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Abstract

An Escherichia coli phytase gene was introduced into
Arabidopsis plants using an embryo-specific promoter
and a signal peptide for vacuolar targeting. Three
independent transgenic lines were analysed. Phytase
activity in dry seeds was observed in transgenic lines,

whereas no activity was detected in

untransformed seeds. Transgenic seeds expressing the
phytase gene had lower levels of phytic acid than the
controls. Concomitant with the decrease in phytic acid
was an increase in free phosphate. These results
indicated that embryo-expressed phytase can reduce the

levels of phytic acid stored during development.
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Introduction

Phytic acid (PA) is the major form of phosphorus (P)
in the seeds of most plants (Maga, 1982). In seed meal,
PA (myo-inositol [1,2,3,4,5,6] hexakisphosphate) is
unavailable to monogastric animals, such as pigs,
humans, chickens and fish, and thus becomes a major
source of P pollution in large animal operations

(Cromwell and Coffey, 1991).

In addition to restricting P availability to the
animal, PA complexes divalent cations (Honig and
Wolf, 1991). If PA were converted to available P and
minerals during the natural maturation of soybean
seeds, the savings to swine and poultry producers in
dicalcium phosphate supplementation would be
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approximately US$50 million (Lobo, 1999). This could
be achieved, at a one-time cost, by engineering seeds
to produce their own phytase during embryo
development. By this strategy, newly made PA would
be rapidly broken down to phosphate and more
digestible low-P esters of inositol.

In this study, an Escherichia coli phytase, normally
a periplasmic protein, was targeted to the vacuole of
Arabidopsis  thaliana, the reported site of PA
accumulation (Lott et al., 2000), as a way to obtain
low-PA seeds.

Materials and methods

Preparation of a vacuolar-targeted, seed-specific
construct of E. coli phytase gene appA

The E. coli appA gene (Dassa et al., 1990) was amplified
by polymerase chain reaction (PCR) from E. coli
genomic DNA, using the following conditions:
denaturation at 95°C for 1 min, primer annealing at
55°C for 30 s and polymerization at 72°C for 30 s. The
primers used for the amplification were:
5GTCTAGGCGGCCGCCCAGAGTGAGCCGGAGC
TG-3* (N-terminus) and 5-TTATATGGCGGCC
GCTTACAAACTGCACGCCGG-3’ (C-terminus). The
NotI eight-base restriction site is shown in bold; in the
N-terminal sequence it precedes the first amino acid
(the underlined CAG = glutamine) of the AppA
mature periplasmic protein, and in the C-terminal
sequence it immediately follows the TAA stop codon
(underlined as the reverse complement TTA). The
amplified ~1.3 kb fragment (which corresponds to the
gene size) was digested with Notl endonuclease,
cloned into the Notl site of pBluescript SK* and
introduced into E. coli strain RR1. The sequence of the
ends of the fragment was determined to ensure that the
open reading frame (ORF) was in frame with the lacZ o
fragment (27 amino acids upstream of mature AppA),
and 5 to 3’ with respect to the lac promoter. After
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induction of the lac promoter with 0.3 mM isopropyl 8-
thiogalactoside (IPTG) by overnight incubation at
room temperature in Luria Broth (LB), the cells were
osmotically shocked to release endogenous appA-
encoded periplasmic protein. The cells were then lysed
by sonication, and intracellular, recombinant phytase
was detected by an activity stain (Elliott et al., 1986) of
proteins resolved on a 8% native polyacrylamide gel.
After electrophoresis the gel was washed in 100 mM
sodium acetate, pH 4.8, and incubated in 2mM a-
naphthyl phosphate and 1.5 mM Fast Garnet dye in the
same buffer overnight in the dark.

