maize genotypes to
Agrobacterium-mediated transformation with the NPK1 gene for conference of drought tolerance. To achieve this, immature
embryos from thirteen maize genotypes (IL1, IL3,IL15, IL16, IL28,1L38, 1L42, 1L43, Hudiba-1, Hudiba-2, Mojtamma-45,
A 188 and KAT) were transformed by cocultivating with Agrobacterium tumefaciens strain EHA101 harboring the pSHX004
vector. Transgenic tussues were recovered on PPT (3 mg/1)-containing medium. Statistically significant differences (p<0.05)
were observed between the genotypes with respect to transformation frequency (TF). Overall, IL3 was identified as the most
amenable to transformation with a TF of 31.7% and proved to be superior to A 188, which recorded a TF of 5.82%. Hudiba-2
was identified as the most transformable open pollinated variety (OPV) with a TF o 8.7% compared to that of 7.3% for KAT.
IL1 and Mojtamma-45 proved to be poor responders to transformation with TFs of 2.5% and 1.7%, respectively. Putative
transgenics were recovered from IL3, IL15, Hudiba-2, IL1,1L38, Hudiba-1, A188 and KAT. The frequency of regeneration
of PPT resistant shoots varied from 6% for A 188 to 100% for Hudiba-2. Stable integration of the transgene was confirmed by
PCR. In conclusion we have demonstrated that tropical maize genotypes adapted to Sudan are transformable with the NPK1

gene.
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1. Introduction

Transfer of desirable genes into agriculturally important
plants has been achieved quickly and precisely using genetic
engineering. When this has been attempted using particle
bombard ment, the transgenes integrate in a comp lex manner
and in many copies. However, with Agrobacterium-
mediated transformation, a few copies of the transgene are
integrated in a simple pattern, resulting in stable transgene
expression[1,2].

To date numerous reports have emerged indicating very
low transformability of maize. The genotype seems to play a
criticalrole in Agrobacterium-mediated maize transformati
on with very few genotypes reported to be transformable.
A188 is the most popular regenerable and transformable
temperate genotypes[1,3]. Among the tropical maize
genotypes, several genetic transformation experiments have
employed CML126[4,5].

Apart from the genotype, the age and source of the
explants is a critical success factor in Agrobacterium-
mediated transformation. The only maize explants reported
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so far to be highly competent for Agrobacterium infection
are immature embryos[6]. However these maize immature
embryos show variations in their competence for
Agrobacterium infection depending on their develop mental
stage[7]. Immature embryos of between 1.2 and 2.0mmhave
been the explants of choice in many Agrobacterium-
mediated transformations experiments of maize[1,8—10].

Agrobacterium-mediated  transformation using the
drought tolerance gene (NPKI) has been successfully
achieved in temperate maize. Evaluation of the transgenic
plants under drought conditions revealed a significantly
higher photosynthesis rate than the non-transgenic controls
[11]. The objective of this study was to evaluate the response
of different maize genotype to Agrobacterium-mediated
transformation. Maize immature embryo explants were
transformed wusing Agrobacterium tumefaciens strain
EHA101 was by the cocultivation method[8]. We report
successful recovery of transgenic tissues using PPT as the
selective agent. Further, we show successful regeneration of
transgenic tropical maize plants that have stable transgene
integration.

2. Materials and Methods

2.1. Plant Materials and Agrobacterium Strain
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Transformability was evaluated in eight Sudanese maize
inbred lines (IL1, IL3, IL15, IL16, IL28, 1L38, IL42 and
I143) and three commercial maize varieties (Hudiba-1,
Hudiba-2 and Mojtamma-45) obtained from Sudanese
Agriculture Research Corporation. Katumani (KAT) was
used as a local open pollinated variety check, while A188
was used as the check inbred line. Seeds were planted in pots
in the research field ofthe Plant Transformation Laboratory
in Kenyatta University. 4. tumefaciens strain EHA101
containing the standard binary vector pSHX004[12] was
used in maize transformation. PSHX004 (Figure 1) contains
the cauliflower mosaic virus (CaM V) 35S promoter (P35S)
to drive both the bar selectable marker and the NPK 1 gene.
The vector system, pSHX004 in EHA101, was maintained
on yeast extract peptone (YEP) medium containing 100mg/L
spectinomycin (for pSHX004) and 50mg/L kanamycin (for
EHA101). Bacteria cultures for weekly experiments were
initiated from stock plates stored for up to two weeks at 4°C
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Figure 1. Map ofthe pSHX004 vector used in Agrobacterium-mediated
transformation of maize

