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Abstract Alfalfa (Medicago sativa L.) is one of the

most widely grown crops in the USA. Phosphate

(P) deficiency is common in areas where forage crops

are grown. To improve the use of organic phosphate

by alfalfa, two Medicago truncatula genes, phytase

(MtPHY1) and purple acid phosphatase (MtPAP1),

were overexpressed in alfalfa under the control of the

constitutive CaMV35S promoter or the root-specific

MtPT1 promoter. Root enzyme activity analyses

revealed that although both genes lead to similar

levels of acid phosphatase activities, overexpression

of the MtPHY1 gene usually results in a higher level of

phytase activity than overexpression of the MtPAP1

gene. The MtPT1 promoter was more effective than

the CaMV35S promoter in regulating gene expression

and extracellular secretion under P-deficient condi-

tions. Measurement of growth performance of the

transgenic lines further proved that the best promoter–

gene combination is the MtPHY1 gene driven by the

MtPT1 promoter. Compared to the control, the plants

with high levels of transgene expression showed

improved growth. The biomass of several transgenic

lines was three times that of the control when plants

were grown in sand supplied with phytate as the sole P

source. When the plants were grown in natural soils

without additional P supplement, the best performing

transgenic lines produced double the amount of

biomass after 12 weeks (two cuts) of growth. Trans-

gene effects were more obvious in soil with lower pH

and lower natural P reserves than in soil with neutral

pH and relatively higher P storage. The total P

concentration in leaf tissues of the high-expressing

transgenic lines was significantly higher than that of

the control. The transgenes have great potential for

improving plant P acquisition and biomass yield in

P-deficient agricultural soils.
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Introduction

The essential element phosphorus (P) is one of the

least available soil nutrients for plant growth (Rag-

hothama and Karthikeyan 2005). For nitrogen-fixing

legume species such as alfalfa (Medicago sativa L.),

P is the major limiting nutritional element. Because

plants can only absorb inorganic forms of P from soil,

the major portion of soil P is not available to plants.

The concentration gradient of inorganic phosphate

(Pi) from soil to plant cells exceeds 2,000-fold, with an

average Pi concentration of 1 lM, which is well below

the Km for plant uptake (Vance et al. 2003). Therefore,

P is frequently the most limiting element for plant

growth and development (MacDonald et al. 2011;

Vance et al. 2003).

In agriculture, Pi deficiency in soil is countered by

the application of P fertilizer; however, the process is

inefficient because up to 80% of the applied P fertilizer

can be immobilized into forms other than orthophos-

phate before plant uptake (Holford 1997). Application

of phytate-containing manure from non-ruminant

animals and the decay of plant seeds and vegetative

tissues also contribute significant amounts of organic

phosphate (Po) to soil (Turner et al. 2002). As such,

soil accumulates a large amount of Po, accounting for

50–80% of the total P in soil, of which up to 60–80% is

inositol hexakisphosphates, also known as phytate

(Dalal 1977; Turner et al. 2002). Because of their

dense negative charges, soil phytates are primarily

immobilized as insoluble salts or adsorbed into soil

colloids, which prevents them from being biodegraded

(Giaveno et al. 2010; Lung et al. 2008) and results in

excessive P loading of prime agricultural land (Vance

et al. 2003). Run-off from P-loaded soils to aquatic

environments results in eutrophication and damage to

ecosystems.

The development of crops with improved P

uptake ability, which can maintain high productivity

with reduced inputs of P fertilizer, will thus provide

substantial environmental and economic benefits.

One way that plants adapt to P deficiency is to

increase the secretion of acid phosphatases (APases),

which catalyze the breakdown of phosphomonoesters

with low pH optima (Vincent et al. 1992; Yang and

Finnegan 2010). However, in general this adaptive

response can secrete only a limited amount of APase

to hydrolyze Po in the rhizosphere and the Pi

released through this mechanism is often not

sufficient for plant growth (Hayes et al. 1999;

Richardson et al. 2000).

Hydrolytic enzymes that catalyze the stepwise

phosphate splitting of phytate or phytic acid are

collectively known as phytases (Brinch-Pedersen et al.

2002). Based on amino acid sequence similarities and

catalytic mechanisms, at least four phytase families

have been classified, including histidine acid phos-

phatase (HAP), purple acid phosphatase (PAP),

b-propeller phytase (BPP), and cysteine phosphatase

(Chan et al. 2006; Lei et al. 2007).

One strategy to increase phytase activities in the

rhizosphere, and thus promote P assimilation from

soil, is to overexpress phytase genes in plant roots. To

date, several genes have been tested using this

strategy, including a HAP phytase gene (phyA) from

Aspergillus niger, a BPP phytase gene (168phyA) from

Bacillus subtilis, a synthetic phytase gene (PHY),

a phytase gene (MtPHY1) from M. truncatula and

a purple acid phosphatase gene (MtPAP1) from

M. truncatula. These genes have been introduced into

different plant species, including Arabidopsis thali-

ana, tobacco (Nicotiana tabacum L.), potato (Solanum

tuberosum L.), subterranean clover (Trifolium subter-

raneum L.) and white clover (Trifolium repens L.)

(George et al. 2005a, b, 2004; Lung et al. 2005; Ma

et al. 2009; Mudge et al. 2003; Richardson et al. 2001;

Xiao et al. 2005, 2006a; Yip et al. 2003; Zimmermann

et al. 2003). In general, expression of these phytase or

acid phosphatase genes led to improved P nutrition

and enhanced growth performance when Po was

supplied as the sole P source.

