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ABSTRACT

Inositol phosphates are the main form of phosphorous (P) storage in legume seeds. Mutants low in inositol hexaphos-
phate (IP6), also known as phytic acid (PA), have been developed to increase iron (Fe) bioavailability and reduce P
waste to the environment. The objectives of this study were to determine 1) inositol-P form changes during germina-
tion, and 2) the effect of P fertilizer application on seed PA, total P, and Fe concentration of three field pea (Pisum sa-
tivum L.) cultivars and two low-PA lines grown under greenhouse conditions. Low-PA field pea lines clearly had lower
PA (1.3 - 1.4 mg-g ") than cultivars (3.1 - 3.7 mg-g™"). Phytic acid concentration in both cultivars and low-PA lines de-
creased during germination, but tended to increase seven days after germination. Levels of inositol-3-phosphate-phos-
phate (IP3-P; 0.6 mg-g") and inorganic P (1.8 - 2.0 mg-g ") were higher in low-PA lines than in the field pea cultivars.
Reduction of PA in low-PA line seeds may reduce seed Fe and total P concentrations, as levels in the low-PA lines (37 -
42 mg-kg™' Fe; 4003 - 4473 mg-kg ™' total P) were typically less than in field pea cultivars (37 - 55 mg-kg ' Fe; 3208 -
4985 mg-kg ™' total P) at different P fertilizer rates. Overall, IP3 is the major form of P present in low-PA field pea lines
during germination; however IP6 is the major form of P present in field pea cultivars. Therefore, low-PA field pea lines
could be a potential solution to increase Fe bioavailability, feed P utilization, and reduce P waste to the environment.
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1. Introduction

Phytic acid (PA), myo-inositol 1,2,3,4,5,6-hexakis (di-
hydrogen phosphate) or phytate, is a naturally occurring
phosphorous (P)-rich compound formed during seed
maturation [1]. Phytic acid accounts for 60% - 80% of
the total P present in seeds, and is the primary source of
P during germination [1]. The phosphates in PA chelate
with essential mineral micronutrients such as iron (Fe)
and zinc (Zn) and reduce mineral bioavailability to hu-
mans and animals. For example, poultry and swine feed
grain P is in the phytic acid-P (PA-P) form and is ex-
creted as phosphate complexed minerals; therefore, mono-
gastric animal feeds must be supplemented with bioavail-
able P and minerals or phytase enzyme supplements for
the animals to utilize P and mineral nutrients [2]. Beyond
nutritional implications, PA-derived P in animal waste is
a major environment pollution issue in the United States,
Europe, and elsewhere [3]. However, recent studies in-
dicate that PA may have significant health benefits with
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respect to preventing kidney stone formation, diabetes,
caries, atherosclerosis, coronary heart disease, and a
range of cancers [4]. Therefore, the negative nutritional
and environmental concerns associated with PA are some-
what balanced by the positive health benefits it demon-
strates as an antioxidant or anticancer agent. Optimizing
the level of PA and other inositol phosphates in seeds is
required to maximize nutritional and health benefits
while reducing P waste to environment.

To reduce problems associated with PA in animal feed,
nonlethal recessive mutants with low seed PA levels
have been identified in maize (Zea mays L.; [5]), barley
(Hordeum vulgare L.; [6]), rice (Oryza sativa L.; [7]),
wheat (Triticum aestivum L.; [8]), common bean (Phase-
olus vulgaris L.; [9]), and field pea (Pisum sativum L.;
[10]). These low-PA mutants produce seeds that have
normal levels of total P; however, their PA-P is 50% -
90% lower than regular cultivars [1,7]. It is argued that
low-PA mutants are able to uptake inorganic P and trans-
locate it to the developing seed, yet chemical mutagene-
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sis has reduced conversion of this P into PA-P in the
seeds [1]. The overall PA-P reduction evident in chemi-
cal mutants may be the result of increased inorganic P
synthesis or increases in both inorganic P and myo-ino-
sitol with five or fewer P esters per molecule [2,11]. No
detailed information regarding the inositol phosphate
composition of either mature or germinating seeds of PA
mutants of any crop has been reported to explain the ob-
served PA reduction.

