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Abstract The sweet potato sporamin promoter was used

to control the expression in transgenic potato of the E. coli

appA gene, which encodes a bifunctional enzyme exhibit-

ing both acid phosphatase and phytase activities. The

sporamin promoter was highly active in leaves, stems and

different size tubers of transgenic potato, with levels of

phytase expression ranging from 3.8 to 7.4% of total sol-

uble proteins. Phytase expression levels in transgenic

potato tubers were stable over several cycles of propaga-

tion. Field tests showed that tuber size, number and yield

increased in transgenic potato. Improved phosphorus

(P) acquisition when phytate was provided as a sole P

source and enhanced microtuber formation in cultured

transgenic potato seedlings when phytate was provided as

an additional P source were observed, which may account

for the increase in leaf chloroplast accumulation (important

for photosynthesis) and tuber yield of field-grown trans-

genic potato supplemented with organic fertilizers. Animal

feeding tests indicated that the potato-produced phytase

supplement was as effective as a commercially available

microbial phytase in increasing the availability of phytate-

P to weanling pigs. This study demonstrates that the

sporamin promoter can effectively direct high-level

recombinant protein expression in potato tubers. Moreover,

overexpression of phytase in transgenic potato not only

offers an ideal feed additive for improving phytate-P

digestibility in monogastric animals but also improves

tuber yield, enhances P acquisition from organic fertilizers,

and has a potential for phytoremediation.
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Introduction

Potato is the world’s fourth most important food crop. Potato

tubers are ideal for the production of recombinant proteins

(commonly termed as plant molecular farming) for the fol-

lowing reasons: (1) specialized as a storage organ, tubers can

accumulate large amounts of proteins; (2) standard processes

currently used in the starch industry may be adapted with

little modification to separate proteins from tubers; (3) as

with most storage organs, tubers feature a low hydrolytic

profile, facilitating protein stability; (4) speedy upscaling of

tubers of a selected transformant can be easily obtained by in

vitro vegetative propagation; (5) accumulated recombinant

proteins are fairly stable for up to 6 months, facilitating the

processing of large amounts of tubers at a chosen time

(Artsaenko et al. 1998; De Wilde 2002); and (6) tubers can be

produced rapidly and cost-effectively in the greenhouse

under controlled conditions, which could be important for

production of pharmaceutical proteins.

Patatin is the most abundant storage protein in potato.

The patatin and CaMV35S promoters are commonly used

for expression of recombinant proteins in potato tubers,

but in most cases with yields far below 1% of total sol-

uble proteins (TSP) (Chong and Langridge 2000; Richter

et al. 2000; Tacket et al. 2000; De Wilde 2002; Farran

et al. 2002). In rare cases, with the enhanced CaMV35S

promoter, yields up to 2% of TSP could be reached

(Artsaenko et al. 1998; Scheller et al. 2001). Granule-

bound starch synthase (GBSS) promoter has been shown

to be 3- to 25-fold more active than the CaMV35S pro-

moter in transgenic potato, but its activity is similar to the

patatin promoter (Visser et al. 1991). To maximize the

expression level of recombinant proteins, it appears there

is a need to identify more promoters that are highly active

in potato tubers. Sporamin is the most abundant storage

protein in sweet potato. In field-grown sweet potato

plants, sporamin is preferentially accumulated in tuberous

roots (80% of TSP); however, in cultured sweet potato

seedlings provided with sucrose, sporamin is preferen-

tially accumulated in stems (70% of TSP) (Hattori et al.

1990). The 1-kb promoter of one sporamin gene, SPO-A1,

fused with a reporter gene, has also been shown to be

preferentially expressed in stems of transgenic tobacco

plants cultured on sucrose-containing medium (Hattori

et al. 1990; Ohta et al. 1991). These studies suggest that

sporamin accumulation and its promoter activity in stems

of sweet potato and transgenic tobacco, respectively, are

induced by sucrose. Similar regulation has also been

observed for patatin accumulation and its promoter

activity in potato (Rocha-Sosa et al. 1989; Wenzler et al.

1989). The accumulation of sporamin in sweet potato and

patatin in potato tubers was concomitant with the accu-

mulation of starch (Paiva et al. 1983; Rocha-Sosa et al.

1989; Hattori et al. 1990), suggesting that accumulation of

these storage proteins in sink tissues could be up-regu-

lated by anabolic signals at the transcriptional level.

Consequently, the sporamin promoter was considered for

driving recombinant protein expression in the transgenic

potato tuber as it is a sink tissue.

Phytate (myo-inositol hexakisphosphate) is the main

storage form of P in soybean and corn meals that constitute

major components of animal feeds. However, monogastric

animals (e.g., pigs, poultry and fish) utilize phytate extre-

mely poorly due to the absence of gastrointestinal tract

enzymes capable of hydrolyzing phytate. When used as

feed, phytate P is not utilized by monogastric animals,

excreted in the manure, and becomes a potential source of

phosphate pollution through the action of microbial phy-

tase in soil. P availability to monogastric animals has been

improved by the supplementation of animal feed with

phytase (myoinositol hexakisphosphate phosphohydrolase,

EC 3.1.3.8) from the fungus Aspergillus niger (Maenz

2001). Phytase sequentially dephosphorylates phytate to

yield inorganic phosphate and myo-inositol, which are then

absorbed in the small intestine. Transgenic plant-produced

phytases have been shown to efficiently substitute for the

microbial enzyme in poultry-feeding studies (Pen et al.

1993; Denbow et al. 1998). The appA gene of E. coli

encodes a bifunctional enzyme exhibiting both acid phos-

phatase and phytase activities that have identical pH

optima of 4.5, and are active at pH values from 2.0 to 6.0

(Golovan et al. 2000). Properties of the phytase encoded by

appA, including the broad low pH optima, high specific

activity, and protease resistance (Cheng et al. 1999;

Golovan et al. 2000), suggest that this enzyme is a good

candidate for industrial production as a feed enzyme.

P is an essential but often limiting nutrient for plant

growth and development. Large amount of P fertilizers are

applied to cropland to promote high yield, but only 10–20%

of the fertilizer P is readily utilized by plants (Holford 1997).

Most fertilizer P becomes fixed forms in soil that are only

poorly available to plants (Vance et al. 2003). Thus, the large

input of P fertilizer is not only expensive but also nonsus-

tainable. On the other hand, P has been recycling among

plants, animals and microorganisms in soil, and therefore,

organic P could make up 20–80% of the total P in soil (Dalal

1977). The predominant form of organic P is phytate, which

could account for up to half of organic P in soil (Dalal 1977).

