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Abstract Seeds of the longcell mutant in maize (Zea mays
L) have a defective-kernel phenotype: the embryo aborts
at the carly coleoptilar stage and the endosperm is re-
duced in size. Mutant embryos have severe alterations in
morphogenesis. They have a suspensor-, an embryo axis-
and a scutellum-like structure, but the shoot apical
meristem (SAM) is not formed. Scanning electron
microscopy showed that most of the cells in longcell
embryos are tubular and abnormally enlarged. The level
of expression of several genes involved in basic metab-
olism is not severely affected during early and mid
embryogenesis, but storage molecule accumulation is
reduced. Genes which in normal conditions are only
expressed after germination, are expressed during kernel
development in the longcell seeds. Mutant embryos un-
dergo cell death in late embryogenesis. Nuclei in dying
embryos are TUNEL positive, and different genes cod-
ing for hydrolytic enzymes are up-regulated. The
expression of genes related to oxidative stress is also
altered in longcell embryos. These results lead us to
suggest that the longcell mutant may be cytokinesis-
defective.
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Introduction

Embryogenesis is a complex, coordinated process that
leads to the transformation of a single-cell zygote into an
embryo (Jiirgens 2001). It is usually divided into three
main periods: early embryogenesis (proembryo to tran-
sition), during which the fertilized egg goes through a
series of cell divisions in which a radially symmetric
proembryo differentiates into a club-shaped structure,
with an embryo proper and a suspensor; mid-embryo-
genesis (coleoptilar stage), during which the embryo
acquires bilateral symmetry, with an embryo axis and a
scutellum, and then produces the radicle, coleoptile and
the first leaf primordium; and late embryogenesis, dur-
ing which the embryo axis differentiates up to six leaf
primordia, reserves are accumulated and dormancy is
established.

Cell division orientation is important in the regula-
tion of plant embryogenesis (Jiirgens 2001). In Arabid-
opsis, the orientation of cell divisions in the embryo is
precisely determined, and alterations in cytokinesis re-
sult in severe modifications in morphogenesis, and
sometimes cell death (Sollner et al. 2002). In contrast,
the orientation of cell divisions in maize during early
embryo development is not so strictly conserved and
only becomes essential in mid-embryogenesis, with the
establishment of bilateral symmetry and organ definition
(Ingram et al. 2000). Maize embryo mutants with
irregular patterns of cell division have been described as
not being able to pass the transition stage (Consonni
et al. 2003).

Embryo lethality is one of the most common mutant
traits in plants (Meinke et al. 2003; Magnard et al. 2004).
In maize, embryo lethal mutants have been classified as
embryo defective (emb), which produce a distorted em-
bryo with no endosperm defects, and defective kernel
(dek), that have an effect in both the embryo and
endosperm (Sheridan and Clark 1993). A number of dek
and emb genes have been cloned. Dek 1 encodes a calpain
protein involved in signal transduction (Lid et al. 2002),
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the emb8516 mutant is produced by an insertion in the
ZmPRPL35 gene encoding a plastid ribosomal protein
(Magnard et al. 2004; Ma and Dooner 2004), and the
empty pericarp 2 (emp2) mutant is produced by an
insertion in a gene encoding a heat shock binding pro-
tein (HSBP1) (Fu et al. 2002).

Programmed cell death (PCD) is a genetically con-
trolled, active process that results in the death of indi-
vidual cells, tissues, or whole organs. It has been
associated with several processes in plants, including
several environmental responses (Lam and Greenberg
2000). PCD is an essential morphogenetic mechanism in
the development of plants and is involved, for example,
in the differentiation of tracheary elements, differentia-
tion of sexual organs, determination of leaf shape or in
senescence. PCD is also involved in seed development in
the seed coat, nucellus, suspensor, endosperm, aleurone
layer and scutellum (Gallie 2004).

A number of maize mutants have been isolated by
Dellaporta and Moreno (1994) by transposon insertion.
One of these mutants, which we have called longcell, has
a distorted embryo and a reduced endosperm, and it is a
lethal and recessive mutation (Graziano et al. 2003).
Here we describe the phenotypic, biochemical and
molecular characterization of the /longcell mutant,
including the isolation of differentially expressed genes
by DD-RT, and we studied how the mutation affects the
expression of several other genes.

Material and methods
Biological material

The maize longcell mutant was produced by Dellaporta
and Moreno (1994). Wild type maize corresponds to
Zea mays L cv W64A pure inbred line and was origi-
nally obtained from the ‘“Estacion Experimental de
Aula Dei” (CSIC, Zaragoza, Spain). Seeds of the Vpl
mutant were obtained from the Maize Genetics
Cooperative Stock Center. All the plant lines used were
grown in the greenhouses of the IBMB-CSIC in Bar-
celona, Spain.