However, in all the above cases, studies were

performed on agar or sand medium, or laboratory

amended soil supplemented with Po. When transgenic

plants were grown in natural soils without Po supple-

ment, expression of a fungal phytase gene did not

improve plant P nutrition (George et al. 2005b).

Encouragingly, a recent study found that constitutive

expression of an Arabidopsis APase gene (AtPAP15)

increased soybean seed yield under natural soil condi-

tions (Wang et al. 2009). However, since the transgene

was constitutively expressed and the APase activity of

both old and young leaves was significantly increased

under P stressed conditions, the yield increase of

the transgenic plants may be mainly due to enhanced

internal P use efficiency through releasing Pi from

stored phytate/organic P in the shoots, rather than

increased P uptake from the soil (Wang et al. 2009).
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Alfalfa is the fourth most widely grown crop in the

USA behind corn, wheat and soybeans (Bouton 2007).

A recent study revealed that P deficits are common

in areas growing alfalfa and other forage crops

(MacDonald et al. 2011). The yield and persistence

of alfalfa is highly affected by P nutrition (Berg et al.

2009). In order to improve P uptake in alfalfa, we

produced large numbers of transgenic plants express-

ing the MtPHY1 gene and the MtPAP1 gene. Both

genes were isolated from the model legume M. trun-

catula, a close relative of alfalfa. The transgenes were

expressed either under control of the constitutive

CaMV35S promoter, or under the control of a

phosphate transporter (MtPT1) promoter. It has been

documented that the MtPT1 promoter leads to root-

specific and low-P inducible expression of transgenes

(Xiao et al. 2006b). Plants with high levels of

transgene expression were identified by enzyme

activity assays and their growth performance in sand

culture. Significant improvement in biomass produc-

tion was achieved when the plants were grown under

natural soil conditions without any supplemental

P. The effects of different genes, promoters and signal

sequences were compared to provide information

on their utility for potential transgenic strategies to

improve plant P nutrition.

Materials and methods

Gene constructs and genetic transformation

of alfalfa

A phytase gene (MtPHY1) and an acid phosphatase

gene (MtPAP1) were isolated from M. truncatula (Xiao

et al. 2005, 2006a). The genes were placed under the

control of a constitutive CaMV35 promoter or a root-

specific low-P inducible MtPT1 promoter (Xiao et al.

2006b). A patatin signal sequence was used to replace

the native signal sequence of the MtPAP1 gene. In the

present study, six chimeric gene constructs were used,

including A: 35S::MtPHY1; B: MtPT1::MtPHY1; C:

35S::MtPAP1; D: MtPT1::MtPAP1; E: 35S::sp0::
MtPAP1; and F: MtPT1::sp0::MtPAP1.

Binary vectors containing the herbicide resistance

gene (bar) and the chimeric genes were transferred

into the Agrobacterium tumefaciens strain C58 and

then transformed into alfalfa (Regen SY-4D) using

leaf explants (Austin et al. 1995). All the explants were

collected from a single plant line (single genotype).

Briefly, leaf tissues were infected with Agrobacterium

(OD600 = 0.4–0.5) for 30 min and then transferred

onto a solid co-cultivation medium containing

100 lM acetosyringone (ACROS Organics, Morris

Plains, NJ, USA) for 3 days. The leaf explants were

then transferred to selection medium containing 0.3%

(w/v) phosphinothricin (PPT) with routine transfers to

fresh medium every 2 weeks. Transgenic plants

were obtained about 6 months after callus induction.

The regenerated plantlets were transferred to the

greenhouse once they were well rooted.

Identification of transgenic plants

DNA was isolated from leaf tissue with the DNeasy

plant mini kit (Qiagen, Valencia, CA, USA) following

the manufacturer’s protocol. Transgenic plants were

first identified using polymerase chain reaction (PCR)

with a pair of primers (forward 50-CCGTACCGA

GCCGCAGGAAC-30 and reverse 50-CAGATCTCG

GTGACGGGCAGGAC-30) amplifying the bar

sequence and then confirmed with PCR amplification

of the cDNA sequences of MtPHY1 or MtPAP1. The

primers used for the amplification of MtPHY1 were

50-CACACTGGATGGACCTT-30 (forward) and 50-T
TACAAGTCACATTATAGAGAAGC-30 (reverse).

The primers used for the amplification of MtPAP1

were 50-GGCAGAACTAGTACTTTTGT-30 (forward)

and 50-CCACAACTCATGTTTCCCAT-30 (reverse).

All PCR reactions were implemented with the GoTaq

kit (Promega, Madison, WI, USA) following the

manufacturer’s instructions.

For Southern hybridization analysis, genomic DNA

was isolated from leaf tissues of greenhouse-grown

plants following the CTAB procedure (Lichtenstein

and Draper 1985). DNA was digested with the

restriction enzyme HindIII, which cleaves only once

in the binary vector. Twenty micrograms of DNA from

each sample were digested overnight and blotted after

separation on 1% (w/v) agarose gel. The hybridization

probe was [32P]dCTP-labeled using the RadPrime

DNA Labeling System (Invitrogen, Carlsbad, CA,

USA), and unincorporated nucleotides were removed

by passing through ProbeQuantTM G-50 Micro Col-

umns (Amersham Biosciences, Piscataway, NJ, USA).

