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Abstract

A full-length cDNA of phyA gene of Aspergillus niger, encoding phytase enzyme, was cloned and expressed in E. coli BL21
cells and assayed for its activity. The phyA cDNA consisted of 1404 bp, which encoded 467 amino acid residues. The phytase
activity of purified phytase was 826.33 U/mL. The phyA gene under the control of endosperm-specific promoters was trans-
formed into an Indian maize inbred line, UMI29, using particle bombardment-mediated transformation method to generate
transgenic maize plants over-expressing phytase in seeds. PCR and GUS analyses demonstrated the presence of transgenes
in T, transgenic plants and their stable inheritance in the T, progenies. Three transgenic events expressing detectable level of
A. niger phytase were characterized by western blot analysis. Phytase activity of 463.158 U/kg of seed was observed in one
of the events, JB-UMI29-Z17/2. The phytase activity of transgenic maize seeds was 5.5- to 7-fold higher than the wild-type
UMI29 seeds and, consequently, the seeds had 0.6- to 5-fold higher inorganic phosphorus content.
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Ipa Low phytic acid

P, Inorganic phosphorus
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Introduction

Maize grains are produced primarily to be used as feed for
poultry and livestock in several countries including India.
Though maize grains are rich in mineral nutrients such as
phosphorous, calcium, zinc, iron and magnesium, the bio-
availability of these minerals are limited due to complexa-
tion of the divalent mineral nutrients with phytic acid (myo-
inositol 1,2,3,4,5,6-hexakisphosphate; Ins P6) to form an
insoluble complex called phytate. Phosphorous is one of the
most important minerals in animal nutrition and the sec-
ond most abundant element in animals’ body after calcium.
Phosphorous plays a key metabolic role and has more phys-
iological function than any other mineral (Adedokun and
Adeola 2013). Phytic acid, the storage form of phosphorus,
is often considered anti-nutrient as it binds minerals, making
them less available to monogastric animals. This problem
is overcome by supplementing maize grains with phytase
enzyme in animal feed (Simell et al. 1989). However, sup-
plementation of the phytase enzyme in animal feed becomes
expensive. An alternative to the supplementation strategy is
to develop crop varieties with reduced levels of phytic acid
by exploring naturally available variability through conven-
tional plant breeding strategies (Cichy and Raboy 2008) or
engineering crops to express phytase in their seeds (Raboy
et al. 2000). Genes encoding phytase have been cloned from
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diverse sources and characterized, which include fungal
phytase from Aspergillus (Ullah 1988), bacterial phytase
from Escherichia coli (Greiner et al. 1993) and a mamma-
lian phytase (Craxton et al. 1997).

Phytase genes cloned from various species of Aspergil-
lus were over-expressed in crop species such as tobacco,
soybean, alfalfa, rice and canola (Pen et al. 1993; Verwoerd
et al. 1995; Ullah et al. 1999, 2002; Denbow et al. 1998;
Brinch-Pedersen et al. 2000; Zhang et al. 2000; Lucca et al.
2001; Ponstein et al. 2002; Hong et al. 2004). Poultry-feed-
ing studies showed that the plant-delivered phytase can sub-
stitute a proportional measure of inorganic phosphate (Pen
et al. 1993; Denbow et al. 1998; Zhang et al. 2000). The
present study is an attempt to express A. niger phytase in
an Indian tropical maize inbred (UMI 29) line with a view
to improving its nutritional quality through increasing the
bioavailability of mineral nutrients.

Materials and methods
Microbial strains

The phytase (phyA) cDNA was isolated from A. niger 563
strain obtained from the National Chemical Laboratory
(NCL), Pune, India. E.coli DH5a was utilized for the main-
tenance and manipulation of plasmids.

