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Abstract

Phosphorus (P), phytic acidwo-inositol hex&isphosphate or Insdp and mineral storage were studied in grains homozygous for barley
(Hordeum vulgare L.) low phytic acid (Ipa) mutations nametpal-1, M 635, M 955, andpa2-1. In wild-type (WT) grain both the embryo
and rest-of-grain (aleurone layer) contained about 10 and 90% of whole-grain total P and Ins P. Most of the inositol phosphate (Ins P) was
phytic acid. Proportional reductions in both embryo and aleurone layer Ins P contributed to whole-grainddgdfons in M 635 and M
955, with little effect on embryo or aleurone layer total P. In terms of total P these mutations show no grain-tissue-specificity. In contrast,
whole-grain Ins B reduction inlpal-1 andlpa2-1 is solely or largely aleurone layer specific.|pal-1 the distribution of total P shifted
in part, from rest-of-grain to embryo, with a net reduction in total P. Electron microscopy showed a general reduction, as compared with
WT, in electron-dense globoids in both aleurone and scutellum cells in all mutants épa2{it, whose globoid morphology appeared
indistinguishable from WT. Energy-dispersive X-ray analyses of P, K, Mg, Ca, Fe, and Zn indicated that, generally, relative levels were similar
in mutant and WT aleurone layer and scutellum tissues. Likely inorganic P fodpd grains is stored as salts of K and Mg, as is lgsrP
WT grain.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction [5]. When viewed with the transmission electron micro-
scope, these globoids are naturally-electron-dense. Phytate

Phytic acid (nyo-inositol-1,2,3,4,5,6-hedXdsphosphate  deposits are also observed to occur transiently in various
or Ins R) is the main storage form of phosphorus (P) in tissues and subcellular compartments during grain devel-
seeds/grains, where it frequently accounts for 1% or more opment[6,7]. Thus phytate deposition is thought to play
of the dry weight and 50-80% of the total[P-4]. Phytic an important role in storage and homeostasis of both P and
acid is an effective chelator of cations. It is deposited in some other mineral nutrients during grain development and
seeds/grains as phytate salts of mineral cations such as Kmaturation.
Mg, Ca, Fe, Zn and Mn. Such salts are called phytate. In  There is considerable interest ow phytic acid (Ipa)
mature grains phytate is organized into spherical inclusions mutants of major seed crops since such seeds may: (1) be
called globoids that are in turn found within protein bodies more nutritious because of improved bioavilability of P, Ca,
Fe and Zn when seeds/grains are eaten by man and other
monogastric animals, and (2) reduce P pollution of ground-
fax: 11-905.522-6066. watgr an_d surface waters by reduc_ing Pin _marﬁa}eLow

E-mail address: lott@memaster.ca (JN.A. Lott). phytic acid mutants, such as those isolated in m3g€l0],

1 present address: BASF Corporation, Research Triangle Park, Nc fice [11], soybear{12,13] barley[14-16]and whea{17],
27709-3528, USA. also provide a valuable study system to aid understanding
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of: (1) the synthetic pathways of Ins phosphates in devel- grass species including barley are composed of endosperm
oping grains, (2) how electron-dense globoids form, and (3) and germ (embryo axis and scutellum) regions surrounded
the maintenance of homeostasis of P and several minerals irby outer protective pericarp/testa lay¢p2]. Barley grain
cells. For example, the maitga2 gene encodes a variant of anatomy is illustrated if22]. While the bulk of the en-
the Ins(1,3,4) B5-/6-kinase gene famil{l8]. This enzyme dosperm is the starchy endosperm, the outermost part of the
was first characterized in studies of mammalian cells as act-endosperm forms the aleurone layer, which in barley is typ-
ing in vivo on a substrate derived from Ins(1,4,5) i turn ically two to three cells thick22,23] The scutellum, which
the product of the canonical phosphatidylinositol phosphate is the biggest portion of the embryo, is a storage structure
pathway[19]. Study of developindpa2 maize grain pro-  for the germ (embryo) and absorbs nutrients released from
vided evidence that synthesis of Ing proceeds, at leastin  the endosperm. The embryo and aleurone layer cells are
part, via phosphatidylinositol phosphate early-intermediates, rich in lipid bodies and protein bodieg4—-26] Protein
rather than solely via a step-wise phosphorylation of soluble bodies in barley aleurone layer and embryo cells contain
inositol phosphate$20,21] A reduced function mutation  phytate-rich globoid$25,27,28] Greater than 80% of the
in a soybean sequence encoding-anyo-inositol-3-R syn- Ins B in small grains like barley is localized in the aleurone
thase (MIPS), the enzyme that converts glucose 6-P to Ins(3)layer with the remainder in the germ, whereas the reverse
P1, results in both reduced grain phytate and reduced grainis observed with maiz§29]. The research reported here
raffinosaccharidefl2]. This provides genetic evidence that provides a major addition to our understandind e mu-
de novo, seed-specific synthesis of Ins(3) B critical to net tant barley grains in that it investigated the composition of
seed phytate accumulation. mineral nutrient stores and the structure of phosphorus-rich
Dry, non-mutant or wild-type (WT) barley grains contain deposits in embryo and aleurone layer cells to determine if
about 0.38% total P and 1.02% Ing & a whole-grain dry  they were affected in the same way by the diffel@atmu-
weight basig4]. In the homozygous condition the four bar- tations. The evidence we present is consistent with globoids
ley Ipa mutations studied herépal-1 (formerly M 422), in the Ipa mutant grains being a mixture of Ing,FPi, per-
M 635, M 955 andlpa2-1 (formerly M 1070), result in haps other inositol phosphates with less than six phosphate
whole-grain Ins B reductions of 50-60, 70-75, 90-95 and groups, as well as other plant mineral nutrients such as K,
50-60%, respectivel8,14]. In M 635 and M 955 the reduc- Mg, Ca, Fe and Zn.
tions in whole-grain Ins fare matched almost entirely by
increases in grain inorganic phosphate (Pi). Baha2-1 is
phenotypically similar to the two alleles of the maipa2
locus in that reductions in whole-grain Ing Bre accom-
panied by increases in both Pi and specific inositol phos-
phates (Ins P) with five or fewer phosphate esters, primar-
ily Ins(1,2,3,4,6) B and Ins(1,2,4,6) P (and/or its enan-
tiomer Ins(2,3,4,6) P since the methods used here do not
distinguish between enantiomefdy]. These lower inosi-
tol phosphates are not called phytic acid but functionally act
like phytic acid in that they serve as a store of inositol and
P, in addition to providing binding sites for various cations.
Initial analyses of barleypal-1 indicated that Ins dre-
ductions appeared to be accompanied solely by increase
in Pi [16]. However, more recent HPLC assd€l] indi-
cated that while decreases in Ing iR barleylpal-1 grain
were largely accompanied by increased Pi, there was also2.2. Preparation of grain fractions for chemical analyses
a small but reproducibly detectable increase in the same
Ins R that accumulates in barldpa2-1, Ins(1,2,3,4,6) £ Normal appearing and undamaged grains were separated
Thus these four barlelpa mutations provide a model con- into two fractions, the “embryo” and the “rest-of-grain” por-
sisting of a set of mutations whose effects on grain P and tions. To slightly soften the grain so that embryo removal
Ins P range from relatively moderatipg1-1) to extreme  was precise the grains were soaked for 2—5 h in 90% ethanol.
(M 955), and whose grain phenotypes indicate that theseThis procedure was selected since phytate is not soluble in
mutations alter two or more steps in the Ins and Ins P 90% ethanol but some tissue swelling ocdia@]. Analysis
pathways. of the ethanol soaking solution revealed that very little P, in
In research reported here four barléga mutations any chemical form, was released.
[8,14,16]were used to study the effect of perturbing grain  The percent moisture for whole grains and grain fractions
Ins B accumulation on P, Ins P and mineral distribution was determined by heating samples in an oven for 2h at
and deposition in globoids in the mature cereal whole-grain 130°C [31]. The results of quantitative measurements are
and grain parts. Mature grains (caryopses) produced bypresented on a dry weight basis.

