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We characterized the progression of programmed cell death 
during maize (Zea mays L.) endosperm development of starchy (Su; 
wild-type) and shrunken2 (sh2) genotypes and tested the involve- 
ment of ethylene in mediating this process. Histological and viabil- 
ity staining demonstrated that endosperm cell death was initiated 
earlier and progressed more rapidly in sh2 endosperm compared 
with Su endosperm. lnternucleosomal DNA fragmentation accom- 
panied endosperm cell death and occurred more extensively in sh2 
endosperm. 1 -Aminocyclopropane-1 -carboxylic acid levels peaked 
approximately 16 d after pollination (dap) in Su endosperm and 
gradually decreased during subsequent development, whereas two 
large 1 -aminocyclopropane-1 -carboxylic acid peaks were observed 
in sh2 endosperm, the first between 16 and 20 dap and the second 
at 36 dap. Ethylene levels were elevated in sh2 kernels compared 
with Su kernels, with an initial peak 20 dap approximately 3-fold 
higher than in Su kernels and a second peak 36 dap approximately 
5-fold higher than that in Su kernels. Ethylene treatment of Su 
kernels resulted in earlier and more extensive endosperm cell death 
and DNA fragmentation. Aminoethoxyvinylglycine treatment of sh2 
kernels reduced the extent of DNA fragmentation. We conclude 
that ethylene is involved in triggering programmed cell death in 
developing maize endosperm and is responsible for the aberrant 
phenotype of sh2 kernels. 

pcd is an integral part of the development of a11 multi- 
cellular organisms, and the concept of a genetically deter- 
mined program orchestrating this process has been shown 
to be functionally conserved among humans, nematodes, 
and insects (Tomei and Cope, 1991, 1994; Gerschenson and 
Totello, 1992; Hengartner and Horvitz, 1994). Apoptosis, 
the most common form of cell death in animals, is charac- 
terized by cells actively directing their own death and 
differs from necrosis, which is not an active, gene- 
dependent form of death but, rather, results from severe 
injury to cells (Kerr et al., 1995). Condensation and frag- 
mentation of the nucleus, membrane blebbing, cytoplasmic 
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condensation, orderly internucleosomal fragmentation of 
the DNA, and fragmentation of the cell into distinct 
membrane-bound apoptotic bodies are a11 characteristics 
associated with apoptosis (Wyllie, 1980; Earnshaw, 1995; 
Kerr et al., 1995). Internucleosomal DNA cleavage is cata- 
lyzed by endogenous Ca*+-dependent endonucleases to 
generate a ladder of DNA fragments in multiples of ap- 
proximately 180 to 200 bp (Collins et al., 1992) and is 
considered to be one hallmark of apoptosis (Wyllie et al., 
1984; Wyllie, 1995). 

Comparatively little is known about the mechanism(s) 
underlying pcd in plants or the extent of its functional 
conservation with animals (Greenberg, 1996; Ryerson and 
Heath, 1996). Examples of pcd in plants include autolysis of 
the xylem during differentiation (Chasen, 1994; Wang et 
al., 1996a), the progression of root cap cells (Wang et al., 
1996a; Esau, 1977), the hypersensitive response of resistant 
plants to pathogen attack (Dietrich et al., 1994; Greenberg 
et al., 1994; Lamb, 1994; Levine et al., 1996; Wang et al., 
1996a), and lysogenic aerenchyma formation in maize (Zeu 
mays L.) roots following exposure to hypoxic conditions 
(Drew et al., 1979; He et al., 1996). Many authors have 
suggested parallels between pcd in plants and apoptosis in 
animals (Bachmair et al., 1990; Greenberg and Ausubel, 
1993; Dietrich et al., 1994; Greenberg et al., 1994; Lamb, 
1994; Greenberg, 1996; Levine et al., 1996; Wang et al., 
1996a, 1996b). Genes known to regulate apoptosis have 
been identified in both nematodes and humans. However, 
only one animal homolog ( d a d l )  has been identified in 
plants and its function remains to be determined (Apte et 
al., 1995; Sugimoto et al., 1995). 

Cereal endosperm is composed of storage, transfer, and 
aleurone cells, each of which has a distinctive structural 
and physiological role in the overall development of this 
storage tissue (Lopes and Larkins, 1993). The majority of 
endosperm tissue is composed of storage cells that synthe- 
size starch and storage proteins as a reserve to support 
growth of the seedling following germination. Aleurone 
cells play an important role in the mobilization of the 
stored reserves in the endosperm during germination. Dur- 
ing cereal kernel development, starchy endosperm cells 
die, leaving the cells of the aleurone layer at the endosperm 

Abbreviations: AVG, aminoethoxyvinylglycine; CEPA, 2-chlo- 
roethylphosphonic acid (ethephon); dap, days after pollination; 
pcd, programmed cell death. 
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periphery as the only living endosperm cells (Kyle and 
Styles, 1977; Kowles and Phillips, 1988; Lopes and Larkins, 
1993; DeMason, 1994). The causes and progression of en- 
dosperm cell death have not been characterized. 