In vitro culture

For embryo rescue, ears were harvested between 12
and 30 days after pollination, surface sterilized with 5%
(w/v) sodium hypochlorite for 15 min and then rinsed in
sterile, distilled water. Embryos were removed asepti-
cally and transferred to MS medium (pH 5.6) and 0.8%
agar (w/v). Cultures were incubated in a growth cham-
ber at 25°C in continuous dark. Germination was
controlled 5, 15 and 30 days after culture. For callus
regeneration, immature sterile embryos were placed on
MS medium (pH 5.6) supplemented with vitamins
(Sigma), sucrose (20 g17'), 2,4-p (1 mg1™") and agar
(2 g 11, and cultured in a growth chamber at 25°C in

continuous dark. Callus formation was controlled
30 days after culture.

Scanning electron microscopy

Maize embryos were fixed in ethanol, formaldehyde,
acetic acid (80:3.5:5; by vol) for 30 min at room tem-
perature. After fixation the samples were transferred to
70% ethanol and taken through an alcohol dehydra-
tion series. The dehydrated specimens were immersed
for 10 min in mixtures of ethanol/isoamyl acetate (2:1,
1:1 and 1:2, v/v), and finally three times in 100% iso-
amyl acetate. Dehydrated material was critical point
dried using liquid CO, and transferred to the Fine Coat
Ion Sputter JFC-100 (Jeol) vacuum preparation
chamber for supttering. The conditions used were
107! Torr, 20 mA, 1 kV and mounted at a distance of
aproximately 3 cm from the sample surface. Argon
sputtering was performed for 4 min. After sputtering,
the samples were sputter-coated with 400 A gold.
Samples were examined in a Hitachi S2300 scanning
electron microscope from “Serveis Cientifico-Técnics”
(Universitat de Barcelona).

Optical microscopy, in situ mRNA hybridization
and TUNEL assay

Embryos and kernels at different developmental stages
were collected and fixed in an ethanol:formalde-
hyde:acetic acid (80:3.5:5; by vol) fixative solution for
1 h at room temperature, followed by 1 week at 4°C.
Once fixed, the material was stored in 70% ethanol at
4°C. Paraffin inclusion, sectioning and mRNA hybrid-
izations were according to Langdale (1994) using an
RNA colour kit for non-radioactive in situ hybridization
(Amersham). Digoxigenin labelled hybrids were viewed
using bright field microscopy. Starch staining was done
using the iodine—potassium iodide method (IPI): 2% KI
+ 0.2% I, in water for 30 s. For TUNEL assays, the
tissues were treated with the “In Situ Cell Death
Detection” kit (Roche Molecular Biochemicals)
according to the supplier’s protocol for difficult tissues.
For aleurone staining, mature grains were fixed over-
night at room temperature in 2% glutaraldehyde/0.3 M
sodium-phosphate buffer (pH 6.5). Hand cut sections
were stained for neutral lipids with a saturated ethanol
95% solution of Sudan red 7B.

RT-PCR analyses

Total RNAs were treated with DNAse I (RNAse-free
DNAsel, Promega). Total pre-treated RNA (2 pg) was
reverse transcribed with the Omniscript reverse trans-
criptase kit (Qiagen) using an oligo-dT primer. cDNAs
were amplified with specific primers, designed flanking
introns (see Table. I, 2). Controls with non-reverse
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transcribed RNA were also used to detect gDNA
contamination. The ubiquitin gene was used as a control
for RNA loading. PCR reactions were performed using
0.2 mM each dNTP, 360 pg ml~' BSA and 1 pmol pl~'
of each primer in a final volume of 50 ul. The reaction
mixtures were heated to 95°C for 5 min, followed by
repeated cycles of 94°C for 30 s, 55°C for 30 s, and 72°C
for 90 s. Reactions were completed with an incubation

Fig. 1 a—k Effects of longcell
mutation on seed and embryo
development. a Kernels of self-
pollinated ears of a longcell
heterozygous plant. b Wild type
and longcell mature kernels,
adaxial side. ¢ Wild type
embryo dissected from dry seed.
d /ongcell mutant embryos
dissected from dry seeds. The
arrow indicates the suspensor-
like structure. e, f Longitudinal
section of a 20 dap wild type
(e) and longcell (f) kernel
showing the basal endosperm
transfer layer. g, h Longitudinal
sections of wild type (g) and
longcell (h) dry seeds stained
with Sudan Red 7B showing the
aleurone layer in red. i-k In-situ
hybridization showing the
mRNA accumulation pattern
of malic enzyme (EM) in
sections of 20 dap immature

at 72°C for 10 min. Reactions were performed in a
Minicycler (MJ Research, Waltham, MA, USA) thermal
cycler. The amounts of template cDNA and the number
of PCR cycles were determined for each gene to ensure
that amplification occurred in the linear range and al-
lowed good comparison of the amplified products. At
least three independent analyses were carried out on the
different RNA samples.

longcell

w.type

-~

embryos. i Wild type
transversal section; j wild type
longitudinal section; k longcell
longitudinal section. Arrows
indicate the hybridization. su
suspensor, ¢/ basal endosperm
transfer layer, en endosperm,
p pericarp, a aleurone layer,
sc scutellum, rd radicle, cr
coleorhyza, ea embryo axis.
Bars represent 2 mm (a, b),