Phytase gene isolation from A. niger

Total RNA was extracted from A. niger, following the TRI-
zol method as per manufacturer’s instructions (MBI Fermen-
tas, Germany). A full-length cDNA sequence of phyA was
amplified by polymerase chain reaction with an RT-PCR kit
(RevertAiD™H Minus First Strand cDNA Synthesis Kit;
MBI Fermentas, Germany) using oligonucleotide primers
(PHYF—5'-ATGGGCGTCTCTGCTGTTCTACTTC-3'
and PHYR—5'-CTAAGCAAAACACTCCGCCCAATC
-3"). Amplification was performed in a thermal cycler using
a temperature profile of pre-incubation at 94 °C for 5 min,
followed by 35 cycles of melting at 94 °C for 1 min, anneal-
ing at 54 °C for 1 min and synthesis at 72 °C for 1 min and
finally an extension of 72 °C for 10 min. The PCR product
was purified and cloned into vector, pTZ57R/T (MBI Fer-
mentas, Germany), and the vector was named as pTA-phyA.
Plasmid DNA sequencing was done and the identity of the
cloned phyA gene was confirmed through NCBI BLAST
search. Phytase gene sequence was aligned with seven
homologous known genes from other microorganisms by
clustalW (Thompson et al. 1997; Larkin et al. 2007). The
neighbour joining tree (NJ) was constructed based on the
p-distance in software MEGA 5 (Tamura et al. 2007).
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Expression of phyA gene in E. coli

Phytase gene was amplified from the pTA-phyA plasmid
using the primers ECOF2 (5'-TCCGAATTCCTGGCAGTC
CCCGCCTCGAGA-3") and HINR2 (5'-CGCAAGCTT
AGCTAAGCAAAACACTCCGCC-3') with sequences for
EcoRI and HindIII restriction sites at the 5’ end. Amplifi-
cation was performed in a thermal cycler using a tempera-
ture profile of pre-incubation at 94 °C for 5 min, leading
to 35 cycles of melting at 94 °C for 1 min, annealing at
54 °C for 1 min and synthesis at 72 °C for 1 min followed
by an extension of 72 °C for 10 min. The EcoRI and Hin-
dIII enzymes were used to digest the amplified product as
well as E. coli expression vector, pET-28a(+) (Novagen,
Madison, WI). Then, vector pET-28a(+)-phyA was created
by cloning the coding sequence of phyA into the expres-
sion vector, pET-28a(+), and confirmed by restriction
digestion and sequencing. Finally, pET-28a(+)-phyA was
transformed into BL21 (E. coli) competent cells, in which
the expression of the phytase protein was induced at 30 °C
by 1 mM isopropyl-p-p-thiogalacto pyranoside (IPTG) at
different induction times (1, 2, 3, 4, 5, 6 and 7 h). The
protein was analysed on SDS-PAGE (12%) with the pET-
28a(+) vector as control. The resultant phytase protein
was purified using BugBuster® His-Bind Purification
Kit (Novagen, Germany). The recombinant protein was
assayed for phytase activity and monitored for the release
of organic phosphorus from phytic acid as described by
Chen et al. (2004). One unit of phytase is defined as the
enzyme required to release 1 umol of inorganic phospho-
rus per minute from sodium phytate at pH 5.5 and 37 °C.

Genetic transformation of phyA in maize
Plant expression vector

The phytase constructs used for maize transformation
consisted of the 1404 bp phyA gene fused with a 90 bp
a-amylase signal peptide to facilitate secretion of the
phytase protein into the intracellular space. Two con-
structs were used in the study, viz., pZSPPHY (phyA gene
under the control of maize a-zein promoter and nos ter-
minator) and pTOSPPHY (phyA gene under the control
rice glutelin promoter and ADPGP terminator) (Fig. la,
b). The phosphinothricin resistance gene (bar) was used
as the plant selectable marker. Maize zein promoter was
isolated earlier in our laboratory (Geetha 2011) and its
endosperm-specific expression pattern in the rice model
system was demonstrated in our laboratory (Joshi et al.
2015). The pZSPPHY construct harbours gusA besides
phyA gene (Fig. 1a) and was co-bombarded with pTRAUX
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Fig. 1 Physical map of vectors
used in the study. a pZSPPHY,
b pTOSPPHY, ¢ pTRAUX, d a ot 180
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harbouring bar gene (Fig. 1c). The pTOSPPHY construct
(Fig. 1b) was co-bombarded with pAHC25 harbouring bar
and gusA genes (Fig. 1d).