A number of maize endosperm mutations have been 
identified and shown to produce qualitative and / or quan- 
titative differences in carbohydrate metabolism during ker- 
nel development, including mutations deficient in starch 
synthesis, which are currently used for the production of 
sweet corn (Boyer and Shannon, 1983; Douglass et al., 1993; 
Azanza et al., 1996). The most commonly used mutation, 
sugaryl ( su l ) ,  is characterized by reduced levels of the 
starch-debranching enzyme, which results in a 2-fold ele- 
vation in sugar content (Pan and Nelson, 1984; James et al., 
1995). skrunken2 (sh2) encodes one of the subunits for the 
enzyme ADP-Glc pyrophosphorylase, and mutations in 
this gene result in kernels with a 2-fold elevation in sugar 
content over sul and a greatly reduced starch content 
(Creech, 1965; Hannah and Nelson, 1976; Bhave et al., 
1990). The sugary enkancerl ( s e l )  gene is a recessive modi- 
fier of the sul endosperm mutation and increases total 
sugar in sul kernels to levels comparable to those found in 
sk2 kernels (Gonzales et al., 1976; Ferguson et al., 1979). 

A number of common pleiotropic effects are manifested 
during endosperm development in these starch-deficient 
mutants, including reduced endosperm to embryo ratios, 
reduced storage protein synthesis, and a characteristic 
shrunken kernel phenotype at maturity (Tsai et al., 1978; 
Wann, 1980; Styer and Cantliff, 1983; Harris and DeMason, 
1989; Azanza et al., 1996). Additionally, it has been re- 
ported that endosperm cells of the starch-deficient maize 
mutant skrunkenl ( s k l )  undergo premature cell degenera- 
tion during development (Chen and Chourey, 1989; 
Chourey et al., 1991). Despite the potential significance of 
these observations, very little progress has been made to- 
ward understanding the physiological basis of these pleio- 
tropic effects or their relevance in advancing our under- 
standing of fundamental aspects of cereal endosperm 
development. 

Ethylene is one of the many hormones that have been 
shown to direct profound effects on growth and develop- 
ment of higher plants, and it has been implicated in a 
number of diverse processes such as the promotion of seed 
germination, diageotropism, fruit ripening, pathogenesis, 
leaf abscission, and flower senescence (Mattoo and Suttle, 
1991; Abeles et al., 1992; Fluhr and Mattoo, 1996). More 
recently, ethylene has also been implicated as part of the 
signal transduction pathway resulting in pcd during the 
hypersensititive response following pathogen attack (Ward 
et al., 1991; Greenberg et al., 1994) and the formation of 
lysogenic aerenchyma in maize roots in response to expo- 
sure to hypoxic conditions (Drew et al., 1979; Campbell and 
Drew, 1983; He et al., 1996). Furthermore, Beltrano et al. 
(1994) showed that ethylene is synthesized during wheat 
ear development and that ethylene application hastens the 
process of grain maturation, whereas treatment with eth- 
ylene biosynthesis inhibitors had the opposite effect. 

In light of these observations we hypothesized that eth- 
ylene may be responsible for the premature death and 
collapse of the central endosperm of the various starch- 

deficient mutants as a consequence of the stress resulting 
from the elevated sugar levels. The objectives of this study 
were (a) to compare the progression of cell death in the 
developing endosperm of Su and sh2 genotypes of maize 
by characterizing histological and viability changes, (b) to 
correlate these changes with the progression of DNA frag- 
mentation and induction of nuclease activity, (c) to deter- 
mine whether ethylene levels are higher in starch-deficient 
endosperm mutants, and (d) to establish a causal relation- 
ship between ethylene exposure and pcd in mutant and 
wild-type endosperm. 

MATERIALS A N D  METHODS 

The maize (Zea mays L.) inbred lines I1451b and Oh43, 
isogenic for the starchy wild-type (Su = S u l S e l ;  Sk2) and 
the recessive endosperm mutations sul, sulsel, and sh2 
were used for this study. Because of poor germination, 
embryos from I1451b sk2 kernels were first cultured on 
medium containing 1% (w/v) agar, 3% (w/v) SUC, and 
Murashige and Skoog salts for 2 to 3 weeks, and the young 
seedlings were transplanted to the field along with seeds of 
the remaining genotypes. Plants were hand-pollinated and 
developing kernels were collected at 4-d intervals from 8 to 
48 dap. Three samples collected from three separate ears 
for each developmental stage were frozen in liquid N, and 
stored at -80°C until analysis. 

Viability Staining 

Twenty fresh kernels were collected for Su and sk2 ge- 
notypes of I1451b at developmental stages ranging from 12 
to 44 dap at 4-d intervals. Near-median longitudinal hand 
sections (approximately 3 mm thick) were stained in 0.1% 
(w/v)  Evans blue (C.I. 23860) for 2 min (Gaff and Okong 
'O-Ogola, 1971). Stained sections were washed with water 
for 30 min and photographed with Kodak T-Max 100 film 
on a Nikon Multiphot photomacrography system with re- 
flected lighting. 