It is well-documented that ectopic overexpression of secre-

tory phytase in transgenic plants lead to improved

acquisition of P from phytate in culture medium (Richardson

et al. 2001; Mudge et al. 2003; Xiao et al. 2005) and soil

(Zimmermann et al. 2003; George et al. 2005). Conse-

quently, in addition to exploring the feasibility of using the

sporamin promoter to drive the expression of phytase in

transgenic potato tubers for use as a feed additive, we also
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like to study whether P uptake efficiency by transgenic

potato could be improved by this approach.

In the present study, an 1.1-kb sporamin gene (SPO)

promoter was isolated from sweet potato and fused

upstream of the coding sequence of appA. We show that

SPO promoter directed high-level phytase expression in

various organs of transgenic potato. Expression of a

secretory phytase not only improved P acquisition when

phytate was supplied as the sole P source but also increased

tuber size, number and yield. We also show that supple-

ment of the potato-produced phytase improved the

bioavailability of phytate-P to weanling pigs.

Materials and methods

Plant material

Potato cultivar Solanum tuberosum L. cv. Kennebec was

used in this study. Potato stem segments of 2–3-cm long were

cultured for initiation of seedlings on MS agar medium

(Murashige-Skoog basal salts, Sigma) and for production of

microtubers on a modified MT agar medium (Wang and Hu

1982) containing MS salts with 5 mg/l 6-BAP and 8%

sucrose. MS salts contain phosphate (170 mg/l or 1.25 mM

KH2PO4). Potato cultures were maintained at 25�C with a

16-h daily light.

Plasmid construction

The method for plasmid construction has been described

previously in two patent applications (Yu 2003a, b). Briefly,

a DNA fragment containing 1131-bp SPO promoter plus a

63-bp signal peptide sequence and an extra 48-bp sequence

were PCR-amplified using sweet potato genomic DNA as a

template and Spo50 (50-CCCAAGCTTTGCCAAACAGAG

CCTA-30) and Sposp30 (50-GGAATTCGGCGGGTTCGT

GTGTGGT-30) as primers. Spo50 and Spop30 primers were

designed based on the genomic DNA sequence of SPO-A1

(Hattori and Nakamura 1988). The nopaline synthase

gene (Nos) terminator was PCR-amplified using pBI221

(Clontech) as a DNA template and oligonucleotides 50-TCC

GAGCTGCAGATCGTTCAAACATTT-30 and 50-AGCGA

GCTCGATCGATCTCTAGACAT-30 as primers. The 1.24-

kb E. coli phytase gene appA was PCR-amplified using

plasmid pET-appA (Golovan et al. 2000) as a DNA template

and appA 50 (50-AAAGAATTCCAGAGTGAGCCGGAG

CTGAAGCT-30) and appA 30 (50-AAACTGCAGTTAC

AAACTGCACGCCGGTAT-30) as primers.

The SPO promoter was digested with HindIII and EcoRI

and inserted into same sites in pBluescript (Strategene),

generating pBS-Sposp. The Nos terminator was digested

with PstI and XbaI and fused downstream of the SPO pro-

moter in pBS-Sposp, generating pBS-Sposp-Nos. The appA

gene was digested with EcoRI and PstI and inserted into

same sites in pBS-Sposp-Nos, generating pBS-Sposp-appA-

Nos. The Sposp-appA-Nos fusion gene was excised from

pBS-Sposp-appA-Nos with XbaI and HindIII and inserted

into same sites in the binary vector pCAMBIA2301 (a gift

from Richard A. Jefferson, CAMBIA, Australia), generating

pSpo-appA (Fig. S2).

Potato transformation

The method for potato transformation has been described

previously in two patent applications (Yu 2003a, b).

Briefly, cultured potato microtubers were sliced into 2-mm

thick discs. Discs were placed on 3C5ZR agar medium

(Sheerman and Bevan 1988), co-cultured with 5 ml of

Agrobacterium in 3C5ZR liquid medium, and incubated at

26�C for 15 min. The microtuber discs along with Agro-

bacterium were transferred to 3C5ZR-AS agar medium

[3C5ZR medium plus 100 lM acetosyringon (Aldrich) and

3 g/l phytagel (Sigma), pH 5.2] and incubated at 28�C in

the dark for 72 h. The infected microtuber discs were

washed three times with 3C5ZR liquid medium containing

100 mg/l ticarcillin/clavulanic acid (timenten) (Duchefa),

blotted dry on sterile filter papers, and transferred to

3C5ZR agar medium containing 100 mg/l each of kana-

mycin (Sigma) and timenten and incubated at 26�C with

16-h daily light for selection of transformants. The tissues

were subcultured at weekly intervals. After several weeks,

young shoots formed from the inoculated microtuber discs

were transferred to MS agar medium containing 100 mg/l

each of kanamycin and timenten and incubated at 26�C

with 16-h daily light. Regenerated seedlings were trans-

ferred to soil when 10–15-cm high and incubated at 26�C

with 16-h daily light for further growth. Non-transformants

(NTs) are not transgenic lines but passed through same

tissue culture steps as transgenic lines.

Overexpression of phytase in Pichia pastoris

and preparation of antibodies

The method for overexpression of phytase and preparation

of anti-phytase antibodies have been described previously

in two patent applications (Yu 2003a, b). appA was PCR-

amplified using a pET-appA (Golovan et al. 2000) as the

DNA template and oligonucleotides 50-GCGAATTCCA

GAGTGAGCCGGAGCTG-30 and 50-GCTCTAGATACG

CATTAGACAGTTCTTCGTT-30 as primers. The PCR

products were digested with EcoRI and XbaI and inserted

into same sites in pICZaA (Invitrogen), generating pPIC-

ZaA-appA in which the appA was preceded by an alcohol
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oxidase (AOX) promoter and a-factor signal peptide.

pPICZaA-appA was amplified in E. coli strain DH5a
(Promega) using low salt LB broth (1% tryptone, 0.5%

sodium chloride, 0.5% yeast extract, pH 7.5) supplemented

with Zeocin (25 lg/ml) (Invitrogen). pPICZaA-appA was

linearized by PmeI and transferred into P. pastoris strain

KM71 (Invitrogen) by electroporation. The transformed

cells were cultured on YPD (1% yeast extract, 2% peptone,

2% dextrose, 1 M sorbitol, pH 7.5) plus zeocin (100 lg/

ml) agar plate at 30�C for 3 days. The Zeocin-resistant

yeast colony was incubated in BMGY medium [1% yeast

extract, 2% peptone, 1 mM potassium phosphate, pH 6.0,

1.34% yeast nitrogen bath (Invitrogen), 4 9 10-5% biotin,

and 1% glycerol] for enrichment of cell mass and then in

BMMY medium (same ingredients as BMGY medium

except that 1% glycerol was replaced with 0.5% methanol)

for induction of phytase expression. All media were pre-

pared as suggested in the Easy Select Pichia Expression

Kit (Invitrogen). Phytase was the major protein secreted

into the culture medium and could be recovered by

lyophilization of the culture medium. One hundred

micrograms of purified phytase was injected into a New

Zealand White rabbit successively at 4–6 intervals for

generation of polyclonal antibodies.