Plant materials and genetic transformation

Maize plants of UMI 29 inbred line, developed by Tamil
Nadu Agricultural University, Coimbatore, India, grown
under well-managed garden land (vertisol) conditions were
used as a source of immature embryos. Immature ears were
harvested 8—10 days after self-pollination and sterilized
using 70% ethanol for 1 min, followed by 2.5% sodium
hypochlorite for 7 min. The sterilized ears were rinsed four
times with sterilized distilled water under aseptic conditions.
Immature embryos of 1.5 mm length were excised from ker-
nels aseptically and pre-cultured for 3—4 days on N6 callus
induction medium (Chu et al. 1975; containing N6 macro-
and micronutrients, N6 vitamins, 20 g/L sucrose, 0.3 g/L
casein hydrolysate, 1 mg/L 2,4-D and 0.4% (w/v) Gelrite.
The pre-cultured immature maize embryos were given 4 h
of osmoticum treatment on osmoticum medium (N6 callus
induction medium supplemented with 36.4 g/l mannitol and
36.4 g/L sorbitol) in dark and bombarded at 6 cm microcar-
rier flying distance at a rupture pressure of 1100 psi twice
with DNA-coated gold particles (0.9 pm diameter) using
the PDS 1000/He device (Biorad, USA) with 4 h interval,
as previously described (Joshi et al. 2016).
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The bombarded embryos were transferred onto fresh N6
callus induction medium for resting and incubated in dark
for 16 h. After three rounds of selection on selection medium
(N6 callus induction medium supplemented with 3 mg/L
phosphinothricin; Sigma-Aldrich), the transformed calli
were transferred onto regeneration medium (MS medium;
Murashige and Skoog 1962) containing MS macro- and
micronutrients, MS vitamins, 30 g/L sucrose, 1 mg/L kine-
tin and 1 mg/L BAP, 3 mg/L phosphinothricin and 3.8 g/L
Phytagel) and incubated under 16 h/8 h of light and dark at
2542 °C in a plant growth chamber. The shoots which were
3-5 cm tall with primary roots were transferred to culture
bottles containing regeneration medium and incubated at
25 +2 °C with a photoperiod of 16 h/8 h light and dark in a
plant growth chamber for elongation of shoots and induction
of secondary roots. The plantlets with two to three well-
developed leaves were hardened and transferred to a trans-
genic greenhouse (Joshi et al. 2016).

Molecular and biochemical analyses

PCR analysis

PCR analysis was done to check the presence of phyA and
gusA genes in putative transgenic (T,;) maize plants using

total genomic DNA isolated from leaves following the SDS
method [Tris—HCI, pH 8.0 (0.1 M); EDTA, pH 8.0 (0.02 M);
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NaCl (0.1 M); SDS (1%); Salgado et al. 2006]. PCR ampli-
fication of phyA, gusA gene and phyA-ADPGP terminator
junction sequence was carried out using sequence-specific
primers, PHYF (ACATCGAAGCCAATTTCACC), PHYR
(CATGGGTGAACAGGTCACAG); GUSIF (CAACGA
ACTGAACTGGCAGA), GUSIR (TTTTTGTCACGCGCT
ATCAG) and INPF2 (GAAGATAGCGAATTGGCCGAT
GAC), ADGPR (GTGCCTTGAACTGCTTTTATTCTT),
respectively. DNA amplifications were performed in a ther-
mal cycler using the following temperature profile: initial
denaturation at 95 °C for 5 min, followed by 35 cycles of
denaturation at 95 °C for 1 min, annealing at 59 °C (phyA) or
58 °C (gusA) or 62 °C (phytase and ADPGP terminator) for
1 min and extension at 72 °C for 1 min. An additional com-
plete extension cycle was performed at 72 °C for 10 min.

High inorganic phosphate content (HIP) assay

The inorganic phosphate (P;) content in the maize
endosperm tissue was determined using single seed HIP
assay (Raboy et al. 2000). Ten seeds were randomly selected
from each of the pZSPPHY transformed events (JB-UMI29-
717, JB-UMI29-730) and pTOSPPHY transformed event
(JB-UMI29-G22) and six seeds from pTOSPPHY trans-
formed event (JB-UMI29-G20). The endosperm portion was
removed from the single seed (T,) using a sterile scalpel
blade. Ten milligrams of endosperm tissue was weighed,
pounded and extracted overnight in 100 ul of HCI (0.4 M)
at 4 °C and 10 pl of extracts were assayed for P; following
the method described by Chen et al. (1956), modified for
microtitre plates. To each microtitre plate, 10 pl of extract,
90 pl deionized water and 100 pl of colorimetric reagent
[consisting of a 1:1:1:2 mixture of 10% (w/v) ascorbic acid,
6 N H,SO,, 2.5% (w/v) ammonium molybdate and distilled,
deionized water] were added. Besides, in each microtitre
plate, five wells were prepared to contain KH,PO, stand-
ard. Following colour development at ambient temperature,
the results were quantified using a microtitre plate spec-
trophotometer (660 nm). Each experiment was replicated
thrice along with wild-type UMI29 as negative and Ipa2 low
phytate mutant as a positive control.