Histology 

Developing kernels of I1451b (Su  and sk2) were collected 
16, 20, 24, 28, 32, and 40 dap. A 3-mm-thick median longi- 
tudinal section was removed from each and fixed in 2% 
(v/v) glutaraldehyde and 2% (v/v) paraformaldehyde in 
50 mM phosphate buffer, pH 7.2, for 7 to 10 d. Samples 
were then dehydrated through a graded ethanol series, 
infiltrated with a graded methacrylate (JB-4 plastic, Poly- 
sciences, Warrington, PA) series, and finally infiltrated in 
100% (v/v) methacrylate at 4OC for approximately 1 year 
before polymerization. Whole median longitudinal sec- 
tions, 4 pm in thickness, were made on a retracting rotary 
microtome (JB-4, Sorvall). Sections were affixed to slides 
and stained with the periodic acid-Schiff reaction (OBrien 
and McCully, 1981) and with aniline blue-black (Fisher, 
1968) to detect insoluble carbohydrates and proteins, re- 
spectively. Sections were photographed with Kodak Tech- 
nical Pan 2415 film on a Nikon Multiphot photomacrogra- 
phy system with transmitted lighting. 
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D N A  Extraction and Fragmentation Analysis 

Twenty frozen kernels were ground in liquid N, with a 
mortar and pestle to a fine powder. Eight milliliters of 
extraction buffer (100 mM Tris-HC1, pH 9.0, 20 mM EDTA, 
200 mM NaC1, 1 %  [w/v] sarcosyl, and 10 pL mL-l p- 
mercaptoethanol) was then added, followed by 8 mL of 
pheno1:chloroform (1:1, v/v), and the samples were 
ground further. Samples were centrifuged at 8,OOOg for 15 
min and transferred to a new tube, and the total nucleic 
acid was precipitated from the supernatant by the addition 
of a 1 / 10th volume of 3 M sodium acetate, pH 6.0, and an 
equal volume of isopropanol at -20°C. The precipitated 
nucleic acid was dissolved in 1 mL of extraction buffer 
without vortexing, reprecipitated in sterile 2-mL centrifuge 
tubes, washed three times with 1 mL of 70% (v/v) ethanol, 
and dissolved in T,,E, (10 mM Tris-HC1, pH 8.0, and 5 mM 
EDTA). RNase (DNase-free) was added to a final concen- 
tration of 100 pg mL-l and incubated for 1 h at 37°C. 
Samples were then extracted with an equal volume of 
pheno1:chloroform (l:l, v /v)  and centrifuged at 12,00Og, 
and DNA was reprecipitated from the supernatant and 
dissolved in T,,E,. DNA concentrations were determined 
spectrophotometrically . 

For DNA-fragmentation analysis, 20 pg of each sample 
was resolved on a 1.8% agarose gel containing 1 X  TBE (90 
mM Tris-borate and 0.1 mM EDTA), stained with ethidium 
bromide, and photographed on a UV light box. 

DNase Activity Assays and Cels 

Ten kernels per sample were ground in liquid N,. Fol- 
lowing the addition of 2 mL of extraction buffer (50 mM 
Hepes, pH 7.5, 50 mM magnesium acetate, and 1.2 mM 
potassium acetate) and subsequent grinding, the samples 
were centrifuged at 12,OOOg for 10 min. Protein concentra- 
tion of the supernatant was determined according to the 
method of Bradford (1976). Three separate extractions were 
performed for each developmental stage and used for both 
nuclease activity gels and ACC determination. 

To determine total DNase activity present within sam- 
ples, 10 pg  of total endosperm protein or 100 p g  of total 
embryo protein was suspended in assay buffer (100 miv 
Mops, pH 6.8, 10 mM CaC1, and 10 mM MgC1) to a final 
volume of 100 pL and placed on ice. Four-hundred micro- 
liters of ice-cold DNA solution (500 pg  of sheared, dena- 
tured herring-sperm DNA suspended in 1 mL of assay 
buffer) was added to each of the protein samples and 
mixed. One-hundred microliters of the reaction mixture 
was removed and placed into a tube containing 400 pL of 
ice-cold 5% (v/v) perchloric acid and 0.2% (w/v) uranyl 
acetate and vortexed, and the undigested DNA was pre- 
cipitated on ice for 15 min. Samples were then centrifuged 
at 12,0008 for 10 min and the supernatant was transferred 
to a new tube, which served as the O time point. The assay 
tubes were then placed in a 37°C water bath and additional 
samples (100 p L  each) were collected at 1, 2, and 4 h. 
Undigested DNA was precipitated as described for the O 
time point. The A,,, of the supernatant was determined 
with a UV spectrophotometer and the value of the O time 

point was subtracted from each of the time points. Activity 
was expressed as the change in mg-' protein h-l and 
represents a mean of three separate assays. 

DNase activities were characterized using the substrate- 
based SDS-PAGE activity according to methods described 
by Thelen and Northcote (1989) with modifications. For 
DNase activity gel analysis, protein extracts were diluted to 
a final concentration of 1 mg mL-' in 1 X SDS sample buffer 
(50 mM Tris, pH 6.8, 2% [w/v] SDS, 0.1% [w/v] bromphenol 
blue, and 10% [v/v] glycerol). Twenty micrograms of each 
protein sample were loaded onto a 10% SDS-PAGE gel 
containing 20 p g  mL-l sheared, denatured herring-sperm 
DNA. Following electrophoresis, the gels were washed three 
times (10 min/wash) with a solution containing 25% (v/v) 
isopropanol and 10 mM Tris buffer, pH 7.5, to remove the 
SDS. The gels were then washed three times (10 min/wash) 
with 10 miv Tris buffer, pH 7.5, to remove the isopropanol 
and incubated at 50°C in 100 mM Mops buffer containing 10 
mM CaCl and MgCl for 30 min for endosperm nucleases or 
1 h for embryo nucleases. The gels were then stained in 
aqueous ethidium bromide (1 pg mLP1) for 10 min and 
destained for 1 h with several changes of water. Gels were 
photographed on a UV light box. To determine whether 
these activities were DNases or nucleases, similar activity 
gel analysis was conducted using RNA as the substrate 
except that gels were stained in 2% (w / v) aqueous Toluidine 
blue O for 3 min, destained with several changes of water, 
and photographed on a light box. 