The mature E. coli appA-coding sequence was
excised from pBluescript SK* with NotI and cloned into
the Notl site of plasmid pGL-3 (Cho ef al., 1995),
placing the open reading frame in frame with a 32-
amino-acid lectin signal sequence shown to be
sufficient for vacuolar targeting of B-casein in
transgenic soybean seeds (Philip et al., 2001). The
hybrid coding sequence was under control of the
lectin promoter and transcriptional terminator. This
entire region was excised with Xbal and cloned into
the Xbal site of pBin19 (Bevan, 1984) to produce the
binary plasmid pBinGLPH7-5, which was introduced
into disarmed Agrobacterium strain GV3101 by freeze-
thawing. Agrobacterium carrying the GLPH7-5 vector
was used to transform Arabidopsis thaliana by vacuum
infiltration (Bent and Clough, 1998), and putative
transformants were selected as kanamycin-resistant
seedlings.

Other nucleic acid techniques

In vitro transcription/translation of the lectin phytase
cassette (pGLPH-7 plasmid DNA) was performed
with a Promega (Promega, Madison, WI, USA) TNT
Quick Coupled Transcription/Translation System that
uses a rabbit reticulocyte lysate translation mix.
Approximately 2 ug of DNA was used per reaction.
Out of 50 pl of translated products, 10 pl was mixed
with an equal volume of 2X gel loading buffer (2%
sodium dodecyl sulphate (SDS), 10% glycerol,
100 mM 1,4-dithiothreitol (DTT), 60 mM Tris—-HCI, pH
6.8), and was loaded on to 12% sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-
PAGE). [**C]-labelled protein molecular weight high-
range standards from Life Technology (GIBCO BRL,
Gaithersburg, MD, USA) were used as markers on the
protein gel. The gel was dried and autoradiographed.

Southern blots were performed at high stringency
as described by Coello et al. (1999). Briefly, genomic
DNA was isolated from Arabidopsis seedlings
according to Sambrook et al. (1989). Twenty
micrograms of DNA were digested with NotI at 37°C
overnight and then separated on a 1% agarose gel.
The DNA was transferred to nitrocellulose and
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hybridized at high stringency in 50% formamide. The
filter was dried and exposed for 1 d to Kodak X-Omat
X-ray film (Fisher Scientific) with intensifying screens.

Assays for phytic acid, phosphate and phytase
levels in Arabidopsis seeds

Phytic acid (PA) was determined essentially as
described by Wade and Morgan (1953), except that
extracts (in 05N HCl, pH approx. 0.3) were
unfractionated. Wade’s reagent is yellow due to a
complex of 5-sulphosalicylate with acidic FeCl,. PA
competing with 5-sulphosalicylate produces an
insoluble white precipitate with FeCl,, reducing
absorbance at 500 nm. Since Wade’s reagent also
reacts weakly with phosphate, values were corrected
for phosphate determined by the molybdo-vanadate
method (AOAC, 1990). The adjusted PA values were
thus reduced by 1-2%. While no correction was made
for inositol 5-phosphate and inositol 4-phosphate
(intermediate PA breakdown products), confirmation
of phytate values in some cases was by AOAC
method 986.11 (AOAC, 1990), which gave values
about 75% of those reported here.

To determine phytase levels, extracts were
prepared by grinding 25mg of seeds in 1ml
extraction buffer (0.1 M sodium acetate, pH 5.5, 1 mM
CaCl,, 0.1 mg ml~! Tween 20). Phytase was assayed as
described in Engelen et al. (1994). A unit of phytase is
defined as the activity that liberates 1 wmole
phosphate from PA per min at 37°C (Liu ef al., 1997).

Characterization of optimal reaction temperatures
and pH of E. coli phytase expressed in Arabidopsis

These determinations were a modification of the
extraction and assay of the E. coli appA-encoded
phytase (Greiner et al., 1993). Arabidopsis seeds (25 mg)
were ground in 1ml 0.1 M sodium acetate, pH 5.5,
1mM CaCL, 0.1 mg ml~! Tween 20 in a small mortar,
followed by centrifugation for 5min at 12,000 g. To
determine the optimal reaction temperature, 10 pl of
supernatant was added to 350 ul of 0.1 M sodium
acetate, pH 4.5, containing 500 nmol sodium phytate.
Reactions were run at various temperatures for
30 min and stopped by adding a mixture of 1.5 ml
acetone:5 N H,SO,;:10 mM ammonium molybdate
(2:1:1, v/v) and 100 pl 0.1 M citric acid. To determine
the optimal pH, the reaction was run for 30 min in
various buffers, all at 0.1 M: glycine/HCI (pH 1-3),
sodium acetate/NaOH (pH 4-5), Tris/H-acetate (pH
6-7) and Tris/HCl (pH 7-9). Each pH value was
adjusted in the presence of PA. Reaction rates were
linear for the 30-min assay period.
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Results