2. Materials and methods
2.1. Plant material

Mature barley KHordeum vulgare cv. Harrington) grains
were provided by the USDA-ARS, Small Grains and Potato
Research Unit, Aberdeen, Idaho. Grains used in this study
were produced in the year 2000 in the same nursery located
at the University of Idaho’s Tetonia Research Center. Ho-
mozygoudpa mutations [pal-1, M 635, M 955 andpa2-1)
were isolated in the cv. Harrington. Homozygous Harring-
%on grain was used as the wild-type control.
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2.3. Total P and inositol P analysis 2.5. Scanning transmission electron microscopy

Total P in the embryo and rest-of-grain fractions was de-  Scanning transmission electron microscopy (STEM) was
termined using the procedures of Dorsch et[B&]. Sam- used to determine the ultrastructure of globoids in scutel-
ples were dried for 48 h at 6. These were then milled Ilum and aleurone cells and to determine the element con-
to pass through a 2 mm screen, and stored in a desiccatotent of globoids in those two tissues using X-ray microanal-
until analysis. Total P was determined following wet-ashing ysis. For each of the five grain types, eight typical grains
of aliquots (typically 150 mg) using a colorimetric assay of were selected for preparation and study. Small pieces of
digest[32]. scutellum at mid-embryo were dissected from dry grains, as

Anion-exchange HPLC analyses of grain inositol phos- were mid-grain pieces of aleurone layer (with attached peri-
phates were performed using a modification of the method carp and some starchy endosperm). All samples then were
as described ii33,34] Four Ins pentkisphosphates were  prepared using a low-water-content procedi@]. Initial
kindly provided by Dr. Brian Phillippy, USDA South-  soaking in 85% ethanol for 24 h permitted some swelling
ern Regional Research Center, for use as chromato-of the tissue so that epoxy resin infiltration was improved
graphic and NMR standards. These were Ins(1,2,3,4,6)in later steps while soluble phytate was retairj@d]. No
Ps, p/i-Ins(1,2,3,5,6) B, »p/i-Ins(1,2,4,5,6) B, and electron-dense stains were used. After the initial 85% EtOH
Ins(1,3,4,5,6) B. Tissue samples were extracted in 0.4M soaking, samples were dehydrated in 100% EtOH and then
HCI (1.0 ml). Aliquots (0.2 ml) were diluted with dd 2D propylene oxide. A slow (seven day) Spurr’s resin infiltration
(to 1.0ml) and passed through a @& filter. Aliquots series was used before the samples were placed in moulds
(0.2ml) were then fractionated on a Waters HPLC setup and hardened at 7@€ for 8 h. To retain any water-soluble el-
(No. 626 Pump, No. 600 S Controller and a No. 490 E ements during microtomjB6], all sections, 1-1.pm thick,
Multiwavelength Detector) equipped with a Dionex lon- were cut dry using a glass knife and a Reichert OMU2 ul-
Pac AS7 anion-exchange column (with a Dionex lonPac tramicrotome. Sections were transferred to formvar-carbon
AG7 guard column). The anion-exchange column had coated copper grids using a cactus spine and flattened with
been equilibrated with 10 mM methyl piperazine, pH 4.0 a drop of absolute ethanol. Sections were studied for ultra-
(Buffer A). The Ins phosphates were then eluted with the structural features using a JEOL 1200 EX-Il TEMSCAN
following gradient system at a flow rate of 1.0 mlmin (JEOL, Tokyo) operating at 80 kV.
initial condition, 100% Buffer A; 1-45min a linear gradi-
ent from O to 80% 0.5M NacCl, pH 4.0, in 10mM methyl 2.6. Energy-dispersive X-ray analysis
piperazine, pH 4.0 (Buffer B); 45—-60 min 20% to 100%