1 mm (c, d), 200 pm (e-h),
150 pm (i), 60 pm (j) and 40 um
(k)




Biochemical and activity analysis of maize kernels

Crude protein extracts were made from dry seeds of the
different maize lines or from seedlings 1 day after ger-
mination, by grinding in 2 ml of soluble extraction
buffer, containing 40 mM NaAc (pH 4.8), 20 mM
CaCl,, and 60 mM NaCl, in a pestle and mortar. Sam-
ples were centrifuged at 14,000g for 10 min to pellet
insoluble material, heated at 70°C for 15 min and cen-
trifuged again at §,000g for 5 min at 4°C. The protein
concentration was measured using the Bradford method
(Bradford 1976). Amylase activity was determined by
measuring the reduction in the starch content of the
reaction mix after incubation at 37°C for 30 min.
Reaction mix consisted in 50 pl of protein extract and
400 pl of reaction buffer: 50 mM NaAc (pH 4.8),
20 mM CaCl,, 60 mM NaCl and 0.3% soluble starch
(w/v). Starch content was measured using the iodine
method (Halick and Keneaster 1956). Activity was
estimated against a standard and expressed as mg starch
degraded per min per mg of extracted protein.

Identification of differentially expressed genes

RNAs were obtained from 20 day after pollination
(dap) wild type and longcell maize seeds, dissected from
the same heterozygous ears. Differential display proce-
dures were carried out as described by Bastida and
Puigdomenech (2002). Reverse transcription was per-
formed on 0.2 ng of total RNA, using a T{,MN oligo-
nucleotide as anchor-primer. Two microliters of this
cDNA were used as template for the polymerase chain
reaction (PCR), in which an arbitrary decamer oligo-
nucleotide was used in combination with the T;,MN
oligonucleotide. Products were labelled with *>S-dATP

Fig. 2 a—d Enlarged cells on the
surface of mutant embryos.
Scanning electromicrographs of
dissected longcell (a, b, ¢) and
wild type (d) immature embryos
(30 dap) showing the different
cell shape on the surface of the
scutellum. sc scutellum, ea
embryo axis-like, en endosperm.
Bars represent 0.5 mm (a),

200 pm (b) and 60 pum (c, d)
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and separated on a denaturing polyacrylamide gel. This
gel was exposed to X-ray film, and the bands of interest
cut out, amplified with the same combination of oligo-
nucleotides and cloned into a pGEM-T vector (Pro-
mega, Madison, WI, USA). To prevent isolation of false
positives, all amplification experiments were performed
twice for each primer combination. Only those cDNA
bands whose levels of expression were affected in both
reactions were selected for further analysis.

Results

Phenotype of longcell kernels and storage molecule
accumulation

The mutant line described here was obtained using
the strategy of gene tagging by the Activator (Ac)
transposon (Dellaporta and Moreno 1994). The longcell
mutation behaves as a Mendelian recessive trait. Het-
erozygous plants are not visibly abnormal at the
vegetative stage. Homozygous mutant kernels are char-
acteristically small, with a reduced endosperm (Fig. la,
b) (Graziano et al. 2003). Mutant kernels have an
average weight of 54.3 mg/kernel, while in the wild
type the average is 173.3 mg/kernel, in our culture
conditions. Examination of the embryos showed that
although they are variable in shape they always have a
rough surface and are blocked between the late transi-
tion and early coleoptilar stage (Fig. 1c, d). Although
the endosperm is reduced in size, it has the typical vit-
reous texture, basal endosperm transfer layer (Fig. le, f)
and aleurone layer (Fig. 1 g, h), and the pericarp in
longcell kernels is not altered (Fig. 1 g, h). Despite their
abnormal shape, mutant embryos often have suspensor-,
scutellum-, embryo axis- and radicle-like structures, but
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they never develop a shoot apical meristem (SAM). Cells
in the scutellum-like structure are bigger and more
irregular in shape than in the embryo axis-like structure.
The differentiation of the radicle is shown by the analysis
of expression of a gene coding for a malic enzyme (EM).
In wild type embryos, this gene is specifically expressed

in the epidermis of the radicle (Fig. 1i, j) (Lopez-Becerra
et al. 1998), and 20 dap longcell embryos accumulate
EM mRNA in a position equivalent to the epidermis of
the radicle (Fig. 1k). Mutant embryos did not germinate
in vitro or generate callus under our experimental
conditions (see Material and methods).