DNA gel blot analysis

Genomic DNA was isolated from potato leaves as decribed

(Sheu et al. 1996). DNA samples (20 lg) were digested

with EcoRI, separated by 0.8% agarose gel electrophoresis,

and transferred to nylon membranes (MSI). The membrane

was hybridized with 32P-labeled appA DNA as a probe.

Phytase activity assay

Protein extract was prepared from microtubers, leaves,

stems and tubers as described (Li et al. 1997b) and the

phytase activity was determined as described (Shimizu

1992). Briefly, 150 ll of extracted proteins were incu-

bated with 600 ll of 1.5 mM sodium phytate at 37�C for

15 min. The reaction was stopped by adding 750 ll of

5% trichloroacetic acid. Following production of phos-

phomolybdate with 1.5 ml of coloring reagent, the

liberated inorganic orthophosphate (Pi) was photometri-

cally measured at 700 nm. The coloring reagent was

prepared freshly by mixing four volumes of 1.5%

ammonium molybdate solution in 5.5% sulfuric acid and

one volume of 2.7% ferrous sulfate solution. One unit of

phytase activity was defined as the amount of enzyme

that frees 1 lmole inorganic Pi from 1.5 mM-sodium

phytate/min at pH 4.5 and 37�C. Protein concentration of

total soluble proteins was determined by the Bio-Rad

Coomassie Protein assay kit.

Analysis of optimal pH and temperature for phytase

activity

Phytase activity was assayed over a pH range from 1.0 to

6.0 at 37�C as described above. Buffer systems used to

cover the pH range were: 100 mM Glycine–HCl for pH 1.0

to 3.5; 100 mM sodium acetate for pH 3.5 to 6.0. For

analysis of optimal temperatures for phytase activity, pro-

teins in 100 mM sodium acetate, pH 5.0, were analyzed

from 35 to 75�C.

Protein gel blot analysis

Total proteins were extracted from potato tissues using an

extraction buffer [50 mM Tris–HCl (pH 8.8), 1 mM

EDTA, 10% glycerol, 1% Triton X-100, 10 mM b-mer-

captoethanol, and 0.1% sarkosyl]. Protein gel blot analysis

was performed with an ECL Western blotting analysis

system (Amersham Pharmacia).

Phenotypic characterization of transgenic plants in field

Plantlets of NT and three independent transgenic lines were

grown in commercial compost (Potgrond H, Klasmann,

Germany) in the farmland of the Taiwan Agricultural

Research Institute, Wufeng, Taichung, Taiwan. The com-

post (70 l/pack) was composed of black sphagnum peat and

white peat and supplemented with the following fertilizers:

N, 160–260 mg/l; P2O5, 180–280 mg/l; K2O, 200–350 mg/l;

Mg, 80–150 mg/l; KCl, 1.5 g/l. Before planting of potato

seedlings, 1% (w/v) of chicken excrement was added to the

compost. The P content in the chicken excrement was

10–15 g/kg, consequently, the final P content in the com-

post was 100–150 mg/l. The experimental design was a

randomized complete block with four replicates. The plant

height, stem number, plant dry weight, and tuber weight

and numbers were determined. Yield per plant was deter-

mined 120 days after transplanting of plantlets into soil.

Potato tubers at different sizes (with weights ranging from

2 g to 300 g per tuber) were harvested and analyzed for

phytase activity.

Chlorophyll a and b and carotenoid determination

Fresh leaves were collected from NT and transgenic

potato grown in the compost as described above in the

farmland and fresh weight determined. These leaves

were then ground with liquid nitrogen in a mortar with

pestle. Pigments were extracted with 80% acetone, and

light absorption at 331, 470, 552.4, and 556.2 nm were

determined using a UV/Visible spectrophotometer. Con-

centrations of chlorophyll a and b and total carotenoids

were calculated as described (Lichtenthaler 1987).
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Free P assay

Pi contents were analyzed as described (Chiou et al. 2006)

with minor modifications. Fresh tissues were frozen with

liquid nitrogen and homogenized with extraction buffer

(10 mM Tris, 1 mM EDTA, 100 mM NaCl, 1 mM

b-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluo-

ride, pH 8.0) at a ratio of 1 mg of sample (fresh weight) to

10 ll of extraction buffer. Samples were centrifuged at

13,000g for 5 min, and 60 ll of the supernatant was

transferred to a 96-wells plate and incubated at 42�C for

30 min. Each sample solution was added with 140 ll of

assay solution (0.35% NH4MoO4, 0.86 N H2SO4, and 1.4%

ascorbic acid) and incubated at 42�C for 30 min. Pi content

was measured at A820.

Phytase activity in dry tuber slices for animal feeding

tests

Tubers of NT and transgenic potato line 2-1 were sliced

and dried at 37�C for 72 h. Dried samples were ground to

powder and phytase activity was determined as described

above. Phytase activity in dried NT and transgenic potato

tuber slices were 0.1 and 50 U/g, respectively.

Animal feeding tests

Forty crossbred pigs (approximately 30 kg body weight

each) were randomly allotted to five group treatments, with 8

pigs per treatment and 4 pigs (half barrows and half gilts) per

pen. Treatments consisted of dietary P levels of 0.62 and

0.56% in control diets or 0.51 and 0.42% in low P diets for

growing and finishing stages (Table S1), respectively. Diets

were formulated to have grower and finisher Ca/P ratio of

1.27 for the control group and ratios of 1.53 and 1.69 as

grower and finisher, respectively, for the low P group. The

commercial phytase, a recombinant phytase encoded by

Aspergillus niger phyA, was purchased from BASF (Mount

Olive, NJ) with a specific activity of 5,000 U/g product.