Western blot analysis

Total protein from the endosperm tissues (T,) of trans-
genic maize events, JB-UMI29-Z17/2, JB-UMI29-7217/3,
JB-UMI29-730/6, JB-UMI29-G20/4, JB-UMI29-G20/5,
JB-UMI29-G22/1 and non-transformed UMI29 was iso-
lated as described by Karaman et al. (2012). An aliquot of
100 pl of protein extraction buffer [200 mM Tris—HCI (pH
8.0), 100 mM NaCl, 400 mM sucrose and 10 mM EDTA,
14 mM 2-BME, 0.05% Tween 20] was added to 10 mg of
powdered endosperm tissue and incubated on vortex at room
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temperature for 1 h. Later, the suspension was kept at 4 °C
for 16 h and centrifuged at 13,000 rpm for 15 min and the
supernatant collected in a fresh tube. Equal quantity of total
protein was loaded in the SDS-PAGE for analysis. After sep-
aration on SDS-PAGE, the protein samples were transferred
onto a nitrocellulose membrane and western blotting was
carried out (Burnette 1981) using primary antibody (poly-
clonal antibody raised against purified phytase in rabbit) at
a dilution of 1:500 and secondary antibody (goat anti-rabbit
IgG antibody, alkaline phosphatase conjugate) at a dilution
of 1:20,000. Purified phytase (obtained in this study) and
commercial wheat phytase (Sigma) were used as controls.

Phytase assay

Phytase assay was carried out in the endosperm tissue (T)
of transgenic maize events, JB-UMI29-717/2, JB-UMI29-
Z17/3, JB-UMI29-730/6, JB-UMI29-G20/4, JB-UMI29-
G20/5, JB-UMI29-G22/1 and non-transformed UMI29 as
described by Chen et al. (2008). An aliquot of 100 pl of
extraction buffer (50 mM sodium acetate, 1 mM CaCl,; pH
5.5) was added to 10 mg of powdered endosperm tissue and
incubated under a shaker at room temperature for 1 h. The
tubes were then centrifuged at 3000g for 10 min. The super-
natant was transferred into fresh tubes and mixed with 900 ul
of 5 mM phytic acid and incubated for 30 min at 37 °C. The
reaction was stopped by adding 1 mL of 15% (v/v) aqueous
trichloroacetic acid (TCA). In controls, TCA was added to
the supernatant first, followed by phytic acid substrate and
incubated under conditions mentioned above. The released
P; was quantified colorimetrically using fresh colour reagent
[0.6 M H,SO, +2% ascorbic acid +0.5% ammonium molyb-
date]. Purified phytase and wheat phytase (Sigma) were used
as controls. Standard solutions of potassium phosphate were
used as reference. Phytase activity (U/mL) was calculated
using the formula: (u moles of P; released X dilution factor)/
(duration of assay in min X volume of sample in mL).

Transgene inheritance

The segregation of transgene was studied in the T, genera-
tion of JB-UMI29-G20 and JB-UMI29-G22 events trans-
formed with the pTOSPPHY construct. Since a limited
number of seeds were available, ten seeds in each of the
above lines were planted. PCR analysis was done to check
the presence of phyA and gusA genes in the T, generation
plants using total genomic DNA isolated from leaves.

Statistical analysis
The data were analysed using AgRes Statistical Software,

Version 3.01 (Pascal International Software Solutions).
ANOVA was conducted on the data transformed by arcsine
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or square root transformation of the percentage or count
data, followed by least significant difference (LSD) test to
select the best treatment. Other statistical analysis was per-
formed in worksheet format using data analysis tool pack
feature available in MS Office Excel 2007 software.