Fig. 3 a—f Accumulation of
reserves and expression of the
post-germination gene program
during embryogenesis in
longcell mutants. a—b IPI starch
staining of wild type (a) and
longcell endosperm (b) in dry
seeds showing the dark starch
staining. c-d mRNA
accumulation pattern of y-zein
in transversal sections of 20 dap
wild type (¢) and longcell (d)

kernels. en Endosperm, p
pericarp, a aleurone layer. Bars
represent 100 pm (a, ¢, d) and
60 um (b). e RT-PCR analysis
of the expression profiles of two
germination specific maize
genes. Ethidium bromide-
stained 1.5% agarose gels
showing RT-PCR products.
Details of the genes are given in
Table 1. AMY is a-amylase and
BDG is f-D-glucanase. lc

corresponds to longcell kernels
and w.t. to wild type. The
numbers at the top correspond
to days after pollination. In

each case, the size of the bands + - + - -+ -
shown are those expected. The
ubiquitin gene was used as rr e = e
control. + Corresponds to the Ublqllltln
RT-PCR assays and, — to the - - -
negative controls in which
the reverse transcriptase was le - ke
not included in the reaction. AMY w.t
f Comparison of a-amylase o
activity in dry and germinating
seeds of wild type and selected BDG le —-— —
mutants. Wt Wild type, Vpl w.t.
viviparous 1, lc longcell, wt-1
wild type seeds 1 day after
germination f 0.6
v £
g’ 2 0.5
5
£ o 041
€3
N 4
R 0.3
S £
n X 0.27
U) m
=]
0.1
0.0 —

Ic

Wt-1

vp1



Scanning electron microscopy shows that cells on the
surface of longcell embryos are abnormally long
(Fig. 2a, b, ¢) compared to the wild type (Fig. 2d). The
enlarged cells are about 500 um long and are enlarged
allometrically, expanding only along the longitudinal
axis. The first appearance of enlarged cells is around 20
dap in the region corresponding to the scutellum-like
structure, next to where the SAM should be, and this
spread throughout the embryo.

To further characterize the mutant kernels, the starch
content was quantified. The amount of starch is lower in
longcell kernels: 21 fold lower expressed in amount of
starch per seed, and 5.7 fold lower calculating the con-
tent per weight of flour. The same conclusion was ob-
served when sections of mutant seeds where treated with
iodine—potassium iodate (IPI), which stains starch black
(Fig. 3a, b). As expected, a strong black signal was ob-
served in wild type seeds, but was very much reduced in
the mutant endosperm under the same reaction condi-
tions. Extractable proteins were also quantified. As ex-
pected due to the reduced size of the seed, the amount of
protein per seed is lower in longcell kernels (1.4-fold
lower for extractable proteins and 21-fold for starch).
However, calculating the content per weight of flour, the
amount of extractable proteins is 2.3 fold higher in
the mutant. This can at least partially be explained by
the reduced contribution of the starch to the final weight
of the seed.

We also found some differences between mutant and
wild type kernels when we examined the pattern of
mRNA accumulation of the y-zein gene, which codes for
a storage protein. During normal development, y-zein
mRNA accumulates in high concentrations in the first
few layers of subaleurone cells in the endosperm (Geetha
et al. 1991; Fig. 3c). In situ hybridization with a probe
for the y-zein gene product showed that, in the longcell
mutants, y-zein mRNA is accumulated in both the
subaleurone and central endosperm cells (Fig. 3d). This
suggests a more general distribution of y-zein in the
mutant endosperm.

Many hydrolytic enzymes are expressed in the
scutellum and aleurone layers during germination. In
normal conditions, «-amylase mRNA, protein and
activity are only detected a few hours after germination
(Chandler et al. 1984). We designed PCR primers spe-
cific for the a-amylase gene (Table 1) and analyzed the
mRNA accumulation by RT-PCR analysis. As
expected, the a-amylase gene was not expressed in the
wild type during kernel development (Fig. 3e) but in the
mutants, a-amylase transcripts were found at 20 and 30
dap. We examined the accumulation of the S-D-glu-
canase mRNA (Table 1), which is only expressed after
germination in normal conditions, but in longcell kernels
we detected the mRNA from 20 dap. We also examined
the a-amylase activity in dry seeds of wild type, longcell
and Vpl lines, as well as wild type seeds 1 day after
germination (1 dag) (Fig. 3f). The a-amylase activity was
higher in germinating compared to dry, wild type seeds,
and also higher in the Vpl mutant, as has been previ-
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ously described (Young and Gallie 2000). Higher activ-
ity is also observed in longcell seeds, which correlates
well with the expression of the gene during seed devel-
opment.

Differences in the mRNA accumulation of embryo
marker genes

The isolation of several marker genes, characteristically
expressed during different processes that take place
during embryogenesis, allows us to evaluate which
mechanisms are affected in the embryo of longcell mu-
tants. We examined the mRNA accumulation of several
of these genes, from different functional categories, in
wild type and longcell embryos at different stages of
development (Fig. 4).

The first category of genes examined was those in-
volved in cell division. Two genes were examined, one
coding for the histone 3 (H3), and a second coding for
the translation elongation factor la (EF-1a). These
genes are preferentially expressed in those parts of the
embryo in which cell division is more frequent, such as
the epidermis of the scutellum, meristems and provas-
cular tissues. In the wild type, H3 mRNA has a char-
acteristic “‘spotted” distribution because its expression is
only high during cell division (Fig. 4a, b), whereas EF-
lo mRNA does not have this type of distribution, be-
cause its expression is high throughout the cell cycle in
proliferating tissues (Fig. 4¢). In 20 dap longcell em-
bryos, both mRNAs accumulate but with a no organized
pattern (Fig. 4c, g). EF-lo« mRNA is accumulated in
certain regions of 12 dap embryos (Fig. 4f). The expres-
sion of both genes in 35 dap longcell embryos is reduced
to a few scattered cells (Fig. 4d, h).