2.2. Maize Transfor mation

Agrobacterium cultures were grown forthree days at 28°C
on YEP solid medium amended with 100 mg/L spectinomy
cin, 50 mg/L kanamycin and 25mg/1 Chloramphenicol. One
loopfull (3 mm) of bacteria culture was scraped from the
three-day old plate and was suspended in 5 ml of liquid
infection medium (IM) supplemented with 100 pM
acetosyringone (IM+AS) in a 50 mlcentrifuge tube. The tube
was fixed horizontally to a bench-top shaker and shaken on
speed (~200rpm) for one hour at room temperature. This
pre-induction step was carried out for all experiments. For
infection, immature zygotic embryos from one ear were
dissected to bacteria-free IM+ AS medium (2 ml) in
150x15mm sterile petri-plate (20 to 100 embryos). This was
followed by the addition of 20ml of Agrobacterium
suspension (OD550 = 0.3 to 0.4) to the embryos and left to
stand in the dark for five minutes with occasional swirling.
After infection, embryos were transferred to the surface of
co-cultivation medium (CCM) and excess Agrobacterium
suspension pipetted off the medium surface. Embryos were
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oriented with the embryo-axis side in contact with the
medium (scutellumside up). Plates were then wrapped with
aluminium foil and incubating in the dark at 20°C for three
days. After three days of co-cultivation, all embryos were
transferred to resting medium (RM) and plates wrapped with
parafilm before incubating at 28°C in dark for 14 days.

After 14 days on RM, embryos responding or not
responding to callus induction were transferred to selection
medium containing 1.5 mg /L PPT (SI) for 2 weeks. They
were sub-cultured for two more 2-week passages on 3 mg /L
PPT (SII) and wrapped with parafilm throughout selection.
After the six weeks selection period, embryos surviving PPT
selection were counted for calculation of Transformation
frequency (TF). TF was computed according to Frame et al.
(2006) as the percentage of the number of calli surviving
PPT selection compared to the number o f embryos infected.

Acclimatization of regenerated plants was accomplished
in soil in the glasshouse as reported for other tropical maize
genotypesm. The number of regenerated plants was counted
in order to compute the regeneration frequency (RF). RF was
computed as the percentage of the number of regenerated
shoots compared to the number of calli regenerating at least
one shoot. Plantlets were maintained in the glass house till
they matured and set fertile seeds.

2.3. Analysis of Transgenic Plants

Leaf genomic DNA was prepared according the CTAB
extraction method '°. The primers used to amplify the bar
gene were forward primer 5-GTCTGCACCATCGTCAAC
C-3' and reverse primer 5'-GAA GTCCA GCTGCCAGAAA
C-3. The PCRs were carried out in a 25uL solution
comprising 10 ng of genomic DNA, 50 mM KCI, 10 mM
Tris—HCI buffer (pH 8.8), 3 mM MgCl2, 0.1% (w/v) Triton
X-100, 0.24 mM each ANTP, 1 U Tag DNA polymerase, and
0.16 umol of each primer. Denaturation was performed at
94 °C for 1 min followed by 30 amplification cycles (94 °C
for30s, 64°C for 2 min, and 72°C for 2 min) were separated
in 0.8% (w/v) agarose gels. PCR product visualization and
photography was achieved using the Genesnap image
acquisition software from Syngene (Synoptics LTD).
Transformation efficiency was computed on PCR positive
events according to Frame et al. (2002) as the percentage of
the number of PCR positive events per 100
Agobacterium-in fected embryos.

2.4. Data Analysis

Analysis of variance (ANOVA) was used to test the
differences in responses to transformation frequency and
efficiency using the Genstat for Windows (Discovery edition)
statistical software. Means were compared using least
significant difference (LSD) at the 95% confidence level. All
percentage data was standardised using the square root
trans formation ((x+c)**0.5) before analysis.

3. Results
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3.1. Selection of Stable Transfor mants

After a period of co-culture and resting infected embryos
responding or not responding to callus induction were
transferred and maintained on selection media, containing
PPT, for six weeks to select for stable transformation. All 13
genotypes used in this study were observed to initiate calli
that survived and grew in PPT-containing media (Figure 2).
However, the genotypes were different in the type of callus
they initiated. Calli of IL3, Hudiba 2 and IL15 were observed
to be white in colour, dry and compact. Moreover, friable
embryos were clearly observable on the surface of these

callus cultures (Figure 3). IL15 calli were observed to
comprise of compact and friable sections and watery sections
on their surface (Figure 3B). The inbred linesIL1, IL42, IL.28
and Mojatamaa-45 were observed to induce a callus type that
was watery and cream-colored in appearance (Figure 3C, D).
These calli had a soft and spongy texture with no distinct
embryo like structures observable on their surface.
Rhizogenesis was also observed in some maize genotypes.
Hudiba-1 and 1L28 were particularly observed to germinate
red, green and sometimes white pigmented roots during
selection.
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Figure 2. Transformation frequency for various maize genotypes. Values are means of six replications and vertical bars are standard errors
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3.2. Transfor mation is Dependent on Genotype