Buffer A. The column eluent was mixed with metal dye Elements present in selected cell structures were mea-
detection colorimetric reagent (1.5% Fe®OL15% sul- sured with PGT IMIX energy-dispersive X-ray analysis sys-

fosalicylic acid) at a flow rate of 0.5mlmid, using an tems (Princeton Gamma Tech, Princeton, NJ) attached to
Upchurch PEEK high pressure mixing tee (VWR) and an an ElectroScan 2020 ESEM operated at 20kV or a JEOL
Eldex Model B-100-S metering pump (Eldex Laborato- 1200 EX-Il TEMSCAN operated at 80 kV with a beam cur-

ries Inc., Menlo Park, CA, USA), and the mixture passed rent of ~54uA. For a given microscope system (ESEM or

through a 100 cm reaction coil prior to peak detection via STEM) operating conditions such as detector distance, tilt,
absorbance at 500nm. Ins phosphate in a sample pealaperture, 60s count time, accelerating voltage, etc., were
was calculated via comparison with a standard curve ob- kept constant. For ESEM studies, samples that had as flat
tained via analysis of solutions of commercial Na Ins P a surface as possible were selected for mounting parallel

(Sigma—Aldrich). to the stub surface. Both microscope systems were used to
study mid-grain region aleurone cells and ground meris-

2.4. Specimen preparation for environmental scanning tem (parenchyma) cells of mid-embryo scutella. Starchy en-

electron microscopy dosperm cells were only evaluated with ESEM—EDX anal-

ysis. With ESEM—-EDX analyses three grains of each of the

Environmental scanning electron microscopy (ESEM), in five grain types were studied for element content in samples
conjunction with X-ray microanalysis was used to determine that received no preparation except for being cut with a razor
the element content of selected cell regions in tissue that re-blade. These analyses provided a means of determining if
ceived no chemical treatment or metal coating. Grains from the specimen preparation procedures used for STEM—EDX
each type were cut with a razor blade so that mid-grain trans-analyses extracted or moved major amounts of the elements
verse sections were exposed for study. The aleurone layerof interest. For each of the 15 grains studied, two analyses,
was our main focus since about 85% of total grain P is in each using a 1/4 raster area at 1Q0fagnification, were
the endosperm but we also studied scutellum and starchycarried out over aleurone layer, scutellum and starchy en-
endosperm cell85]. Samples were mounted on aluminium dosperm cytoplasm regions.
stubs and viewed without metal coating in an ElectroScan  With STEM-EDX analyses, where spatial resolution was
2020 at 20kV. better, naturally-electron-dense deposits (globoids) were
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Table 1 3. Results
Dry weights (meant S.D.) of whole-grain of barley wild-type (WT) and

low phytic acid (Ipa) genotypes and their dissected grain fractions

3.1. Weights and total P of grain fractions

Genotype  Whole-grain Embryo Rest-of-grain
before separation  (mg per part)  (mg per part) Samples of grain of each genotype were dissected into
(mg per grain) two fractions: “embryo” and “rest-of-grain”. The embryo

WT 56.0+ 3.2 1.894 0.21 54.64 2.9 ; ; ; :

Ipal-1 51.6+ 3.0 2.06+ 0.22 50.0+ 2.9 and rest-of gra_:n frg(;]tlonl welghtsl qf tlhe dlfTIerent geno
M 635 5534 2.8 198+ 017 5374 2.8 types were similar with only two relatively small exceptions
M 955 48.04 2.1 1.96+ 0.17 46.3+ 2.1 (Table 9. The mean embryo weight dpa2-1 was about
Ipa2-1 53.0+ 3.3 2.48+ 0.21 51.0+ 2.9 20-30% greater than any of the other grain types and the
Total sample size for each genotype was 750 grains or grain parts, weighedM€an rest-of-grain weight for M 955 was.about 15% less
in 16 batches. than in WT. In all genotypes the concentration of total P was

several times higher in the embryo than in the rest-of-grain

fractions [Table 3. However, since the embryo fractions rep-
spot analyzed. Spectra were saved if the count rate was overesented less than 5% of the whole-grain weight, in most
1000 cps. Globoids of various diameters were included in genotypes the embryo still only contained about 10% of
the analyses. For each of the five grain types, 10-15 spectravhole-grain total P. In grains homozygous for the M 635, M
were collected from different globoids in different cells of 955 orlpa2-1 mutations, both embryo and rest-of-grain total
each of six grains for scutellum and from eight grains for P concentrations, and thus whole-grain total P, were simi-
aleurone. Thus there were 78-86 spectra for each tissue ofar to WT. However, homozygosity for tHeal-1 mutation
each of the five grain types. Using the PGT IMIX system, resulted in a 28% increase in embryo total P concentration
counts were obtained for theoKX-ray peaks of P, K, Mg, and a 21% decrease in rest-of-grain total P concentration,
Ca, Cu, Fe, Mn and Zn by integrating X-ray counts in the as compared with WT. The reduced rest-of-grain total P in
window for each element as defined [87]. Background Ipal-1 grain was sufficient to result in a whole-grain total
subtraction was done by a computer program that joins P reduction, as compared with WT, of about 15%, which is
points along the energy axis that are between the peaks charsimilar to that previously reportefd 4].
acteristically found in globoids, and peak-to-background  The amount of P leaked into the 90% ethanol used to
(P/B) ratios were calculateB8]. Corrections for peak soak barley grains prior to embryo removal was very small.
overlaps (potassium Kpeak overlaps the CaKpeak; Mn For both grain types the maximum leakage was 0.1% of the
KB peak overlaps the FedKpeak; Cu K3 peak overlaps  total P in the grain. Thépa mutants leaked more than the
the Zn Ko peak) were dong38]. Statistical significance  WT but the difference was not significant for the interpre-
between mean P/B ratios was determined by MINITAB's tation of results. The grain type, followed by the percent-
analysis of variance test. When a significant difference was age of total P leaked into the ethanol, were as follows: WT,
established, Tukey’s test was used to determine which of0.01;Ipal-1, 0.10; M 635, 0.07; M 955, 0.08; anhga2-1,
the means differed & = 0.05[39]. 0.06.