Microbial phytase was added as a supplement to the low P

diet at 500 U/kg of feed as suggested by the manufacturer.

The potato-produced phytase was supplemented to the low P

diet at two doses of 50 and 150 U/kg of feed. Apart from P,

other nutrients were kept constant for all treatments.

Body weight and feed consumption of pigs were recorded

every 4 weeks from the start of the trail to calculate average

daily gain, average daily feed intake and feed efficiency.

Serum and feces were collected at the beginning and at the

end of the trial for P analysis. Serum P contents were

determined by an automated chemistry analyzer (Kodak

Ektachem DT System), and fecal P contents were measured

by AOAC method (AOAC 1984). After the trial, the third

and forth metacarpal were colleted from all pigs for strength

determination (Instron Testing Machine, Instron Corp., High

Wycombe, Bucks. UK). Data were analyzed as a completely

random design with two replicates using the GLM procedure

in SAS software (SAS 1989).

Results

The sweet potato sporamin promoter is active in various

organs of transgenic potato

In the present study, plasmid pSpo-appA containing appA

under the control of SPO promoter was used for potato

transformation, and 15 putative independent transgenic

lines were obtained. pSpo-appA also contains a CaMV35S-

GUS cDNA fusion gene derived from pCAMBIA2301

(Fig. S1). GUS activity was detected in leaves of all

transgenic lines, indicating successful transformation of

potato (data not shown). The nucleotide sequences of SPO

and SPO-A1 promoters are highly homologous to each

other, but there are deletion, insertion and substitution

differences between the two promoters (Fig. S2). To

determine whether the SPO promoter is capable of direct-

ing phytase expression in transgenic potato, transgenic and

non-transgenic potato phytase activities were compared.

All transgenic lines and non-transformants (NTs) were

cultured in MT medium until microtubers formed. Total

proteins were extracted from microtubers and phytase

activity analyzed. Phytase activity was barely detectable

(6–28 U/g TSP) in microtubers of NTs but was readily

detectable (340–630 U/g of TSP) in microtubers of trans-

genic lines (Fig. 1). This result indicates that the SPO

promoter is capable of controlling phytase expression in

transgenic potato microtubers.

To determine whether the copy number of transgenes

affected the expression levels of phytase in transgenic

potato, genomic DNA was extracted from leaves and

subjected to DNA gel blot analysis. The transgene copy

number ranged from 1 to 3 (Fig. S3), which did not cor-

relate with the phytase activity in transgenic potato

microtubers (Fig. 1).

To determine whether SPO promoter is active in various

organs of transgenic potato, three transgenic lines 1-1, 2-1,

and 7-1 were selected for further analysis. Total proteins

were extracted from leaves, stems, roots and microtubers of

cultured transgenic potato plants and phytase activity ana-

lyzed. Phytase activity was not detected in NTs but was

detected in the range of 36,000–58,000 U/kg in leaves,

26,000–50,000 U/kg in stems, 4000–10,000 U/kg in roots,

and 34,000–38,000 U/kg in microtubers of transgenic lines

(Fig. 2a). Transgenic potato seedlings were then transferred

to pot soil in a growth chamber and allowed to grow for three

months. Total proteins were extracted from leaves, stems and
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tubers and phytase activity analyzed. Phytase activity was

not detected in NTs but was detected in the range of 8,000–

20,000 U/kg in leaves, 6,000–14,000 U/kg in stems and

40,000–50,000 U/kg in tubers of transgenic lines (Fig. 2b).

These results indicate that the sporamin promoter confers

phytase expression in various organs of transgenic potato

grown either in culture medium or in soil.

To estimate the yield of recombinant phytase produced in

transgenic potato, total proteins were extracted from leaves,

stems and tubers of transgenic lines 1-1, 2-1 and 7-1 and

subjected to protein gel blot analysis using anti-phytase

antibodies. A series of known amounts of purified recom-

binant appA expressed in Pichia, serving as standards, were

loaded along with samples from transgenic potato in the

protein gel blot analysis. Levels of phytase expressed in

transgenic potato were then quantified by comparison with

the purified phytase standards. The yields of phytase in

leaves and stems were approximately 4.2–7.4% of TSP, and

those in tubers were approximately 2.4–3.8% of TSP

(Fig. 3).

The sporamin promoter confers high-level phytase

expression in transgenic potato tubers of different sizes

Normally a potato plant produces tubers of different sizes.

To determine whether phytase expression varied in dif-

ferent size tubers, tubers with sizes ranging from 2 g to

300 g were collected from three plants each of three

transgenic lines (1-1, 2-1 and 7-1) and classified into 10

groups (Figs. 4a, b). Phytase activities of most tubers were

similar in different groups (in the range of 38,000–

59,000 U/kg in line 1-1 and 43,000–56,000 U/kg in line

7-1). Phytase activity in line 2-1 had approximately 20%

lower activity at groups 1-6 (ranging 28,000–37,000 U/kg)

compared to groups 7-10 (ranging 46,000–55,000 U/kg)

(Fig. 4c).

Phytase expressed in transgenic potato tubers is active

over broad pH and temperature ranges

To determine the optimal pH for phytase activity in

transgenic potato, total proteins were extracted from tubers

Fig. 1 The sweet potato sporamin promoter directs phytase expres-

sion in microtubers of transgenic potato. Microtubers of three

individual tissue-cultured plants, from each of 15 independent

transgenic lines, were collected for phytase activity assays. Error

bars indicate the standard deviation of phytase activity in microtubers

of three plants. Phytase activity is expressed as units (U) per g of total

soluble proteins (TSP). NT: non-transformant. Copy numbers of appA
for each transgenic line are indicated on the top of the bar graph

Fig. 2 The sporamin promoter is active in various organs of

transgenic potato. (a) Leaves (L), stems (S), roots (R) and microtubers

(M) of three tissue-cultured plants, from each of 3 transgenic lines and

non-transformant (NT), were collected for phytase activity assays. (b)

Leaves (L), stems (S), and tubers (T) of three soil-grown plants, from

each of 3 transgenic and 1 non-transformant (NT) lines, were

collected for phytase activity assays. Error bars indicate the standard

deviation of phytase activity in each organ of three plants. Phytase

activity is expressed as units (U) per Kg of fresh weight of organ

assayed
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of transgenic line 2-1. Optimal pH for phytase activity was

measured at 37�C, the temperature in animal gastrointes-

tinal tracks. Phytase activity reached peaks at pH 2.5 and

5.5 (Fig. 5a). At least 60% of phytase activity was main-

tained at pH 1.5–6.0.