Gel electrophoresis, DNA blotting and hybridiza-

tion were carried out following standard protocols

(Sambrook et al. 2001).
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Reverse transcription PCR

Root samples were harvested from P-stressed plants

14 days after treatment. Total RNA was isolated from

root samples using TRI reagent (Molecular Research

Center, Inc., Cincinnati, OH, USA). The RNA samples

were treated with DNase I (Invitrogen) to remove any

potential genomic DNA contamination. RNA concen-

trations were estimated by measuring absorbance at

260 nm followed by visual inspection in agarose gels.

Reverse transcription PCR (RT-PCR) was performed

using the SuperScriptTM III one-step RT-PCR kit

(Invitrogen) with the addition of an internal control,

the QuantumRNATM universal 18S internal standard

(Ambion, Austin, TX, USA). The reaction was

prepared following the manufacturer’s instructions

with minor modifications. Briefly, RT-PCR was

performed in a 25-ll reaction containing 20 ng of

total RNA, 0.2 lM of each forward and reverse

primer, 0.1 lM universal 18S primer pairs and

0.26 lM of 18S competimers. The ratio (1:2.6) of

the universal 18S primers to the competimers was

determined after several tests, allowing comparable

amplifications of the 18S rRNA and the target

transcripts. The amount of total RNA and the number

of PCR cycles were also determined empirically in

order to control the amounts of products to be within

the linear range of amplification. The reaction was

initiated with reverse transcription at 55�C for 30 min,

followed by 94�C for 3 min and 35 cycles of PCR

amplification (94�C for 45 s, 50�C for 45 s and 72�C

for 60 s) with a final extension at 72�C for 5 min. All

RT-PCR experiments were repeated twice. The reac-

tion products were resolved by electrophoresis on 1%

(w/v) agarose gels containing ethidium bromide.

Enzyme extraction from P-stressed roots

Enzyme activities of transgenic alfalfa plants were

assayed using whole root extract and root apoplastic

sap. All root samples were collected from sand culture

after 2 weeks of P stress. The root sample from each

plant was collected individually and split into two

equal samples, with one for APase extraction and the

other for phytase extraction.

The whole root extract was obtained by grinding

*0.5 g cleaned fresh roots in a mortar and pestle

with 5 ml of APase or phytase extraction buffer

followed by centrifugation (Eppendorf Refrigerated

Multipurpose 5810R) at 2880g for 15 min at 4�C. The

extraction solution used for the phytase assay was the

MES/Ca buffer (15 mM MES, 0.5 mM CaCl2, pH 5.5)

containing 1 mM EDTA (Richardson et al. 2001). The

APase extraction buffer contained 100 mM sodium

acetate (pH 5.5), 20 mM CaCl2, 1 mM dithiothreitol

and 1 mM phenylmethylsulfonyl fluoride (Gilbert

et al. 1999).

The root apoplastic sap was expelled from roots

using a simplified version of the centrifugation method

(Yu et al. 1999). Roots were cleaned with Milli-Q

water, blotted dry, cut into *1-cm segments, and

subsequently collected into 0.5-ml Eppendorf tubes

with a hole punched (B-D 21G needle) at the bottom of

each tube. The root segments were positioned parallel

to the tube wall with cut ends pointing to the bottom of

the tube. The 0.5-ml tubes were then inserted into

2.0-ml collection tubes and centrifuged at 3,000g for

15 min at 4�C. To avoid dilution from water residue

and contamination from the cytosol of injured cells at

the cut ends, the first collection was discarded and new

collection tubes were used after a short spin (1 min).

The collected root sap samples were used immediately

for activity assays.

Enzyme activity assay

The control and the transgenic plants from all six

constructs were analyzed in parallel for both phytase

activities and APase activities. The activity of phytase

was measured using phytate from rice (Sigma,

St. Louis, MO, USA) as the substrate (Richardson

et al. 2001). Briefly, 250 ll of crude root extract or

10 ll of root apoplastic sap was added to a total

reaction volume of 500 or 100 ll, respectively, of the

MES/Ca buffer containing 2 mM phytate. The reac-

tion was incubated at 27�C for 60 min and was

terminated by the addition of an equal volume of 10%

trichloroacetic acid (TCA). The reaction mixture was

then processed for a color reaction, which allows for

quantification of the released Pi compared to standard

dilutions of KH2PO4 (Kim and Lei 2005). The Pi

concentration was measured by reading the absor-

bance at 820 nm after color development with fresh

color reagent at 50�C for 15 min (Kim and Lei 2005).

Six replicates were performed for the analysis.

The activity of APase was assayed using p-nitro-

phenyl phosphate (pNPP, Sigma) as the substrate

(Gilbert et al. 1999). The activity was measured with
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an APase assay kit (Sigma) using either 100 ll of

crude root extract or 10 ll of apoplastic sap, following

the manufacturer’s instructions. A total reaction

volume of 1 ml was prepared for each sample and

incubated at 37�C for 30 min. The reaction was

stopped with 2 ml of 0.5 M NaOH, and the released Pi

was measured by quantifying the equimolar liberation

of p-nitrophenol spectrophotometrically at 405 nm

compared to standard p-nitrophenol solutions. Data

given are the results of six replicates.

Enzyme activity was calculated as pmol per mg

protein per min (pmol/mg/min) for both APase and

phytase activities. The protein concentrations were

determined using Bio-Rad DC protein assay reagent

with bovine serum albumin as standard (Bio-Rad,

Hercules, CA, USA).

Plant propagation

The transgenic plants as well as the original source

plant (Regen SY-4D) were all vegetatively propagated

by cuttings in the greenhouse. Thus, all plants are

genetically homogeneous across all analyses. After

4 weeks, plantlets with similar sizes were selected and

re-potted for different treatments and analyses.