Table 2
Total phosphorus (P) and total inositol phosphorus (total Ins P) in whole-grains and dissected grain fractions obtained fromlaWTplayict acid
barley genotypes

Genotype Total P concentration (mgly Total inositol P concentration (mgd)
Embryo Rest-of-grain Whole-grain Embryo Rest-of-grain Whole-grain
WT 12.58+ 0.25 3.30+ 0.12 3.64+ 0.12 5.87+ 0.13 2.19+ 0.09 2.344+ 0.08
Ipal-1 16.12+ 0.90 2.60+ 0.01 3.16+ 0.02 8.06+ 1.12 0.85+ 0.02 1.15+ 0.04
M 635 12.49+ 0.12 3.544+ 0.10 3.88+ 0.09 2.58+ 0.24 0.68+ 0.02 0.75+ 0.01
M 955 11.29+ 0.13 3.97+ 0.10 4.29+ 0.09 0.48+ 0.06 0.10+ 0.0002 0.12+ 0.004
Ipa2-1 13.19+ 0.43 3.56+ 0.11 4.04+ 0.09 4.44+ 0.63 1.40+ 0.09 1.55+ 0.13
Total P content g per part) Total inositol P contenf.§ per part)
WT 23.8+ 0.5 179.9+ 6.6 203.7+ 6.1 11.1+ 0.3 119.7+ 4.7 130.8+ 4.3
Ipal-1 33.2+ 1.8 130.0+ 0.7 163.2+ 1.1 16.6+ 3.3 42,74+ 1.1 59.3+ 2.2
M 635 247+ 0.2 190.1+ 5.3 2148+ 5.1 5.1+ 0.7 36.6+ 1.1 41.7+ 0.4
M 955 22.1+ 0.2 183.8+ 4.6 205.9+ 4.3 0.9+ 0.2 4.6+ 0.01 5.5+ 0.2
Ipa2-1 327+ 1.1 181.6+ 5.8 2143+ 4.7 11.0+ 2.2 712+ 4.6 82.2+ 6.9

For both total P and total inositol B = 2. Values presented as me&anS.D. Whole-grain values were obtained via summing of dissected fraction
values. To facilitate comparisons, all values are expressed in terms of their phosphorus (atomic weight 31) content, and in terms of bothononcentrati
(mgg1) or amount ug per part).
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3.2. Inositol phosphates Tns Py Ins P,
0.7§ A) Wild-type F) Wild-type

Total Ins P (meant S.D.,N = 2) values were derived 0.50| || Embryo Rest-of-Grain
from HPLC analysis of dissected fractionsyo-inositol 025 Ins Py ) Ins Py L
tris-, tetr&is-, pentis-, and hex&isphosphate peaks were L M@\ L
summed to give total Ins P. Whole-grain values were ob- By pu 11 Ins Py —
tained via summing of dissected fraction values. In WT 075/ | Embryo Rest-of-Grain Ins P,
grain total Ins P represented 47% of embryo total P and 66%  o.50 Ins P,
of rest-of-grain total PTable 3. The levels of whole-grain 0.25 ‘ \ Insp. Ins P J\
total Ins P for each genotype analyzed hérable 2, ob- L "LS\EJM\J \ A
tained by summing the values for each genotype’s embryo,g CyM 635 H) M 635
and rest-of-grain fractions, are similar to those previously 5 ®75/| Embryo InsPg] |  Rest-of-Grain Ins P,
reported for these genotypd8,14]. The reductions in % 0.50 ‘
whole-grain Ins P, as compared with WT, were 51, 68, £ 0 ‘ ns P,
95 and 34% for grain homozygous ftpal-1, M 635, M 2 N o
955, andlpa2-1, respectively. In grain homozygous for the “ os| [ D)YMISS I) M 955
M 635 and M 955 mutations, the reduction (as compared "7} Embryo Rest-of-Grain
with WT) in whole-grain total Ins P was found to be due 0.50
to relatively proportional reductions in both embryo and 025 L Ins P Ins P
rest-of-grain total Ins PTable 2. In contrast, in grain ho- L L — 1
mozygous forlpal-1 embryo total Ins P was 37% greater orsl | B)ipar InsP| | J)ipa2-1 Ins P,
than WT embryos. In grains homozygous fpa2-1 em- 7|l Embryo Rest-of-Grain
bryo total Ins P concentration is reduced 24% as compared 0.50 Ins P,
with WT (Table 3. However, sincelpa2-1 embryo dry 0.25 Ins P Tns P, Ins Pg Ins P, s s
weight was increased 31% as compared with WT, when o 10 20 a5 40 Lg 0 20 30 @

total Ins P is expressed on a content basis (as units per part
Ipa2-1 embryo total Ins P (11409 per embryo) is similar

to WT (11.1ug per embryo). Thus these results indicate Fig. 1. Anion-exchange high-performance liquid chromatography
that in both barleylpal-1 andlpa2-1 homozygotes, em- (e_lnion—exchar_]ge HELC) of ac_id—solubh/o—inositol (Ins) phosp_hate_s in
bryos appear phenotypically similar to WT in terms of their dissected grain fractions of “wild-type” (non-mutant) diotv phytic acid