Field pea is a cool season pulse crop domesticated
about 9000 years ago and more recently cultivated in
North America and Europe. Significant land area has
recently been added to field pea in the Northern Plains
region of the USA, including North Dakota, South Da-
kota, and eastern Montana. Over the last two decades, the
pulse production area in North Dakota has increased
from less than 10,000 acres to nearly 900,000 acres [12].
The USA is one of the major field pea exporters in the
world, and the production of other pulses continues to
increase. Field peas are rich in protein (20% - 30%) and
an excellent source of dietary fiber, slowly digestible
carbohydrates, essential amino acids, and polyunsatura-
ted fatty acids. They are also a rich source of bioavailable
essential minerals and vitamins [13,14]. Field pea grown
in North Dakota has moderate concentration of PA (4.9 -
7.1 mg-g "' of PAor 1.4 -2.0 mg-g " of phytic-P) despite
very high total P concentrations (3.5 - 5.0 mg-g ") [14].
Two low-PA field pea mutants, namely 1-150-81 and
1-2347-144, were recently developed in Canada [10] in
response to the proposal that PA reduction in staple food
crops may serve to increase mineral bioavailabilities of
populations deficient in mineral micronutrients [15].

P fertilization has a positive effect on PA concentra-
tion in mature seeds. In soybean (Glycine max L.), PA
increased linearly from 4.2 to 19.2 mg-g ' as fertilizer P
treatment varied from 2 to 50 mg-L™" [16]. Nikolopoulou
et al. [17] also found that total soil P level positively in-
fluences PA concentration in field pea and chickpea (Ci-
cer arietinum L.). However, no data are available to
compare field pea cultivars to low phytate lines and de-
termine the different inositol-P forms during germination
and the effect of P fertilizer application on seed PA, total
P, and Fe concentrations. The objectives of this study
were thus to determine 1) changes in inositol-P forms
during germination and 2) effects of P fertilization on
seed PA, total P, and Fe concentrations of three field pea
cultivars and two low-PA field pea lines grown under
greenhouse conditions.

2. Materials and Methods
2.1. Materials

Standards, chemicals, and high-purity solvents used for
PA extraction, high performance liquid chromatography
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(HPLC) analysis, and micronutrient analysis (Fe and P)
were purchased from Sigma Aldrich Co. (St. Louis, MO)
and Alfa Aesar—A Johnson Matthey Company (Ward
Hill, MA) and used without further purification.

2.2. Germination Study

Field pea cultivars for the germination study included
three cultivars (CDC Striker, CDC Golden, and DS Ad-
miral) and two low-PA mutant lines (1-150-81 and
1-2347-144; [10]. The cultivars were chosen based on
their current use in the USA and Canada, and the poten-
tial for follow-up genetic studies based on contrasting
biochemical profiles. Fifteen surface sterilized seeds
from each field pea cultivar and line were placed on ster-
ile petri dishes with absorbent paper saturated with mil-
lipore water. Germination was conducted in a dark
wooden box at 22°C. A total of 60 Petri dishes were ran-
domly distributed in three similar wooden boxes. Har-
vesting was conducted 0, 1, 3, and 7 days after germi-
nation for each cultivar with three replicates. Every sec-
ond day, the absorbent paper was saturated with 2 - 3 mL
of millipore water. Each harvest day, seeds from 15 Petri
dishes were harvested, weighed, oven dried at 40°C for
several days to a constant weight, and stored at —20°C
until further analysis. This entire experiment was re-
peated once under the same conditions.

2.3. Greenhouse Study

Fifty seeds from each of the three field pea cultivars and
two lines were pre-germinated for 7 days using condi-
tions similar to those described above. Three of these
pre-germinated seeds from each field pea cultivar or mu-
tant line were sown in 6” plastic pots filled with ap-
proximately 300 g of a peat-perlite-vermiculite mixture
(Sunshine Grow Mix Number 1, Sun Gro Horticulture
Canada Inc, ON, Canada). The soil in each pot was satu-
rated with deionized water, allowed to drain overnight,
and then the weight of each pot recorded. At seeding,
pots were at 70% field capacity. Greenhouse conditions
(North Dakota State University (NDSU) Greenhouse
Complex, Fargo, USA) were as follows: day/night tem-
peratures of 22°C/16°C; photosynthetically active radia-
tion levels of 300 pmol m s using a 16 h photoperiod
beginning at 0600 local time, and 50% - 60% relative hu-
midity. A total of 60 pots were seeded: three replicates of
the five genotypes at four different P fertilizer rates ap-
plied at seeding {0 (control) and 10, 20, and 40 mg-kg '
P}. Pots were watered to approximately 70% of free
draining moisture content every day and 250 mL of nu-
trient solution were added to all pots every two weeks, as
per standard procedures for field pea at the NDSU Pulse
Quality and Nutrition program. Nutrient concentrations
of the all-purpose 20-20-20 fertilizer solution (Plant Pro-
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ducts Co. Ltd., Brampton, ON, Canada) were 20% total
N, 20% total P, 20% soluble K, 0.02% B, 0.05% chelated
Cu, 0.1% chelated Fe, 0.05% Mo, 0.05% Zn, and 1%
EDTA. As field pea plants do not grow in the Sun Gro
potting medium without addition of P fertilizer (Pulse
Quality and Nutrition personal experience), control plants
received the regular nutrient solution but not additional P
fertilizer. Plants were thinned to two per pot after emer-
gence and allowed to grow for 43 days, by which time all
plants had begun flowering and thus received a second P
fertilizer treatment, as described above. At physiological
maturity, all plants were hand harvested and air dried
(40°C), then the weight of biomass was recorded. Plants
were then threshed, the total seed weight per plant re-
corded, and seeds stored at —20°C until further analysis.
This entire experiment was repeated once.