Plant growth for P-stressed root sample collection

For P-stressed root samples for RNA isolation and

enzyme activity assays, plantlets propagated from

vegetative cuttings were first grown in sand pots. After

enough root mass had developed, the plantlets were

re-potted with fresh sand and supplied with a nutrient

solution that lacked P. Root samples were collected for

RNA isolation or enzyme activity assays 2 weeks after

P-stressed treatments.

Plant growth in sand supplied with Po

The control and selected lines from each gene

construct were planted in 11.5-cm sand pots with

one plant in each pot. The plants were supplied with a

nutrient solution containing one-third strength MS

nutrients (Murashige and Skoog 1962), but using Po

instead of Pi. The Po used was phytate isolated from

rice as myo-inositol hexaphosphoric acid dodecasodi-

um salt (Sigma). Each pot was fertilized weekly with

10 ml nutrient solution for the first 3 weeks and with

15 ml per week afterwards. The plants were grown in

growth chambers under a day/night regime of 25/20�C

and 14/10 h in fluorescent light (240 lE m-2 s-1).

Total dry weight (DW) of the above-sand tissues was

measured 6 weeks after cultivation. The DW was

obtained after oven-drying for a week at 65�C. Four

replicates were done for all selected transgenic

individuals as well as the control.

Plant growth in soils without any P supplement

Plants were grown in 20-cm pots filled with natural

soil in growth chambers. Two soil types were

collected: soil 1 is acidic (pH 5.0) with a sandy loam

texture and relatively low Pi and total P storage; soil 2

is close to neutral (pH 6.7) with a loam texture

and moderate P reserve. The details of the two soil

types, as analyzed by a private analytical lab (Ward

Laboratory, Kearney, NE, USA) are provided in

Table 1. Plantlets with similar leaf and root mass

were planted in the soils with one in each pot. For the

first 3 weeks after planting, the plants were watered

only with distilled water without any nutritional

supplement. In the following weeks, plants were

provided each week with 15 ml of one-third-strength

MS nutrients, but without any forms of P. Thus, at later

stages of growth, the only nutrient deficiency that

plants could encounter would be P stress if the original

soil did not have adequate P reserves. The components

of the non-P-containing nutrient solution applied to the

Table 1 Characterization of the two soils used in the present

study

Soil 1 Soil 2

Location Vashti, TX Ardmore, OK

Soil series Bonti Durant

Soil texture Sandy loam Loam

Total P (mg P kg-1) 159.5 299.0

Extractable P (mg P kg-1) 2.6 10.9

Organic matter (%) 1.0 3.7

Soil pH 5.0 6.7

Nitrate—N (mg N kg-1) 1.4 10.2

Potassium (mg K kg-1) 51.5 166.0

Calcium (mg Ca kg-1) 356.0 1,704.0

Magnesium (mg Mg kg-1) 99.0 332.0

Sodium (mg Na kg-1) 12.0 15.0

Aluminum (mg Al kg-1) 53.6 0.5

Sum of cations (mEq/100 g) 8.4 11.9
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two soils are the same, but with different pH. In order

to maintain the original soil pH levels throughout the

growth period, the pH values of the non-P-containing

nutrients were adjusted to their original soil pH levels,

i.e. 5.0 and 6.7 for soil 1 and soil 2, respectively. For

biomass evaluation, two cuts were performed. The first

cut was done 8 weeks after planting, and the second

cut was taken 4 weeks after the first cut. Dry weights

of the two cuts for each plant were recorded separately.

The experiment had six replications.

Measurement of total P

The second cut tissues from plants grown in the soil

were used for total P measurement. Leaves (100 mg)

were collected in 13 9 100 mm glass tubes and 50 ll

of 10% Mg(NO3)2 solution was added to each tube.

The samples were dried and ashed by shaking over

strong flames until the brown fumes disappeared. The

ash samples were dissolved in 1.5 ml of 0.5 M HCl

and used for Pi determination by colorimetric assay at

OD820 (Ames 1966). Data given are the result of four

replicates.

Data analysis

Data are presented as mean ± standard error (SE),

except where noted. Regression lines are given where

correlation analyses are presented. Details of addi-

tional significance tests are provided in the Electronic

Supplementary Material Tables for plant screening

studies, such as enzyme activity assays and sand

growth tests. Least significant difference (LSD) tests

were performed for comparisons between transgenic

individual plants and the control. Group mean tests

were used to compare different constructs that involve

various genes, promoters or signal peptides. Differ-

ences in slope were used to compare two regression

lines. All of the above statistical analyses used

Student’s t test for significance.

Results

Transgenic expression of MtPHY1 and MtPAP1

genes in alfalfa

Two MtPHY1 gene constructs [35S::MtPHY1 (A)

and MtPT1::MtPHY1 (B)] and four MtPAP1

constructs [35S::MtPAP1 (C), MtPT1::MtPAP1 (D),

35S::sp0::MtPAP1 (E) and MtPT1::sp0::MtPAP1 (F)]

were introduced into alfalfa by Agrobacterium-med-

iated transformation. The chimeric genes were

expressed under control of the constitutive CaMV35S

promoter or the root-specific MtPT1 promoter (Xiao

et al. 2006b). In addition, the patatin signal sequence

(sp0) was introduced to replace the native signal

peptides of the MtPAP1 gene. Forty to sixty alfalfa

plants were regenerated for each gene construct.