Transformation frequency (TF) was computed for all the
13 genotypes on which transformability was evaluated
Figure 2. The average transformation frequency for all the 13
genotypes was 8.24%. The Open pollinated variety KAT and
the inbred line A188 used as checks gave average
transformation frequencies of 7.27% and 5.82% respectively.
The highest average TF of 31.70% was observed in IL3
(Figure 2). The next highest TF was obtained in IL43, which
ranged from 4.76 to 15.00% with an average of 10.09%.
Hudiba-2 had a TF of 8.65% with a range of between 6.06
and 9.67%. The lowest TF ranged from 0.00 to 4.24%, with
1.69% as the average in Mojtamaa-45. The average TF
obtained for IL1 was among the lowest obtained in this study
(Figure 2). IL1 gave TF of between 0.00 and 6.06%, with an
average of 2.47%. This was followed, in ascending order, by
mean TFs of 5.19%, 5.99% and 6.34% produced by IL42,
IL16 and IL1S5, respectively (Figure 2). The highest TF
observed for IL42 was 5.56% while the lowest was 2.67%.
IL16 had TF 0f8.33% as the highest and 2.08% as the lowest,
while the TF of IL15 ranged from 0.00% to 13.00%.

Comparable average TFs were obtained for the genotypes
IL28 IL38 and Hudiba-1. The Average TF recorded by 1L28
was 7.13% with a range of 3.64% to 10.00%. IL38 had a TF
0f7.24% with a range of between 2.70 and 12.12%. The TF
of Hudiba-1 ranged from 3.43% to 11.54 % with 7.56 % as
the average.

Analysis of variance (ANOVA) showed that there were
significant differences among the genotypes used in this
study in transformation frequency (p<0.0001). Mojtamma-4
5 gave the lowest average transformation frequency, which
was significantly lower (p< 0.005) than that of all the other
genotypes. IL1 was inferior to other genotypes as its TF was
observed to be the lowest (p<0.05). Differences were
observed in TF between IL3 and the other genotypes, in that
the TF produced by IL3 (31.70%) was found to be
significantly higher (p<0.0001). Significant differences were
observed among the OPVs used in this study. The local
check OPV (KAT) was observed to produce a significantly
higher TF (p<0.005) than that of Mojtamaa-45, a Sudanese
OPV. KAT, Hudiba-1 and Hudiba-2 produced almost
comparable TFs. No significant differences (p>0.05) in TF
were found among them. Variations were found among
Sudanese OPVs with respect to transformation frequency.
Mojtamma-45 gave a significantly lower TF (p<0.005)
compared to other Sudanese OPVs. ANOVA also showed
significant differences between Sudanese inbred lines and
the A188 genotype used as the check inbred line. The
Putative TF of 31.70% produced by IL3 was found to be
significantly higher (p <0.0001) than that of A188 (5.82%)
as well as the other Sudanese inbred lines (p<0.0001).
However, no significant differences (p>0.05) were found
between A 188 and the rest of the Sudanese inbred lines. L1
gave the lowest average of TF. A significant difference (p
<0.0149) was observed between IL1 and A 188 with respect
to TF. Moreover, significant differences in TF (p< 0.005)
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were found between IL1 and all other Sudanese inbred lines.

3.3. Transgenic Plant Regeneration is Influenced by
Genotype

Putative transformation efficiency (TE) was calculated for
all the maize genotypes on which transformation was
attempted. Results indicate that most of the Sudanese
varieties were particularly incompetent in establishment of
plants. This is reflected by the low putative TE values they
recorded, that are as low as 0.00% (Table 1). Only eight
genotypes produced plantlets they grew to maturity. The
standard controlin bred line (A 188) and the local check OPV
(KAT) recorded TE of 0.98 and 0.56% respectively. The
highest TEs were observed in IL3 and Hudiba-2. IL3
averaged 3.78% in TE, with a range of 2.70% - 5.46%.
Hudiba-2 was observed to yield an average TE of 1.23%
with a range of between 0.00% and 4.17%. IL15 and IL1
recorded TEs that were lower than those of the control
genotypes (Table 1).

ANOVA shows that there was an influence by the
genotype on the observed T.E. response (Table 1). The T.E
of IL3 was significantly higher (p<0.05) than those of all the
other genotypes, including A188. The best performing OPV
with regard to T.E. was Hudeiba-2, whose efficiency of
transformation was significantly higher (p<0.005) than that
of other OPVs.