2.4. Inositol P and PA Extraction and
Quantification

Field pea seed samples were prepared using a modified

PA extraction method described by Thavarajah et al. [18].

Ten mL of 0.5 M hydrochloric acid (HCI) were added to
powdered field pea samples (100 mg), and then the flasks
placed in a boiling water bath with stirring for 5 min.
After centrifugation (4000 x g, 3 min), PA-cations were
complexed by the addition of 1.5 mL of 12 M HCIL
Analysis of PA was achieved using high performance
anion exchange chromatography (HPAEC) with conduc-
tivity detection (CD) (ICS-5000 Dionex, Sunnyvale, CA,
USA). Briefly, an Omnipac Pax-100 anion exchange
column (250 mm x 4 mm I.D.), in series with an Omni-
pac Pax-100 (8 um) guard column, was employed for PA
separation (Dionex, Sunnyvale, CA, USA). A gradient
mobile phase with a flow rate of 1.0 mL-min"' was ap-
plied using the following eluents: (A) 200 mM sodium
hydroxide; (B) deionized water-isopropanol (50:50, v/v);
and (C) water. The gradient elution was 0 to 13 min B
6% and C 12%, 13.1 to 30.0 min B 30% and C 2%, 30.1
to 43 min B 56% and C 2%, and 43.1 to 65 min B 61%
and C 8%. Prior to PA detection, eluents were suppressed
by an anion suppressor (ASRS® 300, 4 mm: Dionex,
Sunnyvale, CA, USA). Pure PA standards were used to
produce a calibration curve for peak identification and
quantification; the detection limit was 5 mg-L™". Low-PA
laboratory reference samples were used periodically to
ensure measurement consistency (CDC Redberry = 4.5 +
0.1 mg-g"' and CDC Robin = 4.6 = 0.1 mg-g'). Error
tolerance for all lab reference samples was <0.1%.

2.5. Total P and Fe Extraction and
Quantification

Total P and Fe concentrations in field pea seeds were
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determined using a previously described modified HNOs-
H,0, method [19]. Ground seed samples (500 mg) were
digested in nitric acid (70% HNOs3) at 90°C for 1 h. Sam-
ples were further digested with hydrogen peroxide (30%)
before being diluted to 10 mL with nano-pure water. Fe
concentrations were measured using inductively coupled
plasma emission spectroscopy (ICP-ES; ICP-6500 Duo,
Thermo Fisher Scientific, Pittsburg, PA, USA). Total Fe
measurements using this method were validated using
National Institute of Standards and Technology (NIST)
standard reference material 1576a (wheat flour; [P] =
1340 + 100 mg-kg'; [Fe] = 14.1 + 0.1 mg-kg ). A ho-
mogenized laboratory reference mate- rial (CDC Red-
berry: P = 3505 + 100 mg-kg'; Fe = 64 mg-kg ') was
also used periodically for quality control. A calibration
curve for Fe concentration was produced using serial
dilutions from 0.5 to 5.0 mg-L™". Phytic acid-P concen-
tration was calculated from the weight ratio of P atoms
per molecule of phytic acid (1:3.56). Inositol 3 phos-
phate-P concentration was calculated from the weight
ratio of P atoms per molecule of IP3 (1:4.52).