The regenerated plants were screened by PCR

amplification of the bar gene and the MtPHY1 or

MtPAP1 sequence. The transgenic nature of the plants

was confirmed by Southern hybridization analysis

using genomic DNA digested with HindIII, an enzyme

that has only one cleavage site in the T-DNA region.

To avoid cross-hybridization, a bar gene fragment was

labeled as the probe. Hybridization bands were

observed in all transgenic plants analyzed, and most

plants contained a single band (Suppl. Fig. 1a). The

presence of hybridization bands of different sizes

revealed that the plants were independent transfor-

mants and that the transgenes were stably integrated

into the plant genome. Since all explants used for

transformation were from a single genotype which has

been maintained through vegetative propagation, all

transgenic plants and the control should have an

isogenic background.

To test the expression levels of the MtPHY1 or

MtPAP1 genes in transgenic alfalfa, the transgenic and

control plants were grown in sand pots under

P-stressed conditions. Root tissues were collected for

RNA isolation 14 days after P-deficient treatment.

RT-PCR analysis revealed various levels of expres-

sion among different individuals (Suppl. Fig. 1b).

No obvious difference was observed between different

gene constructs, since each construct has individuals

covering a broad range of gene expression levels from

low to high. Representative transgenic lines were

selected for enzyme activity assays of root APase and

phytase.

Based on RT-PCR analysis, a total of 60 transgenic

plants from the six gene constructs were chosen for

enzyme activity assays. In order to better understand

the substrate preference of the released enzymes, both

phytase and APase activities were measured for each

plant, regardless of the chimeric gene (MtPHY1 or

MtPAP1) used. The assays were carried out using

phytase and APase extracts from the root tissues after
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2 weeks of growth under P-deficient conditions.

In addition, all analyses were done in parallel using

both whole root extract and root apoplastic sap of each

plant, in order to check extracellular secretion of the

enzymes.

Root APase activities of the transgenic MtPHY1

and MtPAP1 plants

APase catalyzes the breakdown of phosphomono-

esters, and thus the APase activity of the extracted

enzyme should represent its general ability to

degrade most forms of organic phosphate. In the

present study, the APase activities were measured

using pNPP and the results are plotted in Fig. 1 (for

statistical details see Suppl. Table 1). For whole root

extract, it is evident that APase activities of almost

all transgenic plants (except for B4, C3, C7 and E7)

were higher than that of the control, though large

variations exist among different transgenic lines

(Fig. 1a, b, Suppl. Table 1a). The average transgenic

enzyme activity showed an approximately threefold

increase and the highest (plant B5 of Fig. 1a)

activity was 4.4-fold that of the control. Out of

the 60 transgenic plants, 11 (A4, B5, B6, B9, B11,

D2, D8, E5, E8, F4 and F8) showed an activity
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Fig. 1 APase activity of transgenic and control (CTL) alfalfa

plants. The first letter of each plant name represents the gene

construct used for producing the transgenic line. a Activities of

whole root extracts of the MtPHY1 plants. b Activities of whole

root extracts of the MtPAP1 plants. c Activities of root saps of

the MtPHY1 plants. d Activities of root saps of the MtPAP1
plants. e Activity correlation between whole root extracts and

root saps of the MtPHY1 plants. f Activity correlation between

whole root extracts and root saps of the MtPAP1 plants. Data are

presented as means ± SE (n = 6)
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increase of greater than fourfold compared to the

control (Fig. 1a, b).

When root sap was used for enzyme assays, the

difference in APase activity between the transgenic

lines and the control was more evident (Fig. 1c, d,

Suppl. Table 1c). All the transgenic lines showed

much higher APase activities than the control with an

average 5.7-fold increase in activity in the root sap.

The highest lines (A10, B9, D7 and F4) had a more

than 8.0-fold increase in APase activity compared to

the control. No significant difference in secretion

efficiencies was found between the native and the

patatin signal peptide (sp0) sequences (P = 0.1494

and 0.9438, group mean tests of CD vs. EF in Suppl.

Tables 1b and 1d).

The two promoters also showed different effects for

both MtPHY1 and MtPAP1 constructs. The starting

transgenic population size was very similar between

different constructs, and the plants carrying transgenes

driven by the MtPT1 promoter showed higher enzyme

activities than the plants carrying 35S-promoter-

driven transgenes (P = 0.0660 and 0.0328, group

mean tests of ACE vs. BDF in Suppl. Tables 1b and

1d). For example, the average APase activity in root

extracts of the 14 MtPT1-promoter-driven MtPHY1

plants was 708 pmol/mg/min, and the corresponding

value of the 14 35S-promoter-driven MtPHY1 lines

was 622 pmol/mg/min (Fig. 1a).

To examine the extracellular secretion of the

expressed enzymes, the correlation between APase

activities in whole root extracts and the activities in

root sap was analyzed (Fig. 1e, f). Statistical tests

indicated that APase activities of whole root extracts

are significantly related to the activities in root sap

(P = 0.0056 or smaller) for all gene constructs

(Fig. 1e, f, Suppl. Tables 1e and 1f). However, a

stronger and more significant correlation was observed

between root extracts and root saps for the MtPT1

promoter plants (r2 = 0.7167 or 0.7734, P \ 0.0001)

compared to the 35S promoter plants (r2 = 0.4857 or

0.6033, P = 0.0056 or 0.0004) for both MtPHY1 and

MtPAP1 constructs (Fig. 1e, f, Suppl. Tables 1e and

1f). Noticeably, while the slope is similar (P =

0.7833) between 35S and MtPT1 of MtPHY1 plants

(Fig. 1e), the slope is significantly different

(P = 0.0141) between the 35S and the MtPT1

promoters of MtPAP1 plants (Fig. 1f). This implies a

much more efficient APase translocation to the

apoplastic space when the MtPAP1 gene was

controlled by the MtPT1 rather than the 35S promoter

(Suppl. Tables 1e and 1f).