PPT surviving calli fromall the genotypes were placed on
maturation (Regeneration 1) media and cultured for 14 days
in the dark. During this period, somatic embryos of A 188,
IL3, IL15, IL1, IL38, Mojtamma-45, Hudiba-2 and KAT
calli matured, that is they formed a scutellum (that later
turned white), a coleoptile-like structure (that turned green)
and a rootlet. Calli of the other genotypes had no observable
response to maturation.

Mature calli transferred to shoot induction media
(Regeneration I) started greening 2-5 days after transfer to
light. From majority of the calli, shoots and roots regenerated
on Rl (Figure 4C) and transfer to RII was therefore
unnecessary. The calli of Hudiba-1 and IL28 cultured on R1
responded to maturation by forming roots, which were
mostly red pigmented. Calli of Mojtamaa-45, IL1, IL43 and
IL28 had no other observable response to regeneration
except slight greening.

Since all the genotypes produced PPT resistant calli,
regeneration was attempted for all the genotypes. However,
not all genotypes could regenerate plants. Regeneration was
achieved only in IL3, IL15, and IL1, IL38, Hudiba-2,
Mojtamma-45, A188 and KAT. These genotypes
regenerated 19, 4, 3, 2, 10, 5, 7 and 3 plants, respectively
(Table 2). Mojtamma-45 had the highest regeneration
frequency (Table 2). However regenerated shoots were weak
and delicate in growth resulting in the death of some ofthem.
Moderately high regeneration frequency of 43%, 37% and
29% were observed for Hudiba-1, IL1 and AI188,
respectively. The lowest regeneration frequency was
recorded by IL38 (Table 2).
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Figure 3. Appearance of callus cultures on maturation media with PPT. A: Hudeiba-2 embryogenic callus cultures showing friable embryos (yellow
arrow). B: IL15 callus showing (yellow arrow) embryogenic section and (blue arrow) watery section. C and D: Calli of IL1 andIL42 respectively that are
watery and lack somatic embryos

Figure 4. Regeneration of transgenic maize plants through somatic embryogenesis from immature embryos. A: IL1 immature embryos on resting
medium (Bar =lcm). B: Selection of putativetransgenic tissues. Callus cultures, respectively, showing dead (red arrows) and growing (black arrows) calli
on selection medium containing3 mg/l PPT. (Bar =lcm). C: Plantlet formation from PPT resistant calli ofthe inbred line IL15 (Bar =2cm). D: Hardening
of plantlets regenerated from putative transgenic IL15 plant growing in small pots containing peat mose (Bar = Scm). E: Hardened IL3 transgenic plant
growing in 20 liter pots containing loam soil in the glass house. F: Fertile seed from a putative transformed IL3 plant
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Table 1. Putative transformation efficiency of various maize genotypes. Values are the means of six replications +S.E

Genotype Numl?er of Numb'er of Nurr?ber ofPPT Putative t.ransfotmation
Experiments embryos infected resistant calli Efficiency (%)
KAT 6 442 30 0.555+0.555
Mojtamaa-45 6 295 5 0.35540.355
Hudiba 1 6 549 37 0.000+0.000
Hudiba 2 6 263 23 1.232+40.789
A188 6 433 24 0.976+0.500
1L3 6 253 76 3.780+0.856
IL16 6 257 14 0.000+0.000
1L28 6 334 23 0.000+0.000
ILA2 6 374 19 0.000+0.000
1L38 6 419 29 0.17740.177
IL15 6 292 16 022240222
ILA3 6 232 23 0.000+0.000
IL1 6 258 8 025340253
Total 4401 327
Mean
P value <0.0001
LSD 1.149
Table 2. The number of shoots per regenerating putative transformed callus
NuTnber OfPPT Number 9f Number of Fertile RO Regeneration
Genotype resistant callito regenerating
regencration calli shoots plants Frequency (%)
IL3 76 10 19 10 25
IL15 16 1 4 25
IL1 8 1 3 1 37.5
Hudiba-2 23 3 10 6 43.48
Mojtamaa-45 5 1 5 1 100
KAT 30 3 3 2 10
1L38 29 1 2 2 69
A188 24 3 7 2 29.17
Total 211 23 53 28

3.4. Bar and NVPK1 Transgene was Stably Integratedinto the Maize Genome

Seedlings of putative transformants were assessed for the presence of the bar gene. Gel electrophoresis of genomic DNA
extract from the leaves of the seedlings revealed minimal degradation during extraction. The presence of bar gene in the
putative transformed RO and R1 plants was detected by PCR amplification of the 375 bp fragment in the DNA extracts from
transgenic plants. This fragment represents the bar gene element on the pSHX004 plant expressible cassette. DNA from a
non-transformed Sudanese maize genotypes was used as the negative control whereas pSHX004 plasmid DNA was used as
the positive control. There was amplification in the sample containing the plasmid DNA and no amplification occurred in the
negative controls (Figure 5).