Phytase active at high temperature may facilitate feed

processing. To determine the optimal temperature for

phytase activity in transgenic potato, total proteins were

extracted from tubers of transgenic line 2-1. The optimal

temperatures for phytase activity were between 50�C and

60�C, and 80%, 60% and 50% of phytase activity were

maintained at temperatures of 65�C, 70�C and 75�C,

respectively (Fig. 5b).

Overexpression of phytase increases leaf pigmentation

and tuber yield of transgenic potato

Transgenic lines 1-1, 2-1, and 7-1 were grown in fields

between October 2003 to January 2004 and October 2004

to January 2005 (two winter seasons). Field trials were

terminated before plants were completely senescent. Sig-

nificant differences in phenotypes between transgenic lines

and NTs were observed. First, the leave color (Fig. 6a) and

crude leaf extracts (Fig. 6b) of transgenic potato were

deeper green than NTs. Photometric pigment measurement

revealed that contents of chlorophylls a and b and carote-

noids (including xanthophylls and b-carotene) were 2–3

times higher in transgenic lines than in NTs (Fig. 6c).

Second, the average fresh weight of tubers per plants

increased significantly in transgenic lines 2-1 and 7-1,

ranging from 7% (P \ 0.05) to 14% (\0.01) in year 2003,

and in all transgenic lines ranging from 16% to 22%

(P \ 0.01) in year 2004 field trials as compared with NTs

(Table 1). Transgenic and NT plants grown in 2003 were

derived from seedlings propagated in culture media while

those grown in 2004 were derived from cuttings of tubers

propagated in 2003 and had stronger seedling vigor. There-

fore, the average fresh weight of tubers per plant was 2-fold

higher for the field trial carried out in 2004 than in 2003.

Fig. 3 The sporamin promoter confers high-level phytase expression

in various organs of transgenic potato. Total proteins were extracted

from leaves, stems, and tubers of soil-grown plants of 3 transgenic

and 1 non-transformant (NT) lines for protein gel blot analysis.

Amount of total leaf, stem and tuber proteins loaded in each of lanes

6–9 was 10, 10 and 25 lg, respectively. Phytase expressed in Pichia
was purified and loaded in various known amounts for protein gel blot

analysis. Levels of phytase expressed in transgenic potato were

quantified by comparison with the purified phytase standards and

expressed as % of total soluble proteins (TSP)

Fig. 4 The sporamin promoter confers high-level phytase expression

in transgenic potato tubers of different sizes. (a) Tubers of soil-grown

transgenic potato plants were assigned to 10 size groups. (b) Fresh

weights of transgenic potato tubers of different size groups. (c)

Phytase activities of tubers of 3 plants, from each of 3 transgenic

lines, of different size groups were determined. Phytase activity is

expressed as units (U) per Kg of tuber fresh weight. Error bars

indicate the standard deviation of phytase activity recorded in tubers

of three plants
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Third, the tuber number per plant increased in transgenic

lines as compared with NTs, ranging from 1.4- to 1.9-fold

(P \ 0.05) in two field trials (Table 2). Tubers were further

classified into three groups based on their fresh weights,

and relative number of tubers in each group was compared.

Transgenic lines produced more large-size tubers than NTs.

In year 2003, ratios of tubers with weights 50–100 g each

were significantly higher for NT than transgenic lines 1-1

and 2-1 (P \ 0.01); in contrast, ratios of tubers with weight

[100 g each were significantly higher for all transgenic

lines than NTs (P \ 0.01) (Table 2, upper panel). In year

2004, ratios of tubers with weights \50 g and 50–100 g

each were significantly higher for NTs than transgenic lines

(P \ 0.01); in contrast, ratios of tubers with weights

[100 g were significantly higher for transgenic lines than

NTs (Table 2, lower panel). These studies indicate over-

expression of phytase enhanced production and growth of

tubers.

Fig. 5 Phytase expressed in transgenic potato tubers is active over

broad pH and temperature ranges. (a) pH profile of phytase activity

expressed in transgenic potato tubers. Phytase activity in 3 tubers of

transgenic line 2-1 was determined over a pH range of 1.0–3.5 using

Glycine–HCl buffer and 3.5–6.0 using sodium acetate buffer. (b)

Temperature profile of phytase activity expressed in transgenic potato

tubers. Phytase activity in 3 tubers of transgenic line 2-1 was

determined between 40 and 75�C

Fig. 6 Overexpression of phytase increases leaf pigmentation of

transgenic potato. (a) Leaves from two plants each of three transgenic

lines and non-transformant (NT). Leaves were collected from plants

after being grown in field for two months. Some leaves were slightly

distorted or dried during transportation from field to laboratory. (b)

Pigment extracts from leaf samples shown in (a). (c) Level of three

pigments, chlorophyll a, chlorophyll b and carotenoids, present in

samples shown in (b) were measured photometrically. FW, fresh

weight
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Overexpression of phytase improves P acquisition

of transgenic potato from phytate

Potato plants grown in field trials were grown in peat moss

containing inorganic fertilizer and organic compost. There

was a possibility that the increased tuber yield was due to

enhanced uptake of P through hydrolysis of phytate present

in organic compost by phytase secreted from transgenic

potato roots. To determine whether overexpression of

phytase facilitates utilization of phytate as a P source, NT

and transgenic potato seedlings (line 2-1) were grown in

phosphate-free MS medium for 1 or 2 weeks, and then

transferred to phosphate (1.25 mM KH2PO4)-containing

MS medium or phosphate-free MS medium containing or

lacking 0.8 mM phytate for another 2 weeks. Free P con-

tents in roots, leaves and stems of transgenic potato

seedlings were then determined. No significant difference

in Free P concentration was observed between transgenic

and NT plants supplied with or without phosphate

throughout the entire culture period (data not shown). For

seedlings pre-starved of phosphate for 1 week and then

provided with phytate for 2 weeks, free P concentrations in

all tissues examined were not significantly different

between transgenic lines and NTs (Fig. 7a). For seedlings

pre-starved of phosphate for 2 weeks and then provided

with phytate for 2 weeks, significantly higher free P con-

centrations were detected in leaves of transgenic lines than

in NTs (P \ 0.05) (Fig. 7b).