Both transgenic MtPHY1 and MtPAP1 plants were

able to produce APase effectively under low P

conditions and there was no significant difference in

overall APase activities between the MtPHY1 and the

MtPAP1 plants (P = 0.7940 and 0.9969, group mean

tests of AB vs. CDEF in Suppl. Tables 1b and 1d).

Root phytase activities of transgenic MtPHY1

and MtPAP1 plants

Since phytate is the most abundant P species in soil,

it is essential to know how effectively phytate can be

degraded by the enzymes expressed by the two

transgenes, MtPHY1 and MtPAP1. Phytase activities

were measured using the substrate phytate for both

genes (Fig. 2, Suppl. Table 2).

All the transgenic plants showed higher phytase

activities than the control, in both whole root extracts

and root apoplastic saps, although activities in some

whole root extracts were not significantly different

from that of the control (Fig. 2a–d, Suppl. Tables 2a

and 2d). However, an obvious difference in phytase

activity was observed between the two genes although

this difference was not seen in the APase activity

assay. The transgenic MtPHY1 plants generally

showed higher phytase activities than the MtPAP1

plants for both whole root extracts and root apoplastic

saps (Fig. 2a–d), suggesting that phytate can be more

easily degraded by MtPHY1 than by MtPAP1, even

though they have similar levels of APase activities.

For example, in whole root extracts, the average

phytase activity of MtPHY1 plants was 2.8 times that

of the control and the highest phytase activity (line B5)

was 4.8 times that of the control, while average

phytase activity of the MtPAP1 plants was 2.1

times that of the control, and the highest phytase

activity (line F4) was 3.7 times that of the control

(Fig. 2a, b).

Similar to APase activities, phytase activities in

root apoplastic saps were much higher than in whole

root extracts. The average phytase activities showed

5.9- and 5.2-fold increases compared to the control for

MtPHY1 and MtPAP1 plants, respectively. The high-

est phytase activities in root apoplastic saps were 9.1

(line B5) and 7.7 times (line F4) that of the control

for the MtPHY1 and MtPAP1 genes, respectively

(Fig. 2c, d). This increased phytase activity in root sap
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collections compared to whole root tissue extracts

again suggested that the expressed enzymes were

extracellularly secreted to the rhizosphere. A strong

correlation was also seen between phytase activities of

root extracts and sap collections (Figs. 2e, f, Suppl.

Tables 2e and 2f).

Correlation between APase and phytase activities

in MtPHY1 and MtPAP1 plants

The above analyses showed that the transgenic plants

expressing MtPHY1 or MtPAP1 all have both APase

and phytase activities. It is interesting to know the

relationship between APase and phytase activities

(between Figs. 1, 2) for each gene because the

substrate preferences of the two expressed enzymes

are different.

The correlations between APase and phytase

activities of the two genes are plotted in Suppl.

Figure 2 (detailed in Suppl. Table 3). APase activity

is highly correlated with phytase activity for both

MtPHY1 and MtPAP1 (Suppl. Tables 3a and 3b). The

R2 values of the APase and phytase activities are 0.84

and 0.71 in the whole root extracts, and 0.71 and 0.60

in the root saps for MtPHY1 and MtPAP1 genes,

respectively. Therefore, a good estimation of phytase
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Fig. 2 Phytase activity of transgenic and control (CTL) alfalfa

plants. The first letter of each plant name represents the gene

construct used for producing the transgenic line. a Activities of

whole root extracts of the MtPHY1 plants. b Activities of whole

root extracts of the MtPAP1 plants. c Activities of root saps of

the MtPHY1 plants. d Activities of root saps of the MtPAP1
plants. e Activity correlation between whole root extracts and

root saps of the MtPHY1 plants. f Activity correlation between

whole root extracts and root saps of the MtPAP1 plants. Data are

presented as means ± SE (n = 6)
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activity can be obtained by measuring APase activity

in a transgenic plant.

The difference in data distribution for the two genes

is evident in Suppl. Fig. 2, especially in Suppl. Fig. 2a.

The slope of the correlation line for the two enzyme

activities for MtPHY1 is significantly steeper than that

of MtPAP1 (P \ 0.0001 for whole root extracts and

P = 0.0446 for root apoplastic saps; Suppl. Tables 3a

and 3b); the MtPHY1 gene also has many more data

points distributed in the upper space than the MtPAP1

when enzyme activities were measured with both root

extracts and sap (Suppl. Fig. 2). The results again

clearly showed that phytase activities are usually

higher in MtPHY1 plants than in MtPAP1 plants when

they have similar levels of APase activities (Suppl.

Fig. 2). For example, the APase activities in root

extracts of lines B5 and F4 were very close, at 978 and

973 pmol/mg/min (Fig. 1a, b), respectively, but their

phytase activities were significantly different, at 42 and

32 pmol/mg/min (Fig. 2a, b), respectively. On aver-

age, when the APase activity levels were close between

MtPHY1 and MtPAP1 transgenic lines, phytase activ-

ities of MtPAP1 plants were about 25% lower in root

extracts and 10% lower in root saps when compared to

those of MtPHY1 plants (Suppl. Tables 3).