Results
Isolation and sequence analysis of the phyA gene

A full-length cDNA of the phytase gene was isolated and
designated as phyA (GenBank accession no. JQ241266).
This cDNA contained 1404 bp ORF encoding 467 amino
acid proteins with a calculated molecular weight of 52 kDa.
The predicted PhyA protein shared 100% identity with
A. awamori phytase (ABA29207) and 99% with A. niger
(XP0014017130, XM001401676 and AAG40885). The
amino acid sequence of the PhyA contained the consensus
motifs RHGXRXP and HD which are conserved among his-
tidine acid phosphatases (Fig. S1a). Phylogenetic analysis
showed that the phyA formed two clusters. Cluster dendro-
gram results revealed that the cloned phyA from A. niger
formed a separate cluster with the phytase sequences of
other Aspergillus species (Fig. S1b).

PhyA expression in E. coli

The recombinant E. coli containing pET28a(+)-phyA
expressed a protein of the expected 52 kDa upon induction
by IPTG (Fig. 2a). The expression of the 52 kDa protein
increased with induction time. This protein was absent in
non-induced E. coli cells as well as in E. coli harbouring
pET28a(+) alone. A higher level of expression of the target
protein was observed after 4 to 7 h of induction (Fig. 2a).
The phytase protein was purified from the 100 mL culture

250kDa

70kDa
55kDa

35kDa
25kDa

15kDa

Fig.2 Expression of phyA in E. coli BL21 cells. a SDS-PAGE analy-
sis of phytase protein from crude lysate; M protein marker, / control-
pET28a(+), 2 pET28a(+)-phyA (Uninduced), 3—9 phytase expression
after IPTG induction of 1, 2, 3, 4, 5, 6 and 7 h, respectively. b SDS-

(6 h after induction with 50 mM IPTG). The purified recom-
binant enzyme, on SDS-PAGE, showed a single band of
52 kDa (Fig. 2b). In phytase assay, the concentration of
liberated inorganic phosphate was calculated based on a
standard curve generated with 9 mM potassium monobasic
phosphate standard, and based on the liberated P; (Fig. 3),
the phytase activity was calculated as 826.33 U/mL for puri-
fied phytase and 383.5 U/mL for crude extract of E. Coli
(pET-phyA).

Generation and screening of transgenic maize
plants

The embryogenic calli obtained from immature embryos
after bombardment were sub-cultured thrice on selection
medium. Phosphinothricin-resistant embryogenic calli on
selection media grew well, whereas non-transformed calli
turned brown, watery and later dried (Fig. 4). Totally, 36
events were regenerated with the pZSPPHY and 32 events
with the pTOSPPHY construct (Supplementary Table 1).

2477

250

200
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50

P

control

Concentration of phosphatereleased (uM)

pET+phy IPTG
induced culture

purified phytase
protein

Fig.3 Determination of liberated inorganic phosphorus

52 kDa

PAGE analysis of purified phytase protein; / pET28a(+)-phyA (unin-
duced crude lysate), 2 prestained protein marker, 3—6 purified phytase
protein

Pigllase ¢l ay .
e @) Springer



208 Page60f10

3 Biotech (2019) 9:208

Fig.4 Biolistic-mediated genetic transformation of maize inbred
UMI29. a Immature embryos on N6 medium containing 2,4-D
(1.0 mg/L) and AgNO; (10 mg/L), b immature embryos kept on
osmoticum medium containing mannitol (36.4 g/L) and sorbitol
(36.4 g/L) 4 h prior to the bombardment, ¢ immature embryo-derived
calli after the first round of selection on N6 selection medium (PPT
3 mg/mL), d immature embryo-derived calli after the first round

PCR analysis of the generated transformants

PCR analysis of the 36 putative pZSPPHY transformants
using gene-specific primers resulted in an amplification
of 878 bp (gusA) and 190 bp (phyA) in 13 events with a
transformation efficiency of 1.60% (Supplementary Table 1;
Figs. S2, S3). Among the 32 events generated using pTOSP-
PHY construct, 8 events were positive for gusA (878 bp),
phyA+ADPGP (917 bp) and phyA (190 bp) gene sequences
with a transformation efficiency of 1.26% (Supplementary
Table 1; Figs. S4, S5).