No significant difference in seedling growth rate was

observed between transgenic and NT seedlings. However,

transgenic seedlings produced more microtubers than NTs,

after phytate was added as an extra P source into the MS

medium for 2 weeks (Fig. 8). The frequency of cultured

seedlings forming microtubers was 48 and 3%, respec-

tively, and that forming microtuber-like organs was both

16% for line 2-1 and NT.

The potato-produced phytase improves

the bioavailability of phytate P to weanling pigs

To determine whether the phytase produced in potato tubers

may function efficiently in the stomach and improve phytate-

P utilization of pigs, feeding tests with growing pigs were

performed (Table 3). Our preliminary studies indicated that

the potato-produced phytase was more effective than the

microbial phytase in improving phytate utilization in ani-

mals. Therefore, less potato-produced phytase (50 and

150 U/kg feed) than the microbial phytase (500 U/kg feed)

Table 1 Overexpression of

phytase increases yield of potato

tubers

FW, fresh weight

*,** Comparisons significantly

different to non-transformant

(NT) by Dunnett’s t-tests at the

0.05/0.01 level

Line No. of

plant

Total yield

of tuber (g)

Average tuber

FW per plant (g)

Increase in tuber

FW per plant (%)

2003

NT 48 18109 374.4 ± 55.2 100

1-1 47 19233 396.4 ± 59.8 106

2-1 48 20583 428.0 ± 10.8** 114**

7-1 41 16461 401.8 ± 41.5* 107*

2004

NT 70 55748 774.3 ± 150.7 100

1-1 70 64232 917.6 ± 142.1** 119**

2-1 68 66221 946.0 ± 90.7** 122**

7-1 72 61310 901.6 ± 71.0** 116**

Table 2 Overexpression of

phytase increases number and

size of potato tubers

*,** Comparisons significantly

different to non-transformant

(NT) by Dunnett’s t-tests at the

0.05/0.01 level

Line No. of

plant

Total no.

of tubers

No. of tubers

per plant

Ratio (%) of tubers with weight

\50 g 50–100 g [100 g

2003

NT 48 46 1 28.7 ± 15.5 30.9 ± 12.9 41.3 ± 9.2

1-1 47 69 1.5* 22.9 ± 5.1 24.0 ± 14.3** 53.1 ± 8.9**

2-1 48 89 1.9* 12.6 ± 2.1 22.5 ± 8.8** 64.9 ± 10.8**

7-1 41 58 1.4* 24.3 ± 10.8 24.4 ± 10.1 51.3 ± 13.5**

2004

NT 70 162 2.3 22.6 ± 3.4 36.1 ± 2.5 41.2 ± 5.8

1-1 70 275 3.9* 8.8 ± 2.9** 25.7 ± 5.9** 65.5 ± 8.0**

2-1 68 281 4.1* 8.9 ± 1.9** 23.2 ± 3.9** 67.9 ± 5.5**

7-1 72 274 3.8* 8.8 ± 2.4** 20.0 ± 1.6** 71.2 ± 3.2**
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was used in the present study. Pigs fed with low P diet

(without inorganic P supplement) had less average daily gain

than the control group (fed with inorganic P supplement)

(P \ 0.05), and the supplement of either microbial phytase

or potato-produced phytase recovered the daily gain loss

caused by low P diet. However, there was no difference in

average daily gain between treatments with the microbial

and the potato-produced phytase. Feed intake was not altered

by the dietary P content or phytase; however, pigs fed with

low P diet with supplement of the potato-produced phytase at

150 U/kg had better feed efficiency (P \ 0.05) than pigs

without phytase supplement. Relative to the control group,

the serum P content in pigs fed with low P diet fell by 14%,

while those in pigs supplemented with either microbial or

potato-produced phytase maintained at similar levels at the

end of the trial (16 weeks) (P \ 0.05). The fecal P content in

pigs supplemented with low P diet, microbial phytase, or

potato-produced phytase, fell by 13–16% as compared to

control. Due to the imbalanced Ca/P ratio, low P group had

signifidantly (21%) lower metacarpal bone strength

(P \ 0.05) as compared to control; however, the mobility of

pigs was not affected. The microbial and potato-produced

phytase supplements were equally effective (P \ 0.05) in

increasing bone strength, and increasing the level of potato-

produced phytase from 50 to 150 U/Kg further increased

serum P content and bone strength (P \ 0.05).

Discussion

Anabolic regulation of the sporamin promoter

is conserved between potato and sweet potato

In the present study, bacterial phytase was produced in

transgenic potato tubers at high levels and with high

activity under the control of the sweet potato SPO pro-

moter. The high level phytase expression was not

associated with copy number of transgene in transgenic

potato, indicating that the sweet potato sporamin promoter

is highly active in potato. Despite the difference in origins

of the potato tuber (a specialized stem) and the sweet

potato tuber (a specialized root), these storage organs share

many functional and biochemical properties. For example,

they both developed as sink organs that accumulate large

amounts of reserves, including starch and storage proteins,

during the growth of plants. The parallel accumulation of

starch and storage proteins, i.e., sporamin and patatin, in

sweet potato and potato tubers, respectively (Paiva et al.

1983; Rocha-Sosa et al. 1989; Hattori et al. 1990), and the

inducibility of sporamin and patatin promoter activity in

stems of sweet potato and potato, respectively, by sucrose

(Hattori et al. 1990; Ohta et al. 1991); (Rocha-Sosa et al.

1989; Wenzler et al. 1989) indicate that accumulation of

these reserves in tuberous sink tissues are up-regulated by

anabolic signals.

In the present study, the SPO promoter conferred high-

level phytase expression in microtubers of cultured trans-

genic potato (Fig. 2a) and in tubers of soil-grown

transgenic potato (Fig. 2b), which suggests that the path-

way for transducing anabolic signals to activate sporamin

promoter in sink tissues is conserved in potato and sweet

potato despite the evolutionary divergence of these two

plant species. Phytase activities in leaves and stems from

Fig. 7 Overexpression of phytase improves phosphorus acquisition

of transgenic potato from phytate. Transgenic potato seedlings (line

2-1) were grown in P-free MS medium for (a) 1 week or (b) 2 weeks,

and then transferred to P-free MS medium containing 0.8 mM phytate

for 2 weeks. Total Pi contents in roots, leaves and stems of three

transgenic potato seedlings were then determined. FW, fresh weight.