2.6. Statistical Analysis

For the germination study, the experimental design was a
completely randomized design with five pea cultivars,
three replicates per cultivar, and four harvesting dates.
Data from replicates were combined and data error
variances tested for homogeneity. For combined analysis,
a mixed model analysis of variance was performed using
the PROC GLM procedure of SAS version of 9.3 [20],
with genotype, harvest days, and the interaction between
genotype and harvest days as the class variables, and the
term including the runs of the experiment defined as a
random factor. A separate analysis of variance was per-
formed for each harvest day to examine the effect of pea
genotype on inositol-P forms (IP3 and IP4) and PA con-
centrations. Means were separated by Fisher’s protected
least significant difference (LSD) at p < 0.05.

For the greenhouse study, the experimental design was
a randomized complete block design with five pea culti-
vars, three replicates per cultivar, and four P fertilizer
rates. Data from replicates were combined and data error
variances tested for homogeneity. For combined analysis,
a mixed model analysis of variance was performed as
above, with genotype, P fertilizer rate, and the interaction
between genotype and P fertilizer rate as the class vari-
ables, and the term including the runs of the experiment
defined as a random factor. A separate analysis of vari-
ance was performed for each P fertilizer rate on pea
genotype effect for PA, total P, and Fe concentrations as
described above. Means were separated by Fisher’s pro-
tected least significant difference (LSD) at p < 0.05.
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3. Results
3.1. Germination Study

Our results indicate low-PA field pea lines suffer no sig-
nificant effects with respect to germination percentage
(99%), seed viability (99%), weight of total plant bio-
mass (12 - 15 g of biomass per pot), and seed weight (5 -
8 g of seeds per pot) compared to field pea cultivars
grown under the same greenhouse conditions.

Before germination (day 0), the two field pea lines
1-2347-144 and 1-150-81, had IP3 concentrations sig-
nificantly higher (2.9 and 3.2 mg-IP3-g', respectively)
than the cultivars (range 2.0 - 2.3 mg-g '-IP3) (Table 1).
Mutant line IP3 concentrations were also significantly
higher than field pea cultivars both 1 and 7 days after
germination (Table 1). On day 3, IP3 concentrations in
low-PA field pea line 1-2347-144 and CDC Striker be-
gan a decreasing trend; however, IP3 concentrations be-
gan to increase in low-PA line 1-150-81, CDC Golden,
and DS Admiral. IP4 concentrations were very low (0.01
mg-g"') during seed germination and throughout the
study for all five cultivars studied (data not shown). Be-
fore germina- tion (day 0), field pea cultivars had sig-
nificantly higher PA concentrations (3.1 - 3.7 mg-g ' of
PA) than the low-PA field pea lines (1.3 - 1.4 mg-g ")
(Figure 1). As ex- pected, PA concentration decreased 1
day after germina- tion; however, PA appears to increase
by day 3 or 5 for most lines (Figure 1). Overall, the PA
concentration de- creased over time from day O values
for all field pea cul- tivars and lines except line 1-150-81.

Combined analysis for different P forms and total P
indicates low-PA lines have significantly lower PA-P
(0.3 - 0.4 mg-g™") and higher IP3-P (0.6 - 0.7 mg-g ")
concentrations than the cultivars (0.7-0.9 mg g ' PA-P;
0.4-0.5 mg-g' IP3-P) (Figure 2). Total P concentration

Table 1. Inositol-3-phosphate (IP3) concentration for seeds
of three field pea cultivars and two low-PA lines during
germination.

IP-3 concentration in seeds at different harvest

Cultivars days (mg-g )"
0 1 3 7
1-2347-144 29a 2.6a 2.4 ab 25a
1-150-81 32a 25a 29a 25a
CDC Golden 23b 19¢ 23 ab 19¢
CDC Striker 22b 2.0 be 19b 15d
DS Admiral 2.0b 2.1b 2.5 ab 2.1b
Mean 2.5 22 2.4 2.1
SE® 0.1 0.1 0.1 0.1

*Means within a column followed by different letters are significantly dif-
ferent at p < 0.05. bSE, pool standard error of means calculated from
ANOVA for each harvest day (n = 30).
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Figure 1. Phytic acid concentration of the seeds of three
field pea cultivars and two low-PA lines during germina-
tion.
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Figure 2. Different P forms (inorganic, IP6-P, IP3-P, and
IP4-P) in the seeds of three field pea cultivars and two
low-PA lines during germination. Data from combined sta-
tisti- cal analysis for all harvesting days (n = 120).

ranged from 2.4 mg-g "' for CDC Golden to 2.7 mg'g '
for CDC Striker, DS Admiral, and 1-2347-144, to 2.9
mg-g' for 1-150-81. As expected, both low-PA lines had
significantly higher inorganic-P concentrations than the
field pea cultivars (Figure 2).