Inorganic phosphate level in transformed events

In HIP assay, seeds from transgenic plants had higher P;
levels compared to non-transformed UMI29 control. Among
the different transgenic events screened, JB-UMI29-7Z17 was
found to have higher P; level which was on par with the Ipa2
mutant (Table 1) and the level was fivefold higher compared
to the non-transformed UMI29 control.

Expression of phyA gene in transgenic maize (T,)
seeds

In western blot analysis, total protein extract from seed
endosperm showed a strong signal in JB-UMI29-717/2 and
JB-UMI29-7Z17/3 and a weak signal in JB-UMI29-G22/1.
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of selection on N6 selection medium (PPT 3 mg/mL), e immature
embryo-derived calli after the second round of selection on regen-
eration medium (PPT 3 mg/mL), f regeneration of shoots on MS
medium containing BAP (10 mg/L) and PPT (3 mg/L), g plantlets on
half strength MS basal medium containing PPT (3 mg/L), h putative
transgenic plants in transgenic greenhouse

Table1 HIP assay in transgenic maize seeds expressing A. niger
phytase

Event no. Construct Seed no.  Amount of inorganic
phosphate (mg/g)*

JB-UMI29-17Z pZSPPHY 2 2.54+0.05%

3 2.35+0.06°

7 1.89+0.05°
JB-UMI29-30Z pZSPPHY 6 0.90+0.02°

8 0.79+0.01°
JB-UMI29-20G  pTOSPPHY 4 0.97+0.01°

5 1.34+0.01¢
JB-UMI29-22G  pTOSPPHY 1 0.98+0.02°
UMI29 control 0.51+0.08"
Ipa2 2.73+0.27*

*Each treatment was replicated three times and the values presented
are mean + SE, followed by alphabets to imply significant difference
(»p<0.05) after grouping of treatment means after ANOVA by LSD
and values with the same letter are not significantly different

The size of phytase protein produced in transgenic maize
plant was slightly higher compared to the purified phytase
and was detected at ~62 kDa. No signal was observed in
the non-transformed UMI29 control (Fig. 5). The phytase
activity in T seeds of three transgenic events, JB-UMI29-
Z17/2,JB-UMI29-7Z17/3 and JB-UMI29-G22/1, was 463.15,
412.72 and 370.81 U/kg of seed, respectively. The increase
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Fig.5 Western blot analysis of

transgenic maize seeds. M pro- 68 kDa ) " M
tein marker, / purified phytase,
2 non-transformed UMI29, 3 52 kDa
JB-UMI29-Z17/2, 4 JB-UMI29-
Z17/3, 5 JB-UMI29-730/6, 6 44 kDa
JB-UMI29-G20/4, 7 JB-
UMI29-G20/5, 8 JB-UMI29-
G22/1, 9 wheat phytase
//
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Fig.6 Phytase activity in transgenic maize seeds

in phytase activity was about 5.5- to 7-fold in JB-UMI29-
G22/1,JB-UMI29-Z17/3 and JB-UMI29-7Z17/2 compared to
wild-type UMI29 seeds (67.45 U/kg of seed; Fig. 6).

Transgene inheritance

PCR and GUS analyses showed that the T, plants of JB-
UMI29-G20 and JB-UMI29-G22 events segregated for the
transgene, phyA and gusA genes (Supplementary Table 2).

Discussion

Maize kernel, despite containing a large quantity of carbo-
hydrates, proteins, vitamins and fats, has nutritional limita-
tion as food or feed due to non-availability of phosphorus
present in the phytate complex. Further, when maize is con-
sumed as food or feed, the phytic acid complex also che-
lates calcium, iron and zinc and reduces the bioavailability
of these minerals as well. To overcome these limitations,
phytase enzyme produced by recombinant microbes is gen-
erally added to the maize-containing feed of monogastric
animals such as pig and poultry. An alternative strategy to
overcome the non-availability of essential minerals is to
engineer plants for enhanced phytase activity in their seeds
(Dionisio et al. 2011). The present study is an attempt to
genetically engineer a local tropical maize inbred line for
endosperm-specific expression of phytase with a view to

a3 4 S5 657 8 9

improving the bioavailability of P and other micronutrients
in monogastric animals.