Error bars indicate the standard deviation of Pi concentrations in

different tissues of three plants. * Comparison significantly different

to non-transformant (NT) by Dunnett’s t-test at P \ 0.05
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tissue-cultured plants were significantly higher than those

in leaves and stems from soil-grown plants (Fig. 2). An

explanation is that, leaves, stems and microtubers from

3-week-old tissue-cultured plants might serve as sink tis-

sues as most nutrients were up-taken by roots from the

culture medium; consequently, the sporamin promoter was

active in directing phytase expression in leaves, stems and

microtubers. In contrast, leaves and stems from 3-month-old

soil-grown plants served as source tissues as they provided

photosynthetic assimilates to tubers; consequently, the

sporamin promoter was more active in tubers than in leaves

and stems for directing phytase expression.

It is interesting to note that the expression level of phytase

was independent of size of transgenic potato tubers (Fig. 4),

indicating that the regulation of sporamin promoter activity

was coupled with tuber growth by anabolic signals. Addi-

tionally, sight variations in phytase activity were observed in

tubers originated from the same transformant after three

cycles of propagation (Fig. S4) and that could be due to

physiological conditions of individual plants.

Overexpression of phytase increases size, number

and yield of potato tubers

Several studies have shown that potato tuber size can be

manipulated through transgenic approaches. Reductions in

potato tuber size is resulted from antisense repression of an

ADP-glucose pyrophosphorylase (Muller-Rober et al.

1992) or overexpression of an E. coli inorganic pyro-

phosphatase (Sonnewald 1992). On the other hand,

increase in potato tuber size is obtained by overexpression

of an yeast invertase targeted to the apoplast (Sonnewald

et al. 1997). In these cases, dramatic changes in carbohy-

drate contents of transgenic potato tubers are detected.

Reduction in potato tuber size could also be obtained by

antisense repression of the b-subunit of an SNF1-related

protein kinase complex (StubGAL83), however, in this

case, no change in tuber carbohydrate content is detected

(Lovas et al. 2003). Ectopic expression of an Arabidopsis

PHYB (phytochrome B) gene can increase both tuber

number and yield of field-grown transgenic potato, due to

increased leaf pigmentation, numbers of chloroplast and

enhanced photosynthesis rate (Thiele et al. 1999; Boccal-

andro et al. 2003). In this transgenic potato, phenotypes of

semidwarfism and decreased apical dominance are

observed, and delayed senescence is proposed to attribute

to increased tuber yield.

In the present study, overexpression of phytase led to

increase in tuber size, number and yield of field-grown

transgenic potato. Several physiological changes observed

in the laboratory and field may account for the increase in

tuber growth and yield. First, higher free P concentration

Fig. 8 Overexpression of

phytase promotes tuber

formation when phytate was

provided as an additional P

source. Thirty-one stem

segments of non-transformant

(NT) or transgenic potato line

2-1, each containing only one

bud, were cultured in MS

medium containing 0.8 mM

phytate for 2 weeks and

microtuber formation was

examined. Seedlings in boxed

areas were enlarged for better

visualization of microtubers or

microtuber-like organs as

indicated by arrows. Frequency

indicates numbers of seedlings

producing microtubers

(highlighted by circles) or

microtuber-like organs

(highlighted by dashed circles)

among 31 seedlings examined
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was detected in leaves of transgenic seedlings than NTs

after pre-phosphate starvation and subsequent application

of phytate in culture medium as the sole P source (Fig. 7),

indicating overexpression of phytase enhanced P utilization

from phytate by transgenic potato. Under P-deficient con-

ditions, tomato roots could be induced to secrete phytase to

hydrolyze organic P in soil, such as phytate and nucleic

acid, to liberate inorganic P available to plants

(Li and Tadano 1996). However, the quantity of phytase

secreted by plants is normally limited even under the

induced condition (Li et al. 1997a). Targeted overexpres-

sion of fungus or plant derived phytase with signal peptide

in roots of various transgenic plants species has signifi-

cantly enhanced phytase secretion into rhizosphere and

P uptake efficiency when phytate was supplied as the sole

P source (Richardson et al. 2001; Zimmermann et al. 2003;

George et al. 2005; Xiao et al. 2005). In the present study,

since phytase was expressed with the sporamin signal

peptide, very likely the recombinant phytase was also

secreted from roots of transgenic potato and enhanced

P utilization from phytate present in the organic fertilizer.

Second, higher levels of chlorophylls a and b and

carotenoids were detected in leaves of field-grown plants

(Fig. 6), indicating overexpression of phytase could

enhanced photosynthesis rate of transgenic potato. In higher

plants, these three groups of pigments constitute the major

components of the antenna complex for light absorption and

energy transfer in the reaction center of the photosynthesis

apparatus in chloroplast (Taiz and Zeiger 2006). P is an

integral component of important compounds of plant cells,

including the sugar-phosphate intermediates of respiration

and photosynthesis, phospholipids in plant membranes, and

nucleotides used in plant energy metabolism (e.g., ATP) and

in DNA and RNA (Taiz and Zeiger 2006). Increase in

abundance of these pigments, indicating increase in chloro-

plast numbers, could have increased the photosynthesis rate

of transgenic potato, and consequently more carbon assim-

ilates (sugars) flow from mature leaves into the sink tissues,

e.g. growing leaves and tubers. Tuber formation in potato has

been shown to be associated with an increase in the photo-

synthetic rate in leaves (Lorenzen and Ewing 1990). In

transgenic potato overexpressing an Arabidopsis phyto-

chrome B, increase in leaf pigmentation has also been shown

to correlate with increased photosynthesis rate and tuber

yield (Thiele et al. 1999). A 3- to 4-fold increase in dry

weight and 4- to 5.5-fold increase in P concentration is

observed in transgenic Arabidopsis roots overexpressing a

secretory legume phytase, although change in leaf pigment

or chloroplast content is not mentioned (Xiao et al. 2005). It

appears that there is a correlation among P concentration,

photosynthetic rate and tuber yield in potato, which may

explain up to 22% increase in tuber yield of transgenic potato

was obtained in the present study (Table 1).

Third, as compared with NTs, an earlier microtuber

formation was observed in transgenic potato seedlings than

NTs cultured in MS medium (containing 1.25 mM

KH2PO4) with 0.8 mM phytate as an additional P source

(Fig. 8), indicating enhanced P acquisition facilitated mi-

crotuber formation. In our field trials, meat moss

containing chicken excrement also provided phytate as an

additional P source. As a consequence of improved P uti-

lization from phytate, increased number, larger size, and

higher yield of tubers than NTs were obtained in transgenic

potato overexpressing phytase.