We also examined the mRNA accumulation of genes
involved in basic cell metabolism with a gene coding for
glyceraldehyde phosphate dehydrogenase (GPD) (EC
1.2.1.13) involved in glucolysis, a gene coding for an acyl
carrier protein (AP17) involved in lipid biosynthesis
(Roca et al. 1998), and a gene coding for a clathrin
adapter protein (CAP) involved in vesicle transport from
the Golgi apparatus. In wild type embryos, all three
genes share a similar pattern of mRNA accumulation,
with a basal level of expression throughout the embryo,
a high level of mRNA accumulation in the epidermis
and subepidermal layers of the scutellum, and a gradient
of mRNA abundance decreasing towards the embryo
axis (Fig. 41, m, q). Despite the morphological altera-
tions, all three genes are similarly expressed in 12 and 20
dap longcell embryos. At 12 dap the expression of all
three genes is general in the embryo proper and absent in
the suspensor (Fig. 4j,n,r). At 20 dap, the mRNA
accumulation of GPD and AP17 is higher in the epi-
dermal and subepidermal layers of the mutant embryos
and gradually decreases towards the centre (Fig. 4k, o).
The expression of CAP is more or less uniform
throughout the mutant embryo although parts of the
external regions of the scutellum-like structure have a
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Fig. 4 a—y Expression of marker genes during embryogenesis in
longcell mutants. The mRNA accumulation pattern of different
genes in sections of immature wild type and longcell embryos.
a Histone 3 gene (H3) in transversal section (7S) of 20 days after
pollination (dap) wild type (WT) embryo. b H3 in TS of 20 dap WT
embryo. ¢ H3 in TS of 20 dap longcell (Ic) embryo. d H3 in
longitudinal section (LS) of 35 dap /c embryo. e Elongation factor
lo gene (EF-1o) in TS of 20 dap WT embryo. f EF-1o in LS of 12
dap lc embryo. g EF-1o.in TS of 20 dap /c embryo. h EF-Ioin LS of
35 dap lc embryo. i Glyceraldehyde phosphate dehydrogenase gene
(GPD) in TS of 20 dap WT embryo. j GPD in LS of 12 dap lc
embryo. k GPD in TS of 20 dap /c embryo. 1 GPD in LS of 35 dap
lc embryo. m Acyl carrier protein gene (4P17) in TS of 20 dap WT

embryo. n AP17in LS of 12 dap Ic embryo. 0 API17in TS of 20 dap
lc embryo. p API7 in LS of 35 dap /c embryo. q Clathrin adapter
protein gene (CAP) in TS of 20 dap WT embryo. r CAP in LS of 12
dap lc embryo. s CAP in TS of 20 dap lc embryo. t CAP in LS of 35
dap lc embryo. u Rab17 in LS of 20 dap lc embryo. v Rabl7 in LS
of 35 dap /c embryo. x Rab28 in LS of 20 dap /c embryo. y Rab28 in
LS of 35 dap /c embryo. ¢ coleorhyza, c¢p coleoptilar procambium,
ea embryo axis, en endosperm, in internode, p pericarp, p/ plumule,
sam shoot apical meristem, sc scutellum, sp scutellar procambium,
ss scutelar subepidermal layer, e embryo, su suspensor, ¢/
endosperm basal transfer layer. Bars 50 pym (f, j, r), 100 pm
(b, n), 200 um (a, e, i, m, q, u), 250 pm (d, h, 1, p, t), 300 um (c, g, k,
0,S,V,X,Y)
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Fig. 5 a-b Nuclear DNA
fragmentation in longcell
embryos. 34 dap immature
embryos were stained using the
in situ cell death detection kit
(Roche) based on the TUNEL
method. a Wild type embryo.
The bar represents 500 um.

b longcell embryo. The bar
represents 200 um. sc scutellum,
ea embryo axis

higher level of accumulation of mRNA (Fig. 4s). The
accumulation of mRNA for all three genes is reduced to
a few scattered cells in 35 dap longcell embryos (Fig. 41,
p, t).