Construction of an E. coli phytase transgene for
embryo-specific expression and vacuolar targeting
in Arabidopsis seeds

E. coli phytase (Greiner ef al., 1993) contains an N-
terminus identical in 11 of 12 amino acids to the
deduced sequence of a pH 2.5 acid phosphatase
encoded by appA (Dassa et al., 1990). The purified
activity qualified as a phytase rather than a relatively
non-substrate-specific phosphatase by its much greater
catalytic efficiency against phytate (k, /K 6 = 4.8 X
107 s~ M) versus p-nitrophenyl phosphate (k /K _ =
6.3 X 10*s~! M) (Greiner et al., 1993). This periplasmic
protein is synthesized as a precursor, whose N-terminal
signal peptide is cleaved upon movement to the
periplasmic space (Dassa et al., 1990). We removed the
signal peptide in AppA expressed under lac promoter
control (Materials and methods). Transformation of E.
coli RR1 with this construct resulted in the cytoplasmic
expression of acid phosphatases. This activity is shown
in the gel of Fig. 1, in extracts of cells from which the
endogenous periplasmic acid phosphatases were
released by osmotic shock.

The mature open reading frame of appA was
cloned into plasmid pGL-3 (Cho et al., 1995) by
placing it in frame with an N-terminal soybean seed
lectin signal sequence, under the control of the seed
lectin promoter, to create plasmid pGLPH7-5. The
intactness of the construct was tested by sequencing
through the fusion and by in vitro transcription/
translation to examine the size of the protein product
produced. Figure 2A shows that a 45 kDa product
was obtained by in vitro transcription and translation
of the pGLPH7-5 DNA. This result agrees with the
size expected of the fusion of the E. coli phytase to the
3kDa lectin signal sequence. The empty pGL-3
progenitor expression cassette, containing only the
signal sequence, did not produce any labelled
polypeptide, while an apparent 30 kDa polypeptide
was produced from pGLCH-2, a plasmid that
contains the B-casein protein cloned into pGL-3.

The Xbal fragment of the lectin—phytase construct
was cloned into pBin19 to derive pBinGLPH7-5 (Fig.
2B) and subsequently introduced into Agrobacterium
tumefaciens for transformation of A. thaliana by vacuum
infiltration (Clough and Bent, 1998). The presence of
the phytase transgene was confirmed by probing
genomic DNA of plants transmitting kanamycin
resistance. Genomic DNA from two putative
transformants (T, generation) was digested with NotI
(flanking the phytase mature sequence); both
contained a NotI DNA fragment of the predicted size
(1.3 kb) which hybridized to the bacterial appA (Fig. 3).
The differences in band intensity in both lines may be
correlated to the copy number of the transgene.

https://doi.org/10.1079/SSR200185 Published online by Cambridge University Press

-IPTG +IPTG

Figure 1. E. coli periplasmic phytase (AppA) expressed as
an intracellular protein. The mature portion of the E. coli
appA gene (1.3 kb) was PCR-amplified with NotI termini,
cloned into pBluescript SK* and introduced into E. coli strain
RR1. After induction of the lac promoter with isopropyl -
thiogalactoside (IPTG), cells were osmotically shocked to
release endogenous appA-encoded periplasmic protein. The
cells were then sonicated and intracellular phytase activity
was determined by an activity stain (Elliott ef al., 1986) of
proteins (40 pg per lane) resolved on a native gel.

Expression and characterization of phytase activity
in transgenic Arabidopsis seeds

Three independent transgenic lines were homo-
zygous, as demonstrated by progeny testing; none
segregated as white, kanamycin-sensitive seedlings
(data not shown). Seeds from these three transgenic
lines exhibited significant phytase activity, in contrast
with control seeds in which there was virtually no
detectable phytase activity (Table 1). Transgenic seed
phytase exhibited a pH optimum of pH 4-4.5 (Fig. 4)
and a temperature optimum of 50°C (Fig. 5).