In maize, the expression of two endogenous phytases,
ZmPHYTI and ZmPHYTII, has been reported in the devel-
oping maize seedlings and roots (Maugenest et al. 1999)
and no phytase activity has been detected in the mature
endosperm of maize (Dionisio et al. 2011). Among the
phytases isolated from different organisms, A. niger phytase,
phyA, was found to have the major advantage of being active
in two pH ranges, 2.5 and 5.0 (Holm et al. 2002). In plants,
the expressed A. niger phytase is active at pH 5.0, thereby
reducing the phytate complex in the seed and in turn increas-
ing the availability of P; during seed development. The A.
niger phytase expressed in the seeds is also active in the gut
pH 2.5-3.0 of monogastric animals, and thereby digesting
the residual phytate in the whole seed.

In this study, a 1.4 kbp-long cDNA of phyA gene was
isolated from A. niger and the cDNA encodes an approxi-
mately 52 kDa protein having 467 amino acids. Bacterial
phytases are smaller in size (40-55 kDa) than the fungal
phytases, because of glycosylation differences (Choi et al.
2001; Rodriguez et al. 2000). Sequence evaluation of phyA
gene displayed the consensus motifs RHGXRXP and HD
that are conserved among histidine acid phosphatases. These
motifs count on a crucial element within the phosphoryla-
tion (Ullah et al. 1991; Van Etten et al. 1991; Kostrewa et al.
1997; Oh et al. 2001). The RHGXRXP motif is located at
the dynamic sites of phytase. Furthermore, phyA contains
a remote C-terminal His-Asp motif (HD motif) that is also
likely to take part in the catalysis. Based on the above evi-
dences, it is suggested that the cloned phyA belongs to a
member of the phytase sub-family of histidine acid phos-
phatases (Mitchell et al. 1997).

Aspergillus niger phyA gene has been cloned and over-
expressed in several microbial hosts, including S. cerevi-
siae (Han et al. 1999), P. pastoris (Han and Lei 1999), A.
niger (Van Dijck 1999;) and E. coli (Phillippy and Mullaney
1997). As a first step towards demonstrating the potential
of the cloned phytase gene, the cDNA was expressed and
purified in E. coli system. The phytase activity of purified
phytase was 826.33 U/mL. Comparable results were reported
by earlier worker in the methylotrophic yeast, Pichia pasto-
ris, by way of the heterologous expression of Debaryomyces
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castellii CBS 2923 phytase and the maximum production
level obtained was 476 U/mL (Ragon et al. 2008). Xiong
et al. (2005) and Bei et al. (2001) reported 865 U/mL and
165 U/mL of enzymatic activity, respectively, with A. niger
phytase in P. pastoris.

Transgenic expression of phytase in maize seeds is a sim-
ple and less expensive strategy to enhance the bioavailability
of phosphorus in feed compared to the supplementation of
microbial phytase. In cereals, 90% of the seed phytic acid
is in the aleurone, and the rest of the 10% in the scutellum;
this is in contrast to maize, 90% is observed in scutellum and
10% in aleurone (O’Dell et al. 1972). We, therefore, used
endosperm-specific promoters such as rice glutelin, a popu-
lar endosperm-specific promoter and maize a-zein promoter
for driving endosperm-specific expression. Earlier, we have
demonstrated that the a-zein promoter isolated from maize
could drive endosperm-specific expression in transgenic
rice (Joshi et al. 2015). For genetic transformation studies,
we used a tropical inbred UMI29, which was shown to be
amenable to genetic transformation in our laboratory (Joshi
et al. 2014, 2016).

Thirty-six transgenic plants were obtained using the
pZSPPHY construct and 32 plants using the pTOSPPHY
construct. PCR and stable GUS expression studies showed
the presence of transgenes in some of the transformants.
To conclude whether the ectopically expressed phytase can
effectively release P; from the phytate complex, the P; con-
tent of the transgenic seeds was estimated in JB-UMI29-
717, JB-UMI29-730, IB-UMI29-G20 and JB-UMI29-G22
events. The P; level in the transgenic seeds ranged from
0.79 to 2.54 mg/g of seed endosperm, while in control seeds
the P; level was 0.51 mg/g. The transgenic seeds showed
a 0.6- to 5-fold increase in P; level compared to the wild
type. Among the different events screened, the event JB-
UMI29-Z17/2 had a maximum P; content of 2.54 mg/g of
seed endosperm. This shows that the expression of A. niger
phyA gene in endosperm released P; and in turn enhanced
the content of P;. Similarly, the expression of A. niger phyA
gene using an endosperm-specific EGHS5 promoter in maize
seeds increased the P; level compared to the control (Shen
et al. 2008). Earlier reports on soybean, Arabidopsis and
maize over-expressing phytase additionally confirmed its
effectiveness (Chiera et al. 2004; Coello et al. 2001; Chen
et al. 2008).