Table 3 Effect of dietary microbial and potato-produced phytases on growth performance, serum and fecal phosphorus, and metacarpal bone

strength of pigs

Items Control (+P) Low P (-P) Microbial phytase

(500 U/kg)

Potato-produced

phytase (50 U/kg)

Potato-produced

phytase (150 U/kg)

Initial body weight (kg) 32.7 ± 0.1 (100) 33.0 ± 0.2 (101) 32.5 ± 0.1 (99) 33.0 ± 1.1 (101) 32.5 ± 0.2 (99)

Final body weight (kg) 118.0 ± 2.1 (100) 113.3 ± 2.5 (96) 118.9 ± 2.1 (101) 116.3 ± 2.1 (99) 118.6 ± 3.6 (101)

Average daily gain (kg) 0.76 ± 0.02 (100) 0.72 ± 0.02a (95) 0.77 ± 0.02b (101) 0.74 ± 0.01 (97) 0.77 ± 0.03 (101)

Average daily feed intake (kg) 2.16 ± 0.09 (100) 2.11 ± 0.01 (98) 2.22 ± 0.11 (103) 2.13 ± 0.11 (99) 2.13 ± 0.12 (99)

Feed efficiency (Feed/gain) 2.83 ± 0.05 (100) 2.93 ± 0.10a (104) 2.88 ± 0.07 (102) 2.86 ± 0.11 (101) 2.77 ± 0.04b (98)

Serum phosphorus (mg/dl)

0 wk 10.8 ± 0.9 (100) 10.2 ± 1.1 (94) 10.3 ± 1.6 (95) 10.7 ± 1.2 (99) 10.6 ± 1.4 (98)

16 wk 8.0 ± 0.3a (100) 6.9 ± 0.4b (86) 7.8 ± 0.7a (98) 7.6 ± 0.9 (95) 7.9 ± 1.0a (99)

Fecal phosphorus (%)

0 wk 2.43 ± 0.13 (100) 2.48 ± 0.15 (102) 2.60 ± 0.16 (107) 2.43 ± 0.11 (100) 2.49 ± 0.17 (102)

16 wk 2.21 ± 0.08 (100) 1.92 ± 0.36 (87) 1.85 ± 0.01 (84) 1.85 ± 0.09 (84) 1.90 ± 0.15 (86)

Metacarpal bone strength (kg)

16 wk 182 ± 20a (100) 143 ± 14bx (79) 195 ± 22y (107) 162 ± 10c (89) 172 ± 9y (95)

a, b, c; x, y Means within the same row with different superscript differ significantly from each other (P \ 0.05). Values in parentheses indicate %

of the wild type
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P deficiency in soil is a major constraint for agricultural

production worldwide; however, world resources of rock

phosphate are estimated to be depleted by 2050 (Vance

et al. 2003). Improvement of plant P uptake from phytate

will not only reduce the input and negative environmental

impacts of chemical fertilizers but also could remove

excessive organic P from certain land areas with extensive

poultry industry. The approach of overexpressing secretory

phytase could be applied to other crops to improve plant

nutrient, growth and phytoremediation, and will thus have

significant impacts on sustainable agriculture.

The potato-produced phytase with broad pH optima

is an ideal feed additive

Phytase stable and active in an acidic environment is

essential for the hydrolysis of phytate in animal gastro-

intestinal tracks. In the present study, the optimal pH for

phytase activity in transgenic potato tubers shifted from

an original single peak of 4.5 (Golovan et al. 2000) to a

bi-hump peak of 2.5 and 5.5 (Fig. 5a), similar to that seen

in germinated transgenic rice seeds (Hong et al. 2004).

The phytase in transgenic potato tubers had high activities

over the pH range 1.5–6.0. One possible explanation for

the high activity at broader pH ranges could be due to

structural changes of the bacterial phytase expressed in

plants. The fungal phyA phytase expressed in alfalfa has a

shifted pH optima for maximal enzyme activity compared

with the native phytase, where a difference in enzyme

glycosylation has been proposed for the altered pH optima

(Ullah et al. 2002). Three potential glycosylation sites

were present in appA phytase, but whether the enzyme is

glycosylated in transgenic potato tubers is not known. The

broad and acidic optimal pH profiles of the phytase

expressed in potato tubers would allow the enzyme to

function well in both the stomach and small intestine of

animals, and are essential features for any potential use as

feed additives. The temperature optima profiles (50–60�C)

of phytase expressed in potato tubers were similar to the

native form phytase (Golovan et al. 2000), indicating that

the shift of pH optima is independent of the thermo-

tolerance of the enzyme.

Our studies indicate that the potato-produced phytase is just

as effective as the commercially available microbial phytase

in increasing the bioavailability of phytate-P to weanling pigs.

Previous studies have indicated that an increase in Ca/P ratio

could inhibit pig growth, particularly in terms of average daily

gain and feed efficiency (Cera and Mahan 1988; Bertram et al.

1994; Liu et al. 1998). However, in the present study, sup-

plementing either microbial or potato-produced phytase to

pigs fed the low P diet, with Ca/P ratios of 1.53 and 1.69

compared with the control group diet with a Ca/P ratio of 1.27,

both average daily gain and feed efficiency were improved.

Additionally, in comparison with the low P diet, phytase

supplement improved dietary P utilization, resulting in higher

serum P and better bone strength (Table 3). Therefore, results

of our animal feeding studies indicated that the supplemen-

tation of microbial and potato-produced phytase to pigs fed

low P diet improves dietary P utilization and growth perfor-

mance. The lower requirement of potato-produced phytase

compared to microbial phytase for diet supplementation could

be due to higher specific activity, broader low pH optima, and

higher protease resistance (Cheng et al. 1999; Golovan et al.

2000), and likely protection by potato tuber tissues in the

animal digestive system.

In summary, our studies have demonstrated several

unique features: (1) high activity of the sweet potato

sporamin promoter in potato making this promoter an ideal

alternative choice for expressing recombinant proteins in

transgenic potato tubers; (2) high-level expression of

phytase with high activity over broad pH ranges making

potato tubers a suitable phytase carrier; (3) promising

results of animal feeding tests indicating that transgenic

potato tubers containing recombinant phytase are an effi-

cient feed additive; (4) expression of secretory phytase in

transgenic potato improving P utilization and increasing

size, number and yield of potato tubers when organic fer-

tilizers containing phytate as a sole P source.
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