ACC and Ethylene Determinations 

ACC content was determined as described by Concep- 
cion et al. (1979) with modifications. A 200-pL aliquot of 
protein extract (one kernel equivalent) was diluted with 
600 pL of water and 100 pL of 10 mM HgCl, in a test tube. 
The tubes were sealed with a rubber serum stopper and 
placed on ice, and 100 pL of 5% sodium hypochlorite: 
saturated NaOH solution (2:1, v /v )  was added with a 
syringe to each before vortexing for 5 s. After the sample 
was incubated on ice for 1 h, 1 mL of gas was removed with 
a gas-tight syringe and injected into a gas chromatograph 
(Autosystem, Perkin-Elmer) equipped with a 45 / 60 col- 
umn (Carboxen 1000, Supelco, Bellefonte, PA) and a flame- 
ionization detector. A set of ACC (Sigma) standards of 
known concentration was used to calculate a regression 
equation to determine the ACC content within the samples. 

For ethylene determinations fresh kernels were collected 
at 4-d intervals from 8 to 48 dap. Three samples (10 kernels 
each) were collected at each stage and placed between 
moist paper towels for 1 h to reduce potential wounding 
effects. The kernels were then transferred to tubes and 
fitted with a rubber serum stopper. Following a 3-h incu- 
bation, 1 mL of gas was removed from the tube with a 
gas-tight syringe and injected into the chromatograph. A 
set of ethylene standards was used to calculate a regression 
equation to determine the amount of ethylene generated 
per kernel per hour. 
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Figure 1. (Figure continues on facing page.)

Application of Growth Regulators

For ethylene treatments control and test ears of I1451b
(Su) and Oh43 (Su and sh2) were covered 20 and 16 dap,
respectively, with a 1-L plastic bag and tightly sealed with
petroleum jelly and a rubber band to prevent gas escape.
One milliliter of ethylene (1% in N2; Scott Specialty Gasses,
Plumsteadville, PA) was then added to the bag containing
the test ear with a gas-tight syringe to a final concentration
of 10 ;uL L"1, and the puncture was sealed with tape. Bags
were left on the ear for 24 h. Treatments were reapplied
every 2 d, and triplicate samples were collected every 4 d.
Samples were used fresh, stained for viability, to determine
ethylene evolution, or frozen in liquid N2 for DNA and
protein extractions. Residual kernels of I1451b (Su) were
allowed to mature fully and were collected 50 dap. Three
replicates of 50 mature kernels from both control and
ethylene-treated ears were surface-sterilized with a 5%

(v/v) bleach solution, rinsed several times, and soaked for
12 h in sterile water. Kernels were planted in sterile ver-
miculite and allowed to germinate under greenhouse con-
ditions for 4 weeks, after which the percentage of germi-
nation was calculated.

For treatment of control and test ears with either CEPA
as an exogenous ethylene source or AVG as an inhibitor of
ethylene biosynthesis (Sigma), husks of Oh43 (sh2) ears
were pulled back and the exposed kernels were treated
with 2 mL of solution containing water (as a control), 100
mM CEPA, or 10 H.M AVG. Husks were then replaced and
attached with a rubber band at the tip to prevent premature
drying of the developing kernels. Triplicate samples were
collected every 4 d, at which times the treatments were
repeated. Samples were used fresh to determine ethylene
evolution, stained for viability as described above, or fro-
zen in liquid N2 for DNA and protein extraction.
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Figure 1. (Figure continued from facing page.) Progression of en-
dosperm cell death in 5u (left) and sh2 (right) genotypes of 11451 b, as
indicated by Evans blue staining. Developmental stages shown are: A
and B, 12 dap; C and D, 16 dap; E and F, 20 dap; G and H, 24 dap;
I and J, 28 dap; K and L, 32 dap; M and N, 36 dap; O and P, 40 dap;
and Q and R, 44 dap. In B, C, E, and F, the arrow indicates the
initiation of cell death at the central endosperm; in P and R, the arrow
indicates scutellum cell death. Asterisks (*) indicate cavity formation
within the central endosperm. En, Endosperm; Sc, scutellum/embryo.
Scale bars = 3 mm.

RESULTS

Progression of Cell Death during Endosperm Development

The viability of endosperm cells during Su and sh2 kernel
development was examined by staining fresh hand sections
with Evans blue, a dye that is excluded from living cells
with intact plasma membranes, thereby staining only the
cytoplasm of nonviable cells. No Evans blue staining of
cells within the Su endosperm was detected 12 dap (Fig.
1A). Between 16 and 20 dap, a few cells within the central
endosperm were stained, indicating loss of viability (Fig. 1,

C and E). By 24 dap, staining within the central endosperm
was more prominent and additional staining near the top
of the kernel was evident (Fig. 1G). By 28 dap the entire top
half of the endosperm, except for the aleurone layer, was
stained (Fig. II). Further staining proceeded basipetally
between 32 and 40 dap (Fig. 1, K, M, and O) until 44 dap
(Fig. 1Q), when all starchy endosperm cells were stained.