Western blot analysis of the total protein of transgenic
maize seed endosperm showed a detectable level of phytase
protein expression in seeds of three events, viz., JB-UMI29-
Z17/2,JB-UMI29-7Z17/3 and JB-UMI29-G22/1. The plant-
expressed A. niger phytase was higher in molecular weight
compared to the E. coli-expressed protein (52 kDa). The
increase in molecular weight of maize-expressed A. niger
phytase may be due to glycosylation. Molecular weight shift
of ectopically expressed phytases has also been observed in
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other expression systems such as tobacco (Verwoerd et al.
1995), wheat (Brinch-Pedersen et al. 2000) and maize (Chen
et al. 2008), and the plant-produced A. phytase molecular
size ranged from 60 to 71 kDa. It was also reported that
though there was a difference in glycosylation pattern in the
plant-expressed A. niger phyA and E. coli appA, they had the
same catalytic property as that of the native enzyme (Coe-
llo et al. 2001; Ullah et al. 2002). Pen et al. (1993) studied
the impact of plant-expressed phytase on broiler diet and
observed that the inclusion of the transgenic tobacco seeds
expressing phyA in animal feeds improved the phosphorus
availability and broiler growth rate. A similar observation
by Nyannor and Adeola (2008) suggests that E. coli phytase
expressed in corn is effective in phosphorous usage and
might minimize the need for supplemental phosphorous in
broiler diets.

The phytase activity was assayed in the maize seeds that
showed detectable amount of phytase protein in western
blot analysis. A maximum phytase activity of 463.15 U/kg
of seed was observed in event JB-UMI29-7Z17/2 transgenic
seed, and the phytase activity of event JB-UMI29-7Z17/3
and event JB-UMI29-G22/1 was 412.72 and 370.81 U/kg
of seed, respectively. The expression of A. niger phytase pro-
tein in transgenic maize seeds increased the phytase activ-
ity by 5.5- to 7-fold compared to non-transformed UMI29
seeds (67.45 U/kg of seed). Previous studies to express A.
niger phytase protein in maize seeds resulted in a maximum
increase of phytase activity by 2200-2900 U/kg of seed
(Chen et al. 2008; Drakakaki et al. 2005) and least increase
in phytase activity by 20.67 U/kg of seed (Shen et al. 2008).

Evaluation of T, progenies confirmed stable integration
of transgene and its inheritance in the subsequent genera-
tion. The average germination percentage of the T, seeds
was 90% and seeds were able to produce normal plants. This
shows that the endosperm-specific expression has no nega-
tive effect on seed germination, growth and development of
seedlings.

Conclusion

A full-length cDNA (phyA), encoding a phytase protein,
was isolated from A. niger and heterologously expressed in
E. coli and the phytase activity of the purified protein was
estimated as 826.33 U/mL. Subsequently, the phyA gene
was expressed in a tropical maize inbred line UMI29 in a
seed-specific manner using maize a-zein or rice glutelin
promoter. The T, progeny evaluation showed stable inte-
gration and expression of transgenes. Western blot analy-
sis confirmed the expression of A. niger phytase enzyme in
transgenic maize seeds. Among different events generated,
the event, JB-UMI29-7Z17/2 had higher level of phytase
activity (463.15 U/kg of seed) with fivefold increase in P,
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level (2.54 mg/g) compared to untransformed control maize
seeds (0.51 mg/g). The study demonstrated that it is possible
to achieve a desirable level of phytase enzyme activity in
an Indian transgenic tropical maize inbred line. This event
could be a potential donor for transfer of phyA gene into
other elite maize inbred lines through backcross breeding.
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