Finally, we examined the mRNA accumulation of
rabl7 and rab28 genes, which are transcribed in late
embryo development and in response to abscisic acid
and water stress in embryo and vegetative tissues (Go-
day et al. 1994; Niogret et al. 1996). As has been de-
scribed by Goday and col. (1994) initially in the
development rabl/7 mRNA accumulates in the embryo
axis, but as maturation progresses, rabl7 mRNA also
accumulates in the scutellum (30 dap). We found that
rabl7 mRNA also accumulates in 20 dap longcell em-
bryos but, differently to wild type, it is concentrated
mainly in the region of the embryo opposite the sus-
pensor (Fig. 4u). On the other hand, as has been de-
scribed by Niogret et al. (1996), the expression of rab28
in young wild type embryos is restricted to provascular
tissues, and in later stages the most prevalent accumu-
lation occurred in meristem and in the vascular elements
of embryo axis and scutellum. The accumulation of
rab28 mRNA 1is general throughout the longcell embryo
but it shows some regions of higher intensity in the
scutellum-like region (Fig. 4x). The mRNA abundance
of both genes is severely reduced in 35 dap longcell
embryos (Fig. 4v, y).

In situ hybridizations showed little signal in 35 dap
embryos for all the genes tested. These results may be
because a reduction in the expression of the genes but
also because a reduction in the total amount of mRNA
in the mutant embryos. RNA extractions on mature
longcell seeds never succeeded and extractions on 35 and
40 dap seeds always give very few yields comparing with
younger mutant seeds. This results suggest a general
RNA degradation in longcell embryos in the late stages
of seed development.

Evidences of cell death in longcell seeds

Using agarose gel electrophoresis to examine the integ-
rity of the genomic DNA from mature mutant and wild
type embryos extracted from dry seeds, we found that
the genomic DNA from longcell embryos has a high
degree of degradation compared with DNA extracted
from wild type embryos (not shown). TUNEL staining

has been extensively used for in situ detection of DNA
fragmentation sites associated with apoptotic cell death.
Nuclei of 34 dap longcell embryos had generalized
TUNEL staining, compared with wild type embryos of
the same age which gave positive TUNEL staining only
in the inner layer of the scutellum, next to the coleoptile
(Fig. 5a, b).

We examined the expression of genes involved in the
execution and regulation of different processes of pro-
grammed cell death in plants. The selected genes in-
cluded different categories:

(a) Nucleases: involved in the degradation of nuclear

DNA. We included a gene coding for a nuclease,

which we called MENT1, which is homologous to a

family of PCD-related S1-type DNAses (Aoyagi

et al. 1998).

Proteases: several proteases of different families

have been demonstrated as being involved in PCD

processes, including aspartic proteases such as
phytepsin (Runeberg-Roos and Saarma 1998), ser-
ine proteases such as SASI (Coffeen and Wolpert

2004) and a group of cysteine-aspartic proteases

called metacaspases (Mcla, Mclb, Mclla, MclIb)

(Uren et al. 2000).

(¢c) Genes involved in the regulation of ROS: ROS
(reactive oxygen species) are molecules such as hy-
droxyl radicals, hydrogen peroxide or superoxide,
which have a signalling function in many biological
systems, including plant cells. It has been shown that
ROS serve as signals to induce changes in gene
expression associated with PCD (Apel and Hirt
2004) and the production of ROS may also occur as
a consequence of the activation of a pathway leading
to cell death. For this reason we also studied the
mRNA accumulation of genes associated with anti-
oxidant metabolism, such as a peroxiredoxin (Stacy
et al. 1996) and a metallothionein-like coding gene
(Ma et al. 1997).

(b)

With oligonucleotides specific for each of the genes
(Table 1), we examined the mRNA accumulation in
wild type and mutant seeds at different stages of
development, using RT-PCR assays (Fig. 6). MENI
was expressed at higher levels in the longcell seeds than
in wild type, at the three stages of development tested.
Five of the six protease-coding genes also gave higher
levels of mRNA in the mutant seeds compared to wild
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Fig. 6 RT-PCR analysis of the expression profiles of several maize
genes putatively involved in PCD processes. Ethidium bromide-
stained 1.5% agarose gels showing RT-PCR products. The names
of the genes are given in Table 1. /c Corresponds to longcell kernels
and wt. to wild type. The numbers on the top correspond to days
after pollination. In each case, the size of the bands shown are those
expected. The ubiquitin gene was used as control. + corresponds
to the RT-PCR assays and — to the negative controls in which the
reverse transcriptase was not included in the reaction

type, at different levels and stages of development, and
for the only one not differentially expressed, Mcla, we
were not able to detect mRNA in wild type or in
mutant seeds. The expression of hydrolytic genes is
typical of PCD processes and is an indication of an
active degradation process. Finally, the mRNA accu-
mulation of both genes involved in ROS abundance
was altered in longcell kernels: the expression of per, a
protector against oxidative stress, is reduced in mutant
seeds and the mRNA accumulation of metl, a gene
induced by ROS, was increased at all stages of devel-
opment studied.
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Fig. 7 RT-PCR analysis of the expression profiles of the four
maize genes isolated in the DDRT assay. Ethidium bromide-
stained 1.5% agarose gels showing RT-PCR products. The names
of the genes are given in Table 2. /c Corresponds to longcell kernels
and wt to wild type. The numbers on the top correspond to days
after pollination. In each case, the size of the bands shown are those
expected. The ubiquitin gene was used as control. + corresponds
to the RT-PCR assays and — to the negative controls in which the
reverse transcriptase was not included in the reaction