In contrast to the Evans blue-staining pattern of Su ker-
nels, nonviable cells were present within the central en-
dosperm in sh2 kernels by 12 dap (Fig. IB) and the extent of
staining proceeded more rapidly between 16 and 20 dap
(Fig. 1, D and F) than was observed in Su endosperm.
Additionally, stained, collapsed, and stretched cells adja-
cent to the basal portion of the scutellum were present (Fig.
IF), which was not observed in the Su genotype. By 24 dap
the majority of central endosperm cells were stained (ap-
proximately 8 d earlier than in the Su genotype) and
stained cells occurred along the entire length of the scute-
llum (Fig. 1H). A small cavity resulting from cellular de-
generation formed directly adjacent to the scutellum (Fig.
1H). Between 28 and 32 dap the remainder of endosperm
cells died, while the cavity within the central endosperm
continued to increase in size (Fig. 1, J and L). Between 36
and 44 dap the endosperm collapsed down upon the em-
bryo, resulting in the shrunken kernel phenotype typical of
this genotype (Fig. 1, N, P, and R). Patches of nonviable
cells were also detected within the scutella of sh2 kernels
starting 40 dap (Fig. IP) and occurring more extensively by
44 dap (Fig. 1R); this was not observed in the Su genotype.

Histological Characterization of Endosperm Development

In the Su genotype starch deposition had started in the
upper half of the kernel by 16 dap (Fig. 2A), progressed
basipetally through 24 dap (Fig. 2, C and E), and increased
through 40 dap (Fig. 2, G, I, and K) until the entire en-
dosperm had filled with starch, with the exception of a few
central endosperm cells that degenerated, leaving a small
cavity within the center of the kernel (Fig. 2K). Storage
protein deposition occurred mainly at the periphery of the
kernel starting 16 dap and progressing centrifugally
through 40 dap.

The sh2 kernels 16 to 20 dap were morphologically sim-
ilar to the Su kernels, with the exception of greatly reduced
starch deposition (Fig. 2, B and D). Limited starch and
storage protein deposition in the sh2 genotype occurred by
24 dap (Fig. 2F) and increased through 40 dap (Fig. 2, H, J,
and L). Additionally, by 24 dap some sh2 endosperm cells
were collapsed and stretched, particularly near the basal
portion of the kernel adjacent to the scutellum (Fig. 2F). By
28 dap a cavity had formed within the central endosperm
of the sh2 kernels (Fig. 2H), which increased in size
throughout development as the endosperm cells continued
to degenerate (Fig. 2, J and L), resulting in a hollow kernel.
During desiccation (between 28 and 40 dap) the remaining
peripheral endosperm collapsed down upon the embryo,
resulting in the typical shrunken phenotype (Fig. 2, H, J,
and L).
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Figure 2. Kernel development of Su (left) and sh2 (right) genotypes of 11451 b. Developmental stages shown are: A and B,
1 6 dap; C and D, 20 dap; E and F, 24 dap; C and H, 28 dap; I and J, 32 dap; and K and L, 40 dap. Arrows indicate endosperm
cell degeneration and collapse. Asterisks (*) indicate cavity formation within the central endosperm. En, Endosperm; Sc,
scutellum/embryo. Scale bars = 2 mm.

Internucleosomal DNA Degradation during
Endosperm Development

DNA quality was examined during the development of
Su and sh2 kernels to determine whether internucleosomal
fragmentation accompanied endosperm cell death. The ap-
pearance of a ladder of DNA cleavage products was evi-
dent in both the Su and sh2 genotypes of I1451b by 28 dap
(Fig. 3). The patterns of DNA fragmentation were similar
for both the whole-kernel and endosperm samples, except
that the extent of cleavage was more pronounced in the
latter. The progression of endosperm DNA fragmentation
was gradual in Su relative to that in sh2 endosperm, where
it occurred more rapidly over a shorter period of develop-
ment. By 32 dap most of the DNA in sh2 endosperm had
been digested into 180- to 200-bp fragments, whereas in-
ternucleosomal cleavage was much less extensive in Su
endosperm at this same developmental stage. A slight
amount of DNA fragmentation was observed at 8 dap for
both the Su and sh2 genotypes. Additionally, DNA frag-
mentation was present in sh2 embryos at low levels

throughout development but more extensively between 40
and 44 dap; no detectable fragmentation was observed in
Su embryos. Similar results were observed for the Su and
sh2 genotypes of Oh43 except that no fragmentation was
seen in the sh2 embryos of this background (data not
shown).

Nuclease Activity and Activity Gel Analysis

Nuclease activity in the endosperm and scutellum of
developing kernels was determined to establish whether
the internucleosomal degradation of the DNA during en-
dosperm development is accompanied by changes in nu-
clease expression. High levels of total nuclease activity
were present in the endosperm of both Su and sh2 geno-
types of I1451b between 8 and 12 dap, which sharply de-
clined to low levels by 24 dap (Fig. 4A). Nuclease activity
then increased from 24 to 36 dap and the levels were
approximately 50 to 75% greater in the sh2 endosperm.
Nuclease activity gel analysis revealed three active nucle-
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Whole Kernel Endosperm Embryo Figure 3. DNA-fragmentation analysis of whole
kernel, endosperm, and embryo during devel-

DAP: s 8 12 16 20 24 28 32 36 40 44 s s 12 16 20 2428 32 36 40 44 s 16 20 24 28 32 36 40 44 s bp opment of Su and sh2 kernels of 11451 b. Sizes
(bp) of markers (lanes S) are indicated.