. . (Ipa) barley genotypes. (A)—-(E) analyses of embryo fractions; (F)—(J)
total grain Ins P levels. For these genotypes the reducuonanalyses of “rest-of-grain” fractions (all grain tissues remaining following

Retention Time (min)

in total Ins P was observed here to be due solggl(-1) removal of the embryo). Analyses of fractions obtained from wild-type,
or largely {pa2-1) to reductions in rest-of-grain total Ins P non-mutant grain used as a control are shown in (A) and (F). Analyses
(Table 2. of fractions obtained from grain homozygous fow phytic acid 1-1, M

; ; 635, M 955 andow phytic acid 2-1 mutations are shown in (B) and (G),
Amon_e),fChange HF:LCFGg. 1) illustrated that the Ins P. (C) and (H), (D) ang (Ytl) and (E) and (J), respectively. In a(dc)iition t(o I)ns
patte_m or phenotype .Of the WT embryo and res.t-of-graln Ps, Ins B and Ins R (stereoisomers of these latter two Ins phosphates
fractions are very similarHig. 1A and : Ins R is the are unknown), four Ins peritisphosphates were observed. These were,
predominant Ins P in both tissues, representing >90% of in order of increasing elution time: Ins(1,2,3,4,69, B/L-Ins(1,2,3,5,6)
the soluble Ins phosphates; the remaining Ins phosphated: p/t-Ins(1,2,4,5,6) B, and Ins(1,3,4,5,6) £
consist primarily of a series of four Ins pekitgphosphate
peaks. These four InssPpeaks were shown in previous
work [14] to be (from shortest to longest retention time):
the “5-OH" Ins(1,2,3,4,6) B, the “6-OH" Ins(1,2,3,4,5) B P phenotypes, similar to each other and to that previously
and/or its enantiomer the “4-OH” Ins(1,2,3,5,65 Rhese reported for whole-grain homozygous for these mutations
methods do not distinguish between enantiomers); the[14]; proportional reductions in each of the Ins phosphates
“3-OH" Ins(1,2,4,5,6) B and/or its enantiomer the “1-OH”  observed in WT tissues, contributed to a 68% reduction in
Ins(2,3,4,5,6) B, and the “2-OH" Ins(1,3,4,5,6) total Ins P in M 635 and a 95% reduction in M 955. Fi-
In barleylpal-1, the whole-grain mutant phenotype was nally, HPLC indicated that while both the embryéid. 1B
a reduced Ins £content accompanied mostly by increased and rest-of-grainKig. 1J fractions of barleyipa2-1 clearly
Pi but also by small increases in Ins(1,2,3,4,6]R]. That display a mutant Ins P phenotype, the mutant phenotype
phenotype was observed here only in the rest-of-grain frac- was more pronounced in the rest-of-grain fraction than in
tion (Fig. 1G). The Ins P phenotype of the barlpal-1 em- the embryo fraction. The rest-of-grain phenotype was very
bryo (Fig. 1B) appeared very similar to that of non-mutant similar to that originally reported for whole-graji4]. In
WT tissues Fig. 1A and F. In M 635 (Fig. 1C and H and Ipa2-1 aleurone layers the reduced IngiB accompanied
M 955 (Fig. 1D and ), HPLC analysis confirms that both by increases in non-InsgRnositol phosphates, particularly
the embryo and rest-of-grain fractions display mutant Ins the “5-OH” versions of Ins Pand Ins B.
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Fig. 2. EDX analysis spectra of rastered cytoplasm areas of cut dry grains using ESEM or electron-dense globoids in sections viewed in STEM mode.
(A)-(@J) are from aleurone cell cytoplasm, (K)—(P) are from scutellum cell cytoplasm, and (Q)—(T) are from starchy endosperm cell cytoplasm. All
spectra presented are typical for a given grain type and tissue. Detector used for ESEM allows measurement of C and O (peaks seen on the left side ¢
spectra). Beryllium window on the STEM detector eliminates X-rays from C and O. Horizontal axes show X-ray energy levels (0.0, 2.0, 4.0, 6.0, 8.0,
and 10.0keV). Vertical scales were made constant for a given spectra set ((A)—(E) fulstad, (F)—(J)= 7100, (K)—(M)= 1000, (N)-(P)= 7100,

(Q)—(T) = 1000). Copper grids used for sections gave artifact peaks for copper at 8.04&ednhd8.91keV, K. Chlorine in Spurr’'s resin may have
contributed to Cl peaks in sectioned tissue. Principal X-ray energies in keV and lines of elements present are as follow&28; IO kx, 0.52; Mg