Isolation of sequences corresponding to differentially
expressed genes in wild type and longcell seeds

To identify genes whose expression is altered by longcell
mutation, we compared the mRNA accumulation pro-
files of 20 dap maize kernels using mRNA differential
display. After the changes in mRNA levels had been
confirmed by RT-PCR analysis, the differential display
approach resulted in five cDNA clones, varying in length
from 411 to 118 bp. The four down-regulated clones
were named LCDI1, LCD2, LCD3 and LCD4 (for
longcell down-regulated), and the one up-regulated clone
was named LCU1 (for longcell up-regulated). An over-
view of the isolated maize LCD and LCU clones,
including GeneBank accession numbers, is given in
Table 2. Changes in mRNA levels of the genes corre-
sponding to the LCD and LCU fragments were exam-
ined by RT-PCR amplification at three different stages
of seed development; 10, 20 and 30 days after pollina-
tion (Fig. 7).

LCDI encodes a myo-inositol 1-phosphate synthase
(MIPS), similar to ZmMIPSI (Shukla et al. 2004).
MIPS protein has been described in many organisms
and is the key enzyme in the inositol biosynthetic
pathway. In cereal seeds, MIPS is important for the
synthesis of phytic acid (myo-inositol-1,2,3,4,5,6-hexa-



kis-phosphate), which is the most important source of
phosphorous and other minerals in mature embryos
(Raboy et al. 2000). LCD1 was not expressed, or ex-
pressed at very low levels, in longcell embryos at all
stages of development examined (Fig. 7).

LCUI1 is 284 nucleotides long and was expressed in
longcell embryos at 20 and 30 dap, at higher levels
than in the wild type. BLAST searches gave high
sequence similarity to a rice cytochrome b245 f-chain
NADpH oxidase, and an Arabidopsis respiratory burst
oxidase protein NADpH oxidase (RbohF) (Torres
et al. 1998).

LCD2 is 274 bp long. A BLAST nucleotide search
gave similarity to a rice pectate lyase-like encoding gene.
RT-PCR analysis showed that this gene was down reg-
ulated in the mutant seeds relative to the wild type.
Pectate lyases (EC: 4.2.2.2) catalyze the eliminative
cleavage of de-esterified pectin, a major component in
the primary cell walls of many higher plants, and are
enzymes involved in the maceration and soft rotting of
plant tissues (Turcich et al. 1993).

The LCD3 differentially expressed band encodes a
sequence similar to the Arabidopsis histone deacetylase
2b (HD2b). These enzymes are involved in the regula-
tion of gene expression via deacetylation of histones, a
process that modifies the chromatin from an open gene,
active, euchromatin structure to a closed gene, silenced,
heterochromatin structure (Struhl 1998). The mRNA
accumulation of this gene was lower in the mutant at 10
dap, but higher at 30 dap. In animal systems some his-
tone deacetylases have been implicated in the regulation
of apoptosis. Histone deacetylase inhibitors induce
apoptosis in a number of malignant cell types (Choba-
nian et al. 2004) and oxidative stress significantly de-
creases the activity of a histone deacetylase 2 in cultured
cells (Ito et al. 2004).

Finally, LCD4 has sequence similarity to a maize
cyclophilin (Cyp) whose expression was lower in the
mutant at all three stages of development analyzed.
Cyclophilins (EC: 5.2.1.8) are members of a class of
proteins with peptidyl-prolyl cis-trans isomerase activity
that has been implicated in intracellular protein folding,
transport and assembly (Marivet el al. 1995). Cyp is
expressed in all maize tissues but its mRNA abundance
increases during germination, in growing tissues and
organs, and in nodes and internodes of adult plants.

Discussion

A large number of maize seed mutants have been
isolated (Sheridan and Clark 1993), although only a
few have been comprehensively characterized to date.
Using a range of microscopy techniques and gene
expression assays, we describe here the phenotype of
the maize longcell mutant. Longcell is a lethal and
recessive defective-kernel mutant that has a distorted
embryo and a reduced endosperm (Graziano et al.
2003).
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Expression of germination-specific genes during
embryogenesis

One altered aspect of the longcell mutant is the induction
during embryogenesis of genes which, under normal
conditions, are only expressed after germination. For
convenience, embryogenesis has been divided into
modules separated in time, but, in fact, embryogenesis
and germination are parts of a continuous develop-
mental process, only temporally interrupted by quies-
cence (Kaplan and Cooke 1997). The transition from
embryogenesis to germination is regulated by many
transcription factors. Genetic alterations in these factors
produce mutants in which the pathway of embryogenesis
and germination is affected, as occurs in leafy cotyle-
donl, and fusca3 in Arabidopsis and abscisic acid-insen-
sitive. mutants in maize and Arabidopsis (Brocard-
Gifford et al. 2003). For example, an increase in a-
amylase activity was observed in viviparousl seeds
(Young and Gallie 2000). Alterations in the embryo-
genesis program in [longcell could easily affect this
complex regulation and induce precocious expression of
genes from the post-germination programme