Su

sh2

1630

1630

ases with masses of 33.5, 36.0, and 38.5 kD in both geno-
types (Fig. 4B). Activities of the same size were also present
in activity gels when RNA was used as the substrate and
were significantly reduced when EDTA was included in
the incubation buffer (data not shown). During early en-
dosperm development similar nucleases were present in
both genotypes, with the 33.5-kD nuclease being the most
active between 8 and 12 dap and then gradually decreasing
through 24 dap. Between 24 and 44 dap the 33.5-kD nucle-

ase and, to a lesser extent, the 36.0-kD nuclease increased in
activity more rapidly in the endosperm of the sh2 genotype.
The 38.5-kD nuclease was less active at all stages of devel-
opment in both genotypes.

Total nuclease activity was approximately 10-fold lower
in the embryo compared with the endosperm (Fig. 4C). In
the Su genotype activity was low 16 to 20 dap, gradually
increased through 36 dap, and then decreased to low levels
between 36 and 44 dap. Similar results were observed in
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Figure 4. Nuclease activity in endosperm and embryo during development of Su and sh2 kernels of 11451 b isogenic lines.
Total endosperm (A) and embryo (C) nuclease activities were determined using in vitro assays; each data point is the
average ± so of three replicates. Nuclease activity profiles of endosperm (B) and embryo (D) were determined using activity
gels. Asterisks (*) indicate significant differences between the Su and sh2 genotypes (P < 0.05).
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Figure 5. ACC content in 11451 b isogenic lines during development. 
A, Whole kernels; B, endosperm; and C, embryo. Each data point is 
the average 2 SD of three replicates. 

the sh2 embryo, except that between 40 and 44 dap the 
activity was approximately 50% greater than in the Su 
genotype. The nuclease activity profiles in Su and sh2 
embryos were comparable throughout development, with 
a gradual switch from higher-molecular-mass forms dur- 
ing early development to lower-molecular-mass forms dur- 
ing later development (Fig. 4D). Between 28 and 36 dap the 
38.5-kD nuclease was more prominent in the sh2 embryo, 
whereas between 40 and 44 dap the 33.5-kD nuclease was 
primarily responsible for the differences in total activity 
between the Su and sh2 embryos. 

ACC Content and Ethylene Production 

As a first step toward establishing a link between ethyl- 
ene and premature endosperm cell death in the sh2 mutant, 
we determined the levels of ACC, an intermediate in the 
ethylene biosynthesis pathway. Significantly higher levels 
of ACC were present in sh2 kernels and, to a lesser extent, 
in sulsel kernels compared with Su and sul kernels (Fig. 
5A). Two peaks of ACC were detected in the high-sugar 
mutants; the first occurred at approximately 16 to 20 dap 
and the second occurred at approximately 32 to 36 dap. The 

two peaks were approximately the same in the sulsel  
kernels; however, the second peak in the sh2 genotype was 
approximately 3-fold higher than the first. A single small 
peak of ACC was also present in the Su and sul kernels at 
16 dap. 

ACC levels within the endosperm and embryo were 
measured separately for the Su and sh2 genotypes to de- 
termine the location of ACC within the kernel. In Su en- 
dosperm the ACC levels peaked at approximately 16 dap 
and gradually decreased during subsequent development 
(Fig. 5B). In contrast, two ACC peaks occurred in the sh2 
endosperm, the first between 16 and 20 dap and the second 
at 36 dap, with the second peak approximately 2-fold 
higher than the first. This is similar to what was observed 
for whole sh2 kernels, except that the second peak was 
approximately 3-fold higher than the first. In Su embryos 
ACC levels remained low throughout development. In sh2 
embryos ACC content peaked 40 dap and then decreased 
to a low level by 48 dap (Fig. 5C). The majority of ACC was 
found in the endosperm of both genotypes at early stages 
of development, whereas at later stages of development, 
there were approximately equal amounts present in both 
the endosperm and embryo of the sh2 genotype. 

To determine whether the observed differences in ACC 
synthesis resulted in differences in ethylene production, 
the rate of ethylene production was determined for devel- 
oping kernels of the same isogenic lines of I1451b. Initial 
rates on a per kernel basis were similar for a11 of the 
genotypes and decreased to low levels by 24 dap (Fig. 6A). 
However, by 16 dap ethylene production rates for the sh2 
and sulsel  genotypes were approximately 2- to 3-fold 
higher than those of the Su and sul genotypes. There was 
also a second ethylene peak in a11 genotypes, but the timing 
and extent in each differed significantly. In Su kernels there 
was a gradual increase in ethylene production, which 
peaked approximately 36 dap and then declined gradually 
through 48 dap. In sh2 kernels the rate increased very 
rapidly after 24 dap, peaked approximately 36 dap to a 
level about 5-fold higher than that in Su kernels, and then 
rapidly declined to a low level by 44 dap. Ethylene pro- 
duction rates in sul and sulsel kernels were intermediate 
between those measured in Su and sh2 kernels. Ethylene 
levels in sulsel kernels increased more quickly during 
development than those in sul kernels. Ethylene produc- 
tion in both sul and sulsel kernels peaked a second time by 
40 dap and then gradually decreased by 44 dap. 