Ka, 1.25; P ky, 2.02; S Ky, 2.31; Cl K, 2.62; K Ka, 3.31, and K K8 3.59; Ca kx, 3.69, and Ca R 4.01; Fe kx, 6.40; and Zn k&, 8.63.
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3.3. Energy-dispersive X-ray analyses for all grain types, presented as peak-to-background ratios
(Table 3, showed that P, K, and Mg were the main mineral
Square raster areas of cytoplasm from aleurone elements present and that Ca, Fe and Zn generally were
(Fig. 2A-B), scutellum Fig. 2K—M) and starchy endosperm present in low to trace amounts while Mn (data not shown)
(Fig. 2Q-T) cells were studied with ESEM—-EDX analysis was not detectable. Since analytical conditions were kept
to determine what the element composition was without constant for all analyses, P/B ratios provide a useful way
any fixation or embedding. Since equipment operating con- of comparing different samples. The only clear and large
ditions were kept constant and the vertical scale was set thedifference in globoid mineral content among tissues was
same for a given tissue, it is valid to compare peak heights. that in all genotypes excefyial-1, scutellum globoids con-
Carbon and oxygen peaks were found in all areas in all tained more than twice the level of Ca than did aleurone
grain types. In addition to C and O, the aleurone layer and globoids. Concerning differences (or lack thereof) between
scutellum cells of all grain types had peaks for P, K, Mg, genotypes, the foulpa mutants were all similar to WT in
and S. Of these four elements, P had the highest peakspoth aleurone layer and scutellum globoid element content.
followed by K, then Mg and lastly S. In both aleurone layer However, three statistically significant differences in min-
and scutellum a few spectra revealed trace amounts of Zneral content ofpal-1 globoids, as compared with WT and
or Mn. Traces of Si were more common in the aleurone the other thredpa mutations, are worth noting. Aleurone
cell cytoplasm than in scutellum cell cytoplasm. The scutel- layer globoid P inpal-1 was reduced as compared to WT,
lum and aleurone cell cytoplasm EDX analyses were quite M 635, M 955 andlpa2-1, by about 25%. While the Fe
similar for the WT and the four mutants, but the amounts level in Ipal-1, M 635 and M 955 were all significantly
of the elements present in thpal-1 were smaller in the  higher than WT, the largest increase, 2.6-fold, was with
aleurone layer. At a set vertical scale, the aleuripad-1 Ipal-1. Finally, the Ca, Fe and Zn levels kgal-1 scutel-
peak heights were lower than for the aleurone of other grain lum globoids were reduced from 40 to 50% as compared
types; also, the aleurone cell peaks were lower than thosewith WT and the othetpa genotypes.
of the scutellum cytoplasm in the sanpal-1 grains. With
EDX analysis the starchy endosperm in all samples con- 3.4. Globoid ultrastructure
tained big peaks of C and O and very small peaks of P and
K. In a few cases Mg, S, Si or Cl were barely detectable in  Wild-type aleurone layer cells had globoids of various
the starchy endosperm cytoplasm. sizes but often they were 142n in diameter Fig. 3A).
EDX analyses in the STEM mode showed that globoids The WT scutellum cells had more numerous and smaller
from aleurone layer cellsF{g. 2F-) and scutellum cells  (usually<1um) globoids clustered inside the protein bodies
(Fig. 2N-B for the WT and allpa mutants gave major peaks (Fig. 3F. The aleurone ofpa mutants [pal-1, M 635 and
for P, K and Mg in approximately the same peak height M 955 in Fig. 3B-D) had numerous smaller globoids but
proportions as seen with ESEM—-EDX analyses. Phosphorusthere was size variation, especially in M 635. Tipa2-1
was the tallest peak, K was second tallest and Mg was third mutant Eig. 3B) had naturally-electron-dense deposits very
tallest. In some globoids traces of Ca and/or Fe and/or Zn similar in structure to the WT. In the scutellum, both the
were detectable. Globoid analyses usually lacked S, whichWT and all fourlpa mutants, had numerous small globoids
was commonly present in rastered areas of cytoplasm inoften less than 0.pm in diameterlpal-1 inFig. 3Gand M
ESEM-EDX analyses. 635 inFig. 3Hand M 955 inFig. 3l andlpa2-1 in Fig. 3).
EDX analysis results for electron-dense deposits or The M 955 scutellum contained smaller and more widely
“globoids” from aleurone layer and scutellum cell sections spaced globoids than any otHea mutant.

Table 3
Peak-to-background ratios (mean S.D.) derived from STEM energy-dispersive X-ray analysis of globoids in sections of aleurone layers and scutella
of the wild-type (WT) andow phytic acid (Ipa) genotypes of barley

Tissue Genotype Peak-to-Background Ratios
P K Mg Ca Fe Zn

Aleurone layer WT 7.66t 1.22 10.17+ 2.26 3.94+ 1.19 0.57+ 0.34 0.27+ 0.13 0.19+ 0.10
Ipal-1 5.65+ 1.45 8.37+ 2.99 4.85+ 1.55 0.79+ 0.77 0.70+ 0.24 0.29+ 0.13
M 635 8.03+ 1.18 11.02+ 2.52 4.45+ 1.69 0.36+ 0.47 0.48+ 0.22 0.25+ 0.10
M 955 8.02+ 1.59 9.24+ 2.65 5.12+ 1.66 0.67+ 0.78 0.43+ 0.27 0.31+ 0.19
Ipa2-1 7.22+ 0.91 11.88+ 2.73 2,99+ 1.18 0.56+ 0.37 0.17+ 0.09 0.35+ 0.36

Scutellum WT 8.20+ 1.73 11.83+ 2.97 4,94+ 1.50 1.73+ 0.94 0.21+ 0.18 0.45+ 0.27
Ipal-1 7.81+ 1.45 9.87+ 2.51 3.96+ 1.05 0.89+ 0.67 0.12+ 0.11 0.25+ 0.24
M 635 7.33+ 1.33 10.12+ 2.64 4,71+ 1.23 1.90+ 1.08 0.30+ 0.21 0.52+ 0.35
M 955 7.07+ 1.36 10.10+ 2.95 4,79+ 1.50 1.96+ 1.05 0.21+ 0.14 0.47+ 0.49

Ipa2-1 7.13+ 1.59 12.08+ 3.02 3.95+ 1.14 2.39+ 1.15 0.25+ 0.23 0.40+ 0.31
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Fig. 3. STEM images of about 1-42n thick sections of aleurone layer cells (A)—(E) and scutellum cells (F)—(J). Scale-li4isn. Since no electron-dense
stains were used during low-water-content preparation, all black spheres are due to natural electron density of the globoids. (Ap&¥Tl,(E}) M
635, (D) M 955, (E)lpa2-1, (F) WT, (G)lpal-1, (H) M 635, (I) M 955, and (J)pa2-1.
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4. Discussion gent gene expression of these pathways specific to higher
plant tissues.