Growth performance of transgenic alfalfa in sand

supplied with phytate

Transgenic alfalfa plants with relatively high enzyme

activity were selected for a growth test in sand under

controlled nutrient conditions. Four or five plants were

selected from each of the MtPHY1 and MtPAP1

constructs. Throughout the growth period, the plants

were supplied with modified MS nutrients (Murashige

and Skoog 1962) using Po (phytate) instead of Pi; thus

the growth performance of a plant in a sand pot should

be highly correlated with its ability to use phytate as its

source of P. The above-sand tissues were collected for

dry weight evaluation 6 weeks after planting (Fig. 3,

Suppl. Table 4). Although large biomass variations

were observed between different transgenic plants, the

total dry weight for most of the transgenic lines was

higher than that of the control. Plants carrying the

MtPT1-MtPHY1 gene construct generally grew better

than the other constructs because of the combination

of the MtPT1 promoter and the MtPHY1 gene (as

illustrated in Suppl. Tables 1 and 2). While many

transgenic plants showed an approximately twofold

increase in dry weight compared to the control, the dry

weights of several transgenic plants, including A10,

B5, B6, B9, B11, D4 and F4, were about three times

that of the control (Fig. 3). All the lines that showed

high biomass in sand had high levels of enzyme

activities, indicating a direct relationship between

transgene expression, enzyme activity and biomass

accumulation.

Growth performance of transgenic alfalfa

in natural soils

Selected transgenic plants were grown in natural soils

collected from two different field locations. The soils

represent two soil textures (sandy loam and loam),
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different soil pH (5.0 and 6.7), different extractable

(Mehlich III) or plant-available P (2.6 and 10.9 mg P

kg-1), and total P levels (160 and 299 mg P kg-1),

as detailed in Table 1. These differences between

soils are common in the southern Great Plains. For

example, sandy soils typically have lower soil pH and

less available nutrients compared to loam soils. The

available P in soil 1 is very low for adequate plant

growth, and soil 2 is moderately low in P for optimal

alfalfa production.

Plantlets of the selected lines were grown in the two

soils without any supplemental P throughout the

growth period. Since the starting plantlets were very

small, it was assumed that nutrients in the soil should

be sufficient for the initial growth and establishment,

and thus no nutrients were applied during the first

3 weeks of growth, allowing consumption of the

reserved nutrients in the soils. A non-P-containing

nutrient solution was applied to each soil starting in the

fourth week after planting to ensure that the plants

were not stressed by lack of any other nutrient

components. Thus, the only nutrient deficit that could

limit plant growth is P deficiency.

The biomass of each plant was calculated by

combining dry weights of two cuts during the test

period (Fig. 4). The first cut was done 8 weeks after

planting, and the second cut was taken after another

4 weeks of regrowth after the first cut.

The overall results showed a difference in growth

performance between the two soil types (Fig. 4).

However, a good correlation was observed between

growth in soil 1 and other analyses such as root

enzyme activities and growth performance in sand

(Fig. 4a). For example, the best-performing five plants

(A10, B9, D8, E8 and F4) in soil 1 all demonstrated

high root enzyme activities and generally showed

better growth in sand pots. This consistent perfor-

mance from enzyme activities, growth in sand and

growth in soil 1 indicated that the transgenes played

their expected roles in soil 1. The dry weight of the

most improved line (B9) doubled that of the control. In

soil 2, the transgene effect was less obvious, even

though several transgenic lines showed higher total

biomass than the control. Compared to the control, the

best performer in soil 1 (B9) showed a 31% increase in

biomass production when it grew in soil 2 (Fig. 4b).

Comparison of the two soil conditions (Table 1)

revealed that at least two factors, pH and the amount

of P reserve, could affect the effectiveness of the

transgenes. The pH of soil 1 is 5.0, within the optimal

pH range for APase or phytase enzyme functionality in

general; however, the pH of soil 2 is close to neutral (pH

6.7), which is not an ideal working pH for the enzymes.

It is important to note that soil pH 6.7 (soil 2) is optimal

for alfalfa production, while the low soil pH 5.0 (soil 1)

will limit alfalfa production because nutrients, espe-

cially P, become limiting at extreme soil pH levels. The

pH of each soil was maintained throughout the growth

period because the non-P-containing nutrient solution

applied to each soil was pH-adjusted to the same level

as the original pH of the soil. As a result, the enzymes

released from the root in soil 1 consistently had a better

working pH condition than in soil 2. In addition, the

total P reserve in soil 1 is about half that of soil 2; in

particular, the free P (Pi) concentration of soil 1 is only

about a quarter that of soil 2 (Table 1). Consequently,

the plants grown in soil 1 showed better transgene

effects when compared to the control because they

encountered more severe P stress; this stress may

induce earlier and/or higher transgene expression than

in the plants grown in soil 2, especially for the low-P

inducible promoter MtPT1. In other words, the trans-

genic effects in soil 2 were less apparent due to greater P

reserves in the soil, though many other factors could

also affect growth of the plants.

Total P concentrations of the plants grown

in natural soils

Total P concentrations were measured using the

second-cut leaf tissues harvested from the soil-grown

plants. The P concentrations of five transgenic lines

and the control were measured and are shown in

Fig. 4c. While several transgenic plants showed a

significant increase in total P concentration in both

soils, the transgene effect in soil 1 was again more

pronounced than in soil 2. Compared to the control P

concentration, the two plants with highest P concen-

trations (B5 and B9) in soil 1 increased 51 and 56%. In

soil 2, the increases in P concentration of the two best-

performing plants (A4 and B9) were 13 and 22%,

respectively.

Discussion

It has been shown that expression of MtPHY1 and

MtPAP1 in Arabidopsis led to improved utilization
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of Po in MS medium (Xiao et al. 2005, 2006a).

However, the effectiveness of these two genes could

not be compared because they were analyzed in two

different studies. In addition, substrate preferences of

the genes were not documented, as only one substrate

was used in each study. Though the predicted amino

acid sequence of MtPHY1 is distant from that of

MtPAP1, with only 34% shared identity (Xiao et al.

2006a), a recent study suggested that both MtPHY1and

MtPAP1 belong to the purple acid phosphatase (PAP)

family (Lung et al. 2008). Therefore, it is interesting to

further characterize the two genes and compare their

effectiveness in P acquisition. In the present study, the

two genes were transformed into alfalfa, one of the

most valuable crops in the USA. Although alfalfa

is an outcrossing species, the explant we used for
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transgenic alfalfa and control plants in two types of soils without
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transformation was vegetatively propagated from a

single genotype, and thus all transgenic plants have an

isogenic background.

The results clearly demonstrate that while trans-

genic MtPHY1 and MtPAP1 plants have similar

abilities to cleave pNPP, the MtPHY1 plants degrade

phytate more effectively than the MtPAP1 lines.

Therefore, MtPHY1 has enhanced phytate preference

and will be more useful in agriculture than MtPAP1.

These results were further supported by the growth

performance in sand and soils, especially in soil 1,

where MtPHY1 plants generally grew better than

MtPAP1 plants when the transgenes were expressed

under the control of the same promoter. Since phytate

was the only substrate in sand and the major substrate

in soils, the difference in substrate preference between

the two enzymes may also explain why there was a

better correlation in plant growth between sand and

soils for MtPHY1 lines than for MtPAP1 lines.

Two promoters, a root-specific low-P inducible

MtPT1 promoter and a constitutive 35S promoter,

were compared in this study. Although both promoters

successfully directed over-expression of MtPHY1 or

MtPAP1 in alfalfa, the MtPT1 promoter was found to

be more effective in regulating gene expression and

extracellular secretion under P-deficient conditions.

When enzyme activities were at similar levels in the

whole root extracts, their activities in root saps were

generally higher if the transgenes were controlled by

the MtPT1 promoter. This consistent tendency of the

two genes suggests a more effective enzyme translo-

cation from intracellular to extracellular space if the

transgenes were driven by the MtPT1 promoter rather

than the 35S promoter. Considering the results of the

promoter comparisons, it is evident that the best

transgene combination should be the MtPHY1 gene

driven by the MtPT1 promoter. Indeed, transgenic

lines bearing the MtPT1-MtPHY1 construct generally

grew better than plants carrying the other gene

constructs.

The presence of a signal peptide has been shown to

play an important role in directing secreted enzymes to

the apoplast (Li et al. 1997; Richardson et al. 2001).

The MtPHY1 and MtPAP1 genes contain native signal

sequences. A patatin signal sequence was used in the

MtPAP1 constructs to compare its effectiveness with

the native signal sequence. Significant increases of

enzyme activities in root apoplasts compared to whole

root extracts indicated that the enzymes accumulated

mainly in the extracellular space due to the presence of

the signal peptides. The patatin signal and the native

signal sequences showed similar efficiency in direct-

ing extracellular secretion of the enzymes to the

rhizosphere.

Most previous work on expressing phytase or

APase genes used model plant species (George et al.

2005a, b, 2004; Lung et al. 2005; Mudge et al. 2003;

Richardson et al. 2001; Xiao et al. 2005, 2006a; Yip

et al. 2003), and most growth data were obtained by

growing transgenic plants on laboratory agar medium,

hydroponics and sand cultures with supplemented Po

(George et al. 2005a, b, 2004; Lung et al. 2005; Ma

et al. 2009; Mudge et al. 2003; Richardson et al. 2001;

Xiao et al. 2005, 2006a; Yip et al. 2003; Zimmermann

et al. 2003). However, despite the ability to accumu-

late more P in agar medium or phytate-amended soils,

transgenic plants expressing a fungal phytase gene did

not show improved P acquisition when grown in

unamended P-deficient soils (George et al. 2005b).

Therefore, it is imperative to test transgene effects in

real agricultural soil. The only report on soil testing of

transgenic plants showed that constitutively over-

expressing an APase gene improved soybean yield,

but the yield increase was mainly due to increased

internal P use efficiency rather than enhanced P

acquisition from the soil (Wang et al. 2009). In the

present study, the use of a root-specific promoter,

MtPT1, excluded the possibility of affecting internal

translocation of P from shoots. In fact, the root-

specific promoter was more effective in improving P

uptake compared to the constitutive promoter. This

study thus clearly demonstrated, for the first time, that

transgenic expression of phytase and APase genes

leads to improved P acquisition from natural agricul-

tural soils.

The effects of transgenes varied with the type of

soils tested. The pH level, the amount and form of P

storage and the soil texture affected the P utilization of

the transgenic plants. Since optimal pH for the

enzymes is below neutral, the effects of the two genes

should be higher in acidic soils, as exemplified in soil

1. P deficiency often occurs in acidic soils, which are

prevalent in many areas of the world. The transgenes,

particularly the MtPT1-MtPHY1 combination, should

prove useful for improving P uptake in acidic soils,

allowing farmers to reduce P inputs while retaining

high yields, and reducing P runoff from agricultural

soils.
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