PA and phosphate levels in transgenic
Arabidopsis seeds

Free phosphate levels were increased three- to
fourfold in three independent transgenic lines, while
PA content was reduced to approximately one-third
the level of the progenitor (Table 1). Thus, at least a
portion of the PA produced during embryogenesis was
a substrate for the product of the appA phytase
transgene. Two different procedures for determinations
for PA differed by 25% (Materials and methods),
suggesting that myo-inositol phosphate derivatives of
PA, containing fewer than six phosphates, may be
differentially detected by the two procedures.

Discussion

PA represents about 75% of total P in grains, but is
essentially unavailable to non-ruminants (Lott ef al.,


https://doi.org/10.1079/SSR200185

288 P. Coello et al.

LacZ

Kan pBINGLPH7-5
13.46 Kb

MCS 0.20
EcoR1 0.21
BamH1 0.22
Hind111 0.22
Sac1 0.23
Kpn1 0.23
Sma1t 0.24
Xbai 0.25

TATA 1.95
Hinf1 1.97
Not1 2.10

5'lectin
signal \
Phytase

Notl 3.37
Pvui 3.43

Xbat 3.71
"Salt 3.72

3'lectin
LacZ

Figure 2. Plasmid pBinGLPH7-5. (A) In vitro transcription/translation of the lectin-phytase plasmid. Lane 1: ['*C]-labelled
protein molecular weight standards. Lane 2: translation products of pPGLCH-2 (a casein protein cloned in the lectin cassette).
Lane 3: translation products of pGLPH-7, the lectin—phytase construct. Lane 4: translation products using the empty cassette
pGL-3. The arrow marked P is the position of the in vitro translated 45 kDa phytase, and the C arrow marks the position of the
in vitro translated 30 kDa casein polypeptides. (B) The E. coli appA mature phytase is in frame with an N-terminal soybean seed
lectin vacuolar targeting sequence under the control of the seed lectin promoter (Cho et al., 1995).

2000). Mutants are available that have reduced levels
of seed PA with or without reducing grain total P
(Raboy et al., 2000). Initial breeding efforts to develop
low-PA maize hybrids and barley cultivars used
selected Ipal mutations that have little effect on plant
growth and vigour and caused 50-75% reduction in
PA (Ertl et al., 1998).

In this study, another strategy was chosen to lower
the levels of seed PA, by targeting the E. coli phytase
to the vacuole or protein body, since this is the
reported location of phytin, a PA—protein complex
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(Gabard and Jones, 1986, Monma et al., 1992) We
chose the 32-amino-acid lectin signal peptide since it
appears to be sufficient for vacuolar targeting. In
transgenic soybean expressing the same cassette used
in this study, the lectin signal peptide directed B-
casein to seed vacuoles (Philip et al., 2001).

Transgenic Arabidopsis seed PA was reduced by
60% compared to untransformed controls. These data
are consistent with a vacuolar location for phytase.
Recently, we showed that the green fluorescent
protein, fused to the lectin signal peptide, was found
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Figure 3. Presence of appA in transformed lines of
Arabidopsis. NotI-digested genomic DNA (20 pg) from wild-
type and kanamycin-resistant T, plants was electrophoresed,
blotted and hybridized to the mature periplasmic ORF of
appA. Southern blot analysis showed a band of approx.
1.3 kb which corresponded to the phytase gene. The wild-
type control did not show any hybridization band.