3.2. Greenhouse Study

Application of additional P fertilizer did not greatly in-
crease PA concentrations in field pea seeds except at the
10 mg-kg™"' of P rate for the low-PA lines and CDC
Striker (Table 2). The low-PA lines had significantly
lower PA concentrations than all three cultivars at all of
the P fertilizer rates considered. In the controls, CDC
Golden had a significantly higher PA concentration (14.1
mg-g ") than DS Admiral (10.6 mg-g™'), CDC Striker
(7.9 mg-g "), and the two mutant lines (2.3 - 2.7 mg-g ).
CDC Golden also had the highest PA concentration for
all P fertilizer treatments (12.3 - 14.1 mg-g™'); low-PA
lines had the lowest concentrations (2.3 - 3.5 mg-g ).
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Table 2. Response of phytic acid, total P, and Fe concentra-
tion in field pea seeds to P fertilizer for three field pea cul-
tivars and two low-PA lines under greenhouse conditions.

Phytic acid (IP6) (mg-g )"

Cultivars Fertilizer rate (mg-kg ")
0 (control) 10 20 40
DS Admiral 10.6 b 9.9 ab 103 b 11.5a
CDC Striker 79c¢ 8.8b 6.0c 6.4b
CDC Golden 14.1a 12.6a 129a 123 a
1-2347-144 2.3d 35¢ 2.7d 26¢
1-150-81 2.7d 30c 2.5d 29¢
Mean 7.5 7.6 6.8 6.8
SE 0.3 0.4 0.3 0.3
Total P (mg-kg ')
Cultivars Fertilizer rate (mg-kg ")
0 (control) 10 20 40
DS Admiral 4985 a 4485 a 4462 ab 4259 be
CDC Striker 4189 b 4272 ab 4552 a 4640 a
CDC Golden 3208 ¢ 3626 ¢ 4095 be 4105 ¢
1-2347-144 4274 b 4116 b 4003 ¢ 4240 be
1-150-81 4179b 4062 b 4062 ¢ 4473 ab
Mean 4167 4167 4234 4343
SE 73 73 60 41
Fe (mg-kg™')*
Cultivars Fertilizer rate (mg-kg ')
0 (control) 10 20 40
DS Admiral S53a 53a S55a S55a
CDC Striker 44b 46 b 48b 44b
CDC Golden 38¢ 38¢ 37b 38b
1-2347-144 41 be 43 be 37b 42b
1-150-81 40 be 40 ¢ 41b 37b
Mean 43 43 44 43
SE 1 1 1 1

"Means within a column followed by different letters are significantly dif-
ferent at p < 0.05. "SE, pool standard error of means calculated from
ANOVA for P fertilization rate (n = 30).

Mean total P concentration among seeds of the field
pea cultivars and low-PA lines increased with increasing
P fertilizer rates (from 4167 to 4343 mg-kg'); however
low-PA lines had significantly lower total P concentra-
tions at P fertilizer rates of 10 and 20 mg-kg ' than the
cultivars. In the controls, DS Admiral had significantly
higher seed P concentration than all other field pea culti-
vars and lines; at higher P fertilizer rates (20 and 40
mg-kg™"), CDC Striker had significantly higher seed P
concentration than all other tested cultivars and lines
(Table 2).
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Seed Fe concentration was largely unaffected by in-
creasing P fertilizer rates. Mean seed Fe concentration
among field pea cultivars and lines ranged from 43 to 44
mg-kg' (Table 2). DS Admiral had a significantly
higher Fe concentration (53 - 55 mg-kg ") than the others
(37 - 43 mg-kg ") regardless of P fertilizer rate (Table 2).

4. Discussion

myo-Inositol is a cyclic sugar alcohol derivative of glu-
cose in the plant pyrophosphate pathway. Different myo-
inositol forms, including IP3, IP4, and IP6 or PA, have
been identified in plants. Human diets rich in PA can
significantly decrease the bioavailability of numerous
minerals. Therefore, low-PA mutants were developed as
a solution to increase mineral bioavailability in both hu-
man food and animal feed and to reduce P pollution to
the environment. Several low-PA mutant lines have been
developed for different cereal crops [2,21]; low-PA mu-
tants of field pea have ~60% less PA-P (1.0 - 1.1 mg-g ")
and more inorganic P (1.0 - 1.1 mg-g"") than commercial
cultivar CDC Bronco (2.5 mg-g' PA-P; 0.25 mg-g
inorganic P;) [10].