Cell death in longcell embryos is genetically regulated

Cell death is often linked to embryo mutants (Clark and
Sheridan 1986) and is induced in longcell embryos. Cell
death may be through necrosis or PCD. Necrosis is a
non-physiological, non-regulated process, whereas PCD
is a genetically regulated process and requires the acti-
vation or inactivation of several genes and proteins
(Pennell and Lamb 1997). Cell death in embryo defective
mutants has usually been considered necrotic (Clark and
Sheridan 1986). In the case of the longcell mutant, death
of the embryo involves a genetic regulation because it is
accompanied by the induction of expression of genes
coding for hydrolytic enzymes, including, at least, dif-
ferent classes of proteases and a nuclease. Moreover, we
also detected nuclear TUNEL staining in dying em-
bryos, which is an indication that death proceeds in a
regulated manner. There were also changes in the
expression of oxidation-related genes, and reactive
oxygen species (ROS) are often involved in the regula-
tion of PCD processes (Apel and Hirt 2004). All these
data indicate that the death of longcell embryos is not
necrotic.

In animals, some data demonstrate the linked regu-
lation between cell death and cell division (Burgering
and Kops 2002). In plants, this relationship is not so well
studied but, for example, elicitor induction of cell death
during the HR response in tobacco BY-2 cells depends
on the cell cycle (Kadota et al. 2004). The abnormal
development in /ongcell embryos could alter the normal
induction of PCD, leading to generalized cell death. The
opposite phenomenon, the inhibition of cell death, also
produces abnormal phenotypes, as has been suggested
by Consonni et al. (2003) for certain maize mutants.
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Cell elongation and body pattern formation in longcell
mutants

Maybe the most striking characteristics of the longcell
mutant is the apparent disruption of the balance be-
tween elongation and division that produces enlarged,
tubular cells in the scutellum-like structure. The pro-
duction of enlarged, tubular cells could be due to an
increase in the cell expansion rate, but depression or
absence of cytokinesis could produce a similar result.
The abnormal cells in longcell embryos elongate, sug-
gesting that they are not impaired in the synthesis and
transport of new cell wall components. The expression
of the clathrin adapter protein involved in vesicle
transport from Golgi apparatus, and of the acyl carrier
protein involved in lipid biosynthesis is not disabled in
the mutant, at least in early and mid-embryogenesis. On
the other hand, the elongated cells are tubular in shape
and not spherical, indicating that some of the cortical
microtubule arrays are present and constrain the direc-
tion of cell growth (Whittington et al. 2001) which leads
to one possible hypothesis, that longcell embryos could
be defective in cytokinesis.

Arabidopsis mutants affected in cytokinesis have en-
larged, tubular cells (Mayer and Jiirgens 2004). These
mutants also have rough surfaces and alterations in
cellular differentiation, but the general body plan is
usually preserved (Sollner et al. 2002). In some cases,
although cell division is blocked, embryos remain alive
for a long time. For example, the Arabidopsis pilz
cytokinesis-defective mutant is blocked in cell division at
a very early stage but the cells stay alive, express cell-
cycle regulators and maintain their apical-basal cell fates
(Mayer et al. 1999). The stage of development and the
organs in which cytokinesis is blocked are variable, and
consequently the phenotypes produced may range from
embryo lethality to effects in only some specific organs.
For example, in the Arabidopsis pilz mutant, cytokinesis
is blocked at very early stages of embryo development
(Mayer et al. 1999), but in the pea cyd mutant, cytoki-
nesis defects are predominant in the developing cotyle-
dons (Liu et al. 1995). Another characteristic of many
cytokinesis-defective mutants is the variability of phe-
notypes produced by the same mutation. For example,
disruption of an Arabidopsis prolifera gene leads to a
cytokinesis defect that produces embryo lethality, but
the arrest in embryo development is at a variety of stages
(Holding and Springer 2002). Séllner et al. (2002) found
similar variability in the Arabidopsis club mutant and
suggested that the first appearance of cytokinesis defects
during development may be stochastically.

Some maize cytokinesis-defective mutants have been
described. For example, tangledl and wartyl mutants
are affected in the cytokinesis in leaves (Smith et al.
2001) and, although the genes producing the mutations
are not known, it has been suggested that some maize
dek and emb mutants are also affected in cytokinesis
(Consonni et al. 2003). As well as the presence of
enlarged tubular cells, several features of longcell are

similar to those observed in cytokinesis-defective mu-
tants. For example, longcell embryos have rough sur-
faces, abnormalities in cell differentiation, preservation
of the general body pattern, expression of genes involved
in basic metabolism and phenotype variability. They are
affected only, or mainly, in certain organs and they are
apparently able to develop normally up to a certain
developmental stage. In view of this, we postulate that
cytokinesis is impaired or reduced in longcell embryos.
The changes in the accumulation of storage molecules,
the activation of the expression of genes that in normal
conditions are only expressed after germination, and the
induction of cell death in the embryo are probably sec-
ondary effects of the cytokinesis alterations.
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