M 1 2 3 4 5 6 7 8 90 10 11 12 13

500bp —» <«— 375bp

250bp —»

Figure 5. Polymerase chain reaction analysis oftransgenic T1 plants for the presence of the bar gene. lane M:  DNA Ladder. Lanes 1 4: non-transformed
(negative control) lane 5: pSH004 plasmid DNA (positive control) lane 6: IL15, lanes 7-8: A188, lanes 9-10: Hudiba-2, lanes 11-12: IL3, lane 13: KAT
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4. Discussion

Nine inbred lines and four OPVs were studied in relation
to their response to Agrobacterium-mediated transformation.
Necrosis and cell death was observed in some embryos at the
co- cultivation stage. IL1, IL16 and Mojtamma-45 embryos
were especially observed to respond to Agrobacterium
co-cultivation with necrosis and arrested growth.
Agrobacterium induced necrosis has been reported in maize
under co-cultivation conditions[16]. Factors that influence
the degree of necrosis include explant age, preculture period,
bacterial density and infection duration[17,18].

It was observed that all the inbred lines and the OPVs are
transformable since some callus events survived PPT
selection. Survival of the callus was because they harbored
the bar gene which codes for the phosphinothricin
acetyltransferase (PAT) enzyme that acetylates PPT.
Acetylated PPT is no longer inhibitory to glutamine
synthase[19]. Untransformed cells exposed to PPT die as a
result interruption of protein synthesis by phosphinothricin
(the active component of PPT). Phosphinothricin (PPT) is a
potent inhibitor of glutamine synthase. Inhibition of
glutamine synthase leads to a rapid accumulation of
ammonia in the cells leading to cell death[19].

Results indicate that the TF response varied with the
genotype used. Similar findings were reported by Ombori
and coworkers[5] who observed genotype specific responses
in TF when Agrobacterium was used to transform tropical
maize genotypes with the bar gene. A188 a temperate inbred
line, has been proven to be an effective Agrobacterium host
and performs well in culture. Therefore it is used widely to
extend the range of maize genotypes susceptible to
Agrobacterium[20,21]. Results indicate that A188, used a
standard check inbred line, produced a putative TF of 5.8%.
A TF of 5.5% was obtained for A188 by Frame and
coworkers[8] utilising the Agrobacterium strain EHA101
harbouring pTF102 binary vector construct. However, TFs
of between 5% and 30% have been realised in A 188 using
Agrobacterium harbouring a superbinary vector[22]. The
average TF obtained for the Sudanese Inbred lines was 8%
and ranged from 2.5% for the IL1 to 31.7% for IL3. A high
TF was obtained for IL3 despite the recalcitrance of tropical
maize, especially in bred lines, to Agrobacterium-mediated
transformation. In fact, the putative TF of IL3 was observed
to be higherthan that of the standard check, A 188. IL1 on the
other hand is inferior in TF to A188 and indeed all other
genotypes evaluated.

Transformed calli were observed to regenerate between
1-3 shoots per callus, indicating a relatively high capacity of
PPT resistant calli to regenerate shoots. Regeneration
frequencies of PPT resistant shoots varied from 100% for
Hudeiba-2 to 6% for A188. Tissue culture response and plant
regenerability has been shown to be genotype specific[23,24]
and therefore under complex genetic control. Separate genes
have been shown to govern these processes[20,25]. However,
not all PPT resistant events were regenerable. For example,
IL16, 1142, 1128, 1L43 and Hudeiba-1 had some callus

surviving PPT selection but no shoots could regenerate from
them. These genotypes recorded TE of zero. Regenerability
has been found to be genotype-dependent[26].

In conclusion, this study has demonstrated that
transformation using Agrobacterium tumefaciens is possible
for a number of tropical maize genotypes. Successful stable
trans formation of Sudanese in bred lines (IL3, IL1, IL15 and
IL38) and OPVs (Hudiba-2 and Mojtamaa-45) using the
NPK]I gene was achieved. A total of 28 transgenic plants
were obtained from these genotypes. The inbred line IL3
identified in this study as highly transformable extends the
pool of tropical maize genotypes that can be utilized in quick
insertion of genes of agronomic importance through genetic
engineering.
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