in vacuoles of transgenic Arabidopsis seeds
(Darnowski and Vodkin, unpublished). The decrease
in PA was accompanied by an increase in inorganic
phosphate. Differences in phytase activity in different
transgenic lines (Table 1) might be related to the copy
number of the transgene, suggested by Southern blots
of these lines probed with appA. However, despite
having half of the phytase activity, the GLPH7-5 (10)
line had a similar reduction in phytic acid, suggesting
that phytase activity in this line is enough to decrease
PA levels. Seed PA was probably not hydrolysed by

recombinant phytase during extraction since the two
extraction methods employed 2.4% (AOAC, 1990)
and 0.5N (Wade and Morgan, 1953) HCl, at pHs
equivalent to 0.3 and 0.18, respectively. E. coli phytase
exhibits no activity at these pHs (Greiner et al., 1993).
The lack of additivity of P in phosphate and PA,
compared to the PA value in Columbia (Table 1) may
be due to undetected myo-inositol tetra- and
pentaphosphate derivatives of PA. If this is indeed the
case, production of these more digestible lower
phosphate esters of myo-inositol will make total P
more available.

Lines with lower, or zero, seed PA levels were not
recovered in these experiments. Severe reductions in
seed PA may diminish seed viability; the transgenic
lines of this study had germination frequencies equal
to approximately 75% of those of wild-type seeds (data
not shown). We are currently quantifying germination,
using transformed lines lacking the phytase construct
as a control. However, from a practical point of view, it
may be feasible to select, or breed, better germinability
of high-phytase lines. Another approach for improved
germination, which we are currently examining, is to
target phytase to the cytosol.

Another advantage of the presence of an active
phytase in mature seeds is that this activity can
continue to break down residual PA in the meal from
the same seed, or in admixed non-transgenic seed
meal; soaking increases the availability of PA
phosphorus by microbial phytase in a low
corn-soybean meal diet for growing pigs (Liu et al.,
1997).

There was no loss in phytase activity in transgenic
seed extracts over a 20-min incubation at 50°C, while
40% of the activity was lost at 55°C and <5% activity
was detectable after incubation at 70°C (data not
shown). While this thermostability is somewhat less
than that reported for purified E. coli AppA phytase,
it suggests that ground transgenic seed meal may
reduce PA levels in seed meal, especially during a
pre-feed soaking. Transgenic seed phytase conserved
at least two other characteristics of the native E. coli
phytase. The pH and temperature optima of pH 4.5
and of 55°C reported for the purified E. coli enzyme
(Greiner et al., 1993) agree well with the values of the

Table 1. Phytase, phosphate and phytic acid levels in transgenic Arabidopsis seeds

Vacuolar phytase lines

Biovar Columbia

(progenitor) GLPH7-5 (5) GLPH7-5 (13) GLPH7-5 (10)
Phytase activity? 2+3(n=4) 1611 =112 (n = 6) 1171 + 46 (n = 2) 664 + 63 (n=4)
Free PO, (mg g seed )b 0.7+0.05(n=4) 28+12m=4) 26+09(n=4) 25+1.0n=4)
PA (mgg seed 1P 325+39(n=4) 11.5+3.0(n=4) 11.3+1.0(n=4) 13+£3.0mn=4)

PO,, phosphate; PA, phytic acid.

aUnits = pmol phosphate min~! g seeds™! released from phytate at 37°C.

" mg elemental P in PO, or in PA per g of seeds.
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Figure 4. pH dependence of E. coli phytase expressed in
transgenic Arabidopsis. The activity at pH 4.0 was taken as
100% (0.49 umol P, min~! g protein~') using sodium phytate
as the substrate. Buffers used were: glycine/HCI (pH 1-3),
Na acetate/NaOH (pH 4-5), Tris/H-acetate (pH 6-7) and
Tris/HCI (pH 7-9).
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Figure 5. Temperature dependence of E. coli phytase
expressed in transgenic Arabidopsis. Phytase activity in crude
seed extracts was assayed for 30 min at the indicated
temperatures (see Materials and methods).

recombinant enzyme assayed in crude seed extracts
(Figs 4 and 5).

Recently, Brinch-Pederson et al. (2000) reported the
generation of transgenic wheat carrying an Aspergillus
phytase. They concluded that the highest-expressing
wheat line will be adequate to ensure sufficient
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phytase activity for an optimal digestion of the PA in
wheat-based as well as compound feed.

Demonstrating that an embryo-expressed bacterial
phytase can lower PA levels in Arabidopsis gives
impetus to expressing phytases in other plant
systems. We are currently attempting to express
phytase in soybean.
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