Raboy et al. [22] demonstrated that altering PA levels
of soybean seeds had no detectable effect on germination
or viability. This study clearly indicates that low-PA field
pea lines have more IP3-P and less [P6-P (PA) than field
pea cultivars; cultivars and lines had similar IP-4 con-
centrations. The low-PA lines also had significantly
higher inorganic P concentrations than the cultivars.
Thus, low-PA lines appear to achieve their low-PA levels
without notable changes in the profiles of other inositols
or total P.

Seed PA plays three physiological roles; it is a P stor-
age form, an energy source, and is critical to dormancy
survival and germination, wherein the germinating seed
hydrolyzes PA to inorganic P [2,23]. After germination,
PA levels dropped by day 3 but began to increase again
by day 7. Similarly, IP3 concentrations rapidly decreased
by day 1 and further decreased 7 days after germination.
These results are similar to reports by Williams [23] for
wheat and Raboy et al. [22] for soybean. However, com-
parison of changes in other inositol P forms was not pos-
sible; previous studies did not report other inositol P
forms. Moreover, myo-inositol P identification and quan-
tification can be carried out by different analytical pro-
cedures, but most research quantifying PA in plants has
utilized colorimetric procedures with or without separa-
tion of different inositol P forms [1,10,24]. At present,
HPAEC-CD provides the best means to separate and
quantify different inositol P [18,25]. The current study
results based on HPAEC-CD analysis indicates IP3, IP4,
and IP6 are the only inositol forms detectable in the
study samples.

AJPS



Changes in Inositol Phosphates in Low Phytic Acid Field Pea (Pisum sativum L.) 255
Lines during Germination and in Response to Fertilization

Total P in seeds and plant materials can generally be
represented by the sum of inorganic phosphates and
inositol phosphates. Despite comparable levels of total P
to cultivars, low-PA mutants have higher levels of inor-
ganic P. Similar results were reported for field pea [10]
under field conditions and for soybean [22] under green-
house conditions. This confirms the success of cautious
efforts towards PA reduction, which proceeded with cau-
tion due to concerns regarding limiting impacts on seed
germination and the ability of seeds to produce biomass.

Biofortification of most commonly eaten foods with
essential mineral micronutrients (e.g., Fe, Zn, calcium
(Ca), magnesium (Mg)) has been viewed as a food-based
solution to reduce deficiencies in these micronutrients
[15]. Mineral biofortified crops have been developed and
pulses naturally biofortified with Fe, Zn, and selenium
(Se) are available from the USA and Canada [26]. How-
ever, biofortification can only be meaningful when the
biofortified minerals are bioavailable. Removal of anti-
nutrient factors through PA reduction has been under-
taken to increase mineral bioavailability [15]. The results
of the current study confirm that low-PA mutants are low
in PA; this alone is a positive factor for improving min-
eral bioavailability in human diets. In addition, the in-
corporation of low-PA field pea in animal feed should
lead to increased mineral and P utilization and a reduc-
tion of P waste to the environment.

Soil P levels are positively correlated with PA accu-
mulation in mature seeds of cereals and legumes [16,17].
In soybean, a single gene was identified for P uptake
under low P soil levels [27]. Raboy and Dickinson [16]
reported four-fold PA level increases in soybean result-
ing from P fertilizer treatments. In the two low-PA field
pea lines, the greatest increase in PA occurred at the
lowest P fertilization rate evaluated (10 mg-kg '); how-
ever, total P levels decreased at intermediate P fertiliza-
tion rates (10 and 20 mg-kg ') and increased at the high
P fertilizer rate (40 mg-g™') (Table 2). Overall, low-PA
field pea lines may have high P fertilizer use efficiency;
however, further research is required to confirm this ob-
servation.

In summary, low-PA field pea lines have reduced PA
levels with higher levels of IP3 than field pea cultivars.
In addition, agronomic performances during germination
were similar to cultivars. Therefore, utilization of low-
PA field pea in human food and animal feeds may further
increase mineral bioavailabilities. Future mineral bioa-
vailability studies using low-PA field pea should be con-
ducted to test the true efficacy of PA reduction in in-
creasing human mineral bioavailabilities and feed P utili-
zations.
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