4.1. Effects of Ipa mutations on P and Ins P in different Barley Ipa2 also appears to be aleurone-specific, but it

tissues is not as clear-cut a case §sl. Previous studies have

shown that MIPS expression in the developing rice grain is

The results presented here extend studies on whole-grainsissue-specific, in that it is localized to the germ and the aleu-
by reporting the most comprehensive study to date of possi-rone layer, the sites of InssgRassembly into globoidpt1].
ble tissue-specific effects gfa mutations. Barleypal-1 is Expression of the maizkpa2 gene, encoding an Ins(1,3,4)
the first Ins B pathways mutation identified to date whose P3; 5-/6-kinase, appears greatest during embryo development
reduced Ins B phenotype clearly is specific to one tissue, but also is detectable at low levels in other tissfi&, and
in this case the aleurone layer, but not to other tissues suchno tissue-specific phenotype of a lesion in this gene has yet
as the germ, that typically accumulate Ing Bince there  been reported. We have hypothesized, based on syntenous
is no direct vascular or plasmodesmata connections to ei-map positions and similarity in Ins P phenotype, that the
ther endosperm or embryo, during grain development min- maize and barleypa2 loci encode orthologous functions
eral nutrients have to move apoplastically from the integu- [16]. Perhaps the fact that the greatest level of expression is
ment to the aleurone layer and from the starchy endospermin the germ of maizelpa2, simply reflects the fact that in
to the embryo. Symplastic movement may occur between maize most Ins Paccumulates in the germ.
starchy endosperm cells. Clearly,lpal-1 there was no re-
striction of P supply to the developing embryo, which indi- 4.2, Tissue and subcellular localization of elements
cates that the aleurone layer of the endosperm also had to
have access to adequate P during development!peiel These results demonstrate that the normal accumulation
block in the aleurone layer's ability to serve as a sink for of P, K and Mg in the germ and aleurone tissues of the ma-
P may have resulted in an elevated supply of P to the ture cereal grain, with a near-absence of these minerals in
embryo, and thus, resulted in an elevated embryo s P the mature starchy endosperm, is not dependent on the lo-
concentration. calized, tissue-specific synthesis of Ing Bs was indicated

Barleylpal-1 also differs from all other studidga muta- in an earlier study of developing rice graiit§. Ogawa et al.
tions in that homozygosity for this aleurone-specific function [6] demonstrated that there was transient accumulation of
also results in both a shift in P distribution and a net reduction P, K and Mg in the cereal starchy endosperm during de-
in grain P. Since no such effects were found with the other velopment with subsequent redistribution by maturity to the
mutations, it is the perturbation of a specific function in the final storage sites of the germ and aleurone. One possible
Ins P pathways in barldypal-1, and not the ability of grains  effect of thelpa mutation could have been a shift of ele-
to synthesize Ins§per se, that impacts distribution and net  ments into the starchy endosperm. However, comparison of
amount of grain P in this case. This grain-tissue-specific mu- ESEM-EDX analysis of cytoplasm areas of dry grains of
tation is similar to several maize starch pathway mutations all types revealed no major shift of elements to the starchy
that alter the chemistry of starch, and at the same time reduceendosperm. Even in grains homozygous for M 955, where
net uptake of carbon into the developing grgd0]. Since less than 10% of WT levels of IngRvas observed, the dis-
genetics is useful in engineering the chemistry of grain P, it tribution of P, K and Mg, and their concentration in specific
is of practical importance in the development of grain crops cell types like the aleurone layer, was indistinguishable from
for use in feeds and foods. Genetic manipulation of the to- WT. No shift of elements to the starchy endosperm occurred
tal amount of grain total P is also of practical importance. in Ipal-1 rice graing42].
Cultivars or hybrids that are agronomically acceptable and  Otegui et al[7] had shown that InsdPsynthesis and de-
produce grains with reduced total P may provide a tool for position seems important to transient storage of Mn and Zn
enhanced P management in livestock production. Identify- in chalazal endosperm early in seed developmenri
ing functions that are specific to individual cell types or tis- bidopsis thaliana, findings that are in many ways similar to
sues may eventually permit the engineering of reduced grainthat of the studies of transient storage of P, K and Mg during
phytate while limiting the negative impacts on agronomic endosperm development in ri§g]. In our results, in three
performance to a minimum, a long-term objective in the de- of four Ipa mutations, perturbation of InssRynthesis had
velopment of low-phytate crops with acceptable agronomic little effect on the mature grain localization of Ca, Fe and
performancg8]. The impact on grain P distribution and net  Zn. This finding raises a question concerning the importance
grain P accumulation of the aleurone-specific batfei-1 of the proposed role for InsgPsynthesis and phytate salt
mutation does indicate that while Ing Bccumulationper deposition in transient heavy metal storage during grain de-
seis not critical to P uptake and distribution, specific func- velopment. In relation to WT the mutant phenotype of bar-
tions within the Ins P pathways may be. Identification of the ley Ipal-1 had elevated aleurone globoid Fe accompanied
function altered in this mutation would therefore represent by decreased scutellum globoid Ca and Fe. This indicates
a step beyond the definition of the structural pathway to Ins that, at a minimum, specific functions in the Ins P pathways,
Ps, a step towards the elucidation of the evolution of diver- and not the ability of grains to accumulate wild-type levels