Ethylene production was also determined for the Su and 
sh2 genotypes in the Oh43 inbred background for compar- 
ison. We observed a number of similarities between these 
two inbred backgrounds, including the occurrence of two 
peaks in ethylene production during development and 
higher ethylene production rates in the sh2 genotype (Fig. 
6B). However, in the Oh43 background the absolute rates 
of ethylene production were higher than those observed in 
I1451b, which can in part be accounted for by its larger 
kernel size (approximately 33% larger, data not shown). 
Furthermore, the difference in ethylene production be- 
tween the Su and sh2 genotypes of Oh43 was considerably 
less (approximately 2-fold) than that between Su and sh2 
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Figure 6. Ethylene production during development. A, 11451 b iso-
genic line; B, Oh43 isogenic line. Each data point is the average ± so
of three replicates.

(approximately 5-fold) in I1451b, and the first peak of eth-
ylene in Oh43 was higher than the second.

Ethylene Treatment of Developing Kernels

To establish a causal relationship between elevated eth-
ylene production and premature endosperm cell death
during sh2 kernel development, developing Su and sh2
kernels were exposed to exogenous ethylene and examined
for effects on initiation of endosperm cell death and inter-
nucleosomal DNA cleavage. Kernels of Oh43 (Su) that were
exposed to 10 /nL L"1 ethylene 16 dap showed more exten-
sive endosperm cell death by 20 dap relative to the control
(Fig. 7, A and B). At 24 and 28 dap the progression of cell
death continued more rapidly in the ethylene-treated en-
dosperm (data not shown). Ethylene treatment also caused
endosperm collapse, but in contrast to normal sh2 en-
dosperm development, the endosperm collapsed from the
periphery toward the center. Coincident with the prema-
ture onset of cell death of ethylene-treated endosperm was
an accelerated induction of DNA fragmentation (Fig. 7C).
DNA fragmentation was observed by 20 dap and had
progressed to a greater extent by 24 to 28 dap than in
control kernels. Similar effects were observed for the sh2
genotype.

Kernels of I1451b (Su) that were exposed to 10 /J.L L"1

ethylene treatments 20 dap showed more extensive en-
dosperm cell death, similar to what was observed for Oh43
Su kernels (data not shown), as well as extensive cell death

in the scutellum by 32 dap relative to the control (Fig. 8, A
and B). Furthermore, endosperm and scutellum sizes were
significantly reduced for the ethylene-treated kernels (Fig.
8, A and B). Premature induction of DNA fragmentation
occurred more rapidly in the ethylene-treated kernels com-
pared with the control (Fig. 8C), similar to results observed
in the Oh43 inbred (Fig. 7C). Furthermore, ectopic induc-
tion of DNA fragmentation was observed in embryos of the
ethylene-treated kernels by 36 dap (Fig. 8C), which was not
observed in control kernels. The mature dry weight of
control kernels (121.6 ± 3.02 mg"1 kernel) was significantly
higher than that of ethylene-treated kernels (91.53 ± 1.03

Su sh2
Control Ethylene Control Ethylene

S 202428 202428 S 202428 202428 S bp

-1630

Figure 7. Effects of ethylene on kernel development of Oh43 iso-
genic lines. Viability in control (A) and ethylene-treated (B) kernels of
Oh43 (Su) at 20 dap (4 d after treatment). Arrows indicate dead cells
in the endosperm. En, Endosperm; Sc, scutellum/embryo. Scale bar =
3 mm. C, DMA-fragmentation analysis (whole kernels) of Su and sh2
kernels following control and ethylene treatment initiating 16 dap.
Sample times are in dap. Sizes (bp) of markers (lanes S) are indicated.
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Figure 8. Effects of ethylene on 11451 b (Su) kernel development.
Kernel viability in control (A) versus ethylene-treated (B) kernels at 32
dap (12 d after treatment). The arrow indicates dead cells in the
scutellum. En, Endosperm; Sc, scutellum/embryo. Scale bar = 3 mm.
C, DNA-fragmentation analysis during development of whole kernels
following control and ethylene treatment. CE, Endosperm of control
kernels; EE, endosperm of ethylene-treated kernels; CS, scutellum of
control kernels; and ES, scutellum of ethylene-treated kernels 36 dap.
Treatments were initiated 20 dap and sample times are in dap. Sizes
(bp) of markers (lanes S) are indicated.

mg"1 kernel; P < 0.002). Moreover, these ethylene-treated
kernels exhibited significantly reduced germination (5.33 ±
3.06%) compared with control kernels (94.67 ± 1.15%; P <
0.00001).

To obtain further evidence for a role of ethylene in
mediating pleiotropic effects during sh2 kernel develop-
ment, kernels of the Oh43 sh2 (16 dap) were exposed to
either 10 /MM AVG to inhibit endogenous ethylene biosyn-
thesis or 100 rriM CEPA to serve as additional verification
of the ethylene-induced effects. By 28 dap control kernels

showed extensive endosperm cell death and the formation
of a central cavity (Fig. 9A), similar to what was observed
for I1451b sh2 kernels (Fig. 2J) at the same stage. CEPA
treatment also resulted in more extensive endosperm cell
death and collapse of the endosperm away from the peri-
carp (Fig. 9B).

The application of AVG did not appear to reduce the
extent of cell death significantly; however, it did inhibit the
formation of a central cavity (Fig. 9C). In control kernels
extensive DNA fragmentation was observed by 28 dap
(Fig. 9D). Treatment with CEPA resulted in premature
induction of DNA fragmentation by 24 dap, whereas AVG-
treated kernels exhibited less extensive DNA fragmenta-
tion than did control kernels (Fig. 9D). Ethylene production
rates following exogenous application of AVG were ap-
proximately 20% of control kernels, indicating that these
applications were effective in reducing ethylene biosynthe-
sis but were not sufficient to completely inhibit production.

Control CEPA AVG
I I I I I I

S 20242832 20242832 20242832 S bp

-1630

-75

Figure 9. Ethylene effects on Oh43 (s/i2) kernel development. Kernel
viability in control (A), CEPA-treated (B), and AVG-treated (C) kernels
at 28 dap (12 d after treatment). The arrowhead indicates collapse of
the endosperm away from the seed coat. Asterisks (*) indicate cavity
position within the central endosperm, which is obscured by section
thickness in B. En, Endosperm; Sc, scutellum/embryo. Scale bar = 3
mm. D, DNA-fragmentation analysis of whole kernels following
control, CEPA, and AVG treatments at 16 dap. Sample times are in
dap. Sizes (bp) of markers (lane S) are indicated.
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D I SC U SSlON 

Late in cereal endosperm development a cell death pro- 
gram is initiated, but the progression or causes of this 
process have not been studied. The focus of this study was 
to characterize maize endosperm cell death and identify 
key differences related to premature endosperm degener- 
ation of the starch-deficient sk2 mutant. As a result of our 
findings we conclude that (a) maize endosperm cell death 
is a developmentally controlled process that involves in- 
ternucleosomal DNA cleavage, and (b) ethylene is the sig- 
na1 responsible for mediating pleiotropic effects associated 
with sh2 kernel development and is involved in the signal 
transduction pathway leading to endosperm pcd. 

Characterization of Cell Death in Su versus sh2 Kernels 

Based on viability staining it is apparent that Su en- 
dosperm cells die in a progression starting in the central 
portion of the kernel between 16 and 20 dap, proceeding 
toward the cap by 24 dap and eventually toward the base 
of the kernel between 28 and 40 dap. The timing and 
progression of this process is similar to that of other pro- 
cesses, such as endoreduplication and starch deposition, 
that also occur during endosperm development (Shannon, 
1974; Phillips et al., 1985; Kowles and Phillips, 1988; Doeh- 
lert et al., 1994). In sh2 endosperm cell death initiates earlier 
in the central endosperm and progresses outwardly more 
rapidly than in Su endosperm. Therefore, the timing of cell 
death in sh2 endosperm occurs before the timing of reserve 
deposition in Su kernels and interferes with starch and 
storage protein synthesis in these cells. 

The shrunken phenotype in sh2 kernels results from the 
collapse of central endosperm cells and the subsequent 
formation of a large central cavity. During final maturation 
and desiccation, the outer starch-filled peripheral layers of 
the sh2 endosperm collapse against the scutellum. These 
events are similar to those that occur during the develop- 
ment of skl  kernels, which, according to Chourey et al. 
(1991), also undergo premature cell degeneration in the 
central endosperm. These authors hypothesized that de- 
generation in sk l  endosperm is due to either an osmotic 
imbalance as a result of the impaired SUC utilization or to 
deficient cellulose / hemicellulose content of cell walls as a 
result of reduced levels of UDP-Glc, the immediate reaction 
product of the SUC synthase 1 isozyme. 

Alternatively, the premature cell degeneration in both of 
these starch-deficient mutants may result from the induc- 
tion of cell wall-degrading enzymes in response to the 
elevated ethylene levels we found in sk2 kernels. Ethylene 
is known to induce cell wall-hydrolyzing enzymes during 
a number of processes, including softening of climacteric 
fruits (Cass et al., 1990; Redgwell and Fry, 1993; Maclachlan 
and Brady, 1994), leaf and floral abscission (Jackson and 
Osborne, 1970), and formation of lysogenic aerenchyma in 
maize roots following exposure to hypoxic conditions (He 
et al., 1996; Saab and Sachs, 1996). This hypothesis could be 
tested by assaying the activity of cell wall-degrading en- 
zymes during endosperm development in these and other 
starch-deficient endosperm mutants. 

Internucleosomal DNA cleavage is one of severa1 char- 
acteristic features of apoptosis (Wyllie et al., 1984; Wyllie, 
1995) and has been demonstrated in both animals and 
plants during pcd (Mittler et al., 1995; Levine et al., 1996; 
Ryerson and Heath, 1996; Wang et al., 199613). We demon- 
strated that internucleosomal DNA fragmentation occurs 
during endosperm development in both Su and sh2 geno- 
types in two inbred backgrounds (11451b and Oh43). Fur- 
thermore, a greater extent of DNA fragmentation is asso- 
ciated with more rapid cell death and cellular degeneration 
and elevated ethylene production in sh2 endosperm. Al- 
though Su endosperm cell death is evident by 16 dap, DNA 
ladders are not detected until approximately 12 d later. 
This discrepancy may be due in part to the low proportion 
of central cells undergoing DNA fragmentation at early 
developmental stages in the whole endosperms sampled. 
DNA fragmentation may indicate that cell death during 
maize endosperm development shares features commonly 
associated with apoptosis (Wyllie 1980; Earnshaw, 1995