1140 I. Ockenden et al./Plant Science 167 (2004) 1131-1142

of phytic acid per se, may be important to final storage in analysis with STEM—EDX analysis. X-ray microanalysis in
mature grains. ESEM had the great advantage that the only specimen prepa-

EDX analysis peak-to-background ratios are not quantita- ration made was to cut the dry grain, but it suffered from
tive measures, for example, in picomoles per cubic microm- poorer spatial resolution. Since the spread of electrons in a
eter, but do permit useful comparisons, especially betweenthick sample results in X-ray generation from a pear-shaped
values for the same element. P/B ratios help to minimize the volume[43]. The similarity between the element composi-
influences of such factors as differences in specimen thick- tion of different cell regions studied with ESEM—EDX anal-
ness, specimen surface topography, and specimen densityysis and the element composition of electron-dense struc-
When struck with an electron beam different elements gen- tures as determined by STEM—-EDX analysis allowed us to
erate X-rays to different degre@43]. Based on values for  conclude that the low-water-content preparation procedure
80KkV electrons, in relation to P, the yield of Mg is a 37% and dry sectioning retained elements in placgamutant
underestimate and K is a 24% overestim@i¢]. The ele- grain tissues as well as it does in high phytate grain tissues.
ments Ca, Fe, Mn and Zn all are more readily detected than
P so the small peaks for these elements do represent tracé-4 Ultrastructure of mineral rich deposits
amounts and not reduced sensitivity of detection.

A comparison of EDX analysis of areas of cytoplasm
studied with ESEM and globoids studied in STEM mode
allowed us to conclude that the great majority of the ele-

ments P, K, Mg, Ca, Fe, and Zn present in barley scutel- . . S :
L were relatively uniform in size but less frequent. Globoid

lum and aleurone cell cytoplasm were located inside these . . ) . i .
diameter is very important since the volume in a globoid

electron-dense deposits. On the other hand, S mainly comes . L . .
: . . . : - Increases exponentially with increasing diameter. Thus a
from non-globoid regions, likely protein. While statistically . . 3
- . . 0.75pm diameter globoid has a volume of Wih®, whereas
significant differences were found between P/B ratios for

. . 3
globoids in the different mutants compared to the WT, there 2.75pm diameter glpb0|d has a vc_)lume Of. 108 [46].
. . . LT One large 2.7%5.m diameter globoid contains the volume
were no radical differences in the distribution of the stored

elements. In all cases P, K, and Mg were the main elements;Of 55 globoids of 0.7um diameter. The relative mass of

. loboi ften paralleled the level of In iven mu-
detected with lesser/trace amounts of Ca, Fe, and Zn. cal-d oboids often paralle e.d the level of Ing B agiven mu
. . . . tant, as was observed in a study of rices phytic acid 1-1
cium generally was much higher in scutellum globoids than . .
. . . where globoids were also smaller and more numerous than in
aleurone layer globoids, a feature previously reported for Hi-

d WT [42]. However, the reduction of electron-dense deposits
malaya barley45]. The lack of large-scale differences from we observed in some of tHea mutants did not match the
WT occurred even in M 955 with its 95% reduction in Ins P

Ps. The increase in Pi in the mutants may have resulted in P'reductlon in Ins B. It is likely that naturally-electron-dense

: A ; inclusions must also come from lower Ins P’s and even from
and the cations accumulating in areas where globoids Wouldareas rich in Pi. For examplépa2-1 aleurone layer cells
have formed despite the lack of binding sites in the form of ' P Y

. . look very much like those in WT even though the Ins P
Ins R. In Ipa2-1 and perhaps in the other mutants increases .
. . was reduced by 34%. Aleurone layer cells of M 955 with a
in lower Ins phosphates could also have contributed to the

formation of clusters of electron-dense globoids 95% reduction in Ins fappeared structurally rather simi-
' lar to Ipal-1 which had a 51% reduction. M 955 did have
a greater frequency of globoids that were of less regular
shape and also were less stable in the electron beam. This
suggests that what appeared to be globoids may have been
men preparation procedures had any major effect on phc)S_c:oncentrations of Pi occupying the space normally occu-
pied by Ins R in most seeds. Residual Ins P, perhaps with

phorus, phytic acid or mineral deposits. In order to pre- . . S
cisely dissect the embryos from the starchy endosperm andthe aid of pyrophosphate units may have maintained the

. aturally-electron-dense particles. In most grains and seeds
pericarp/testa/aleurone layer we developed a procedure o . : . . . .
. S . the mineral nutrient reserve in globoids consists of mainly
soaking the grains in 90% ethanol. The much improved . . .
L2 . : . . . Ins B; molecules that are cross-linked by di- and tri-valent
precision in embryo isolation obtained with this procedure

: . cations to form globoid aggregates. In most of kha mu-
was large compared to the very small extraction of P into tants the agareaates we observed must be a more comolex
the soaking solution. At most, a thousandth of the total ggreg b

P present in the grain was leaked. For accurate Iocaliza-m'Xture of Ins P's, Pi, perhaps phosphorus in other forms

tion of elements in sections we also had to determine thatSUCh as polyphosphates, and multivalent cations.

the low-water-content specimen preparation procedures de-

signed to retain phytate in grain tissue while facilitating in- - A cknowledgements

filtration of epoxy resin and sectioning, was an acceptable

procedure for grains dpa mutants containing increased Pi. The authors thank Jessica Liu and Lauren O’Malley for
We accomplished this by comparing results of ESEM—-EDX their technical assistance and Marg Biggs for help with the

Our hypothesis was that major reduction in Irsvivbould
result in either smaller diameter globoids, fewer globoids,
or both. Inlpal-1, the aleurone layer had more globoids of
smaller diameter; however, in the scutellum, the globoids

4.3. Success with specimen preparation protocols

It was important to determine whether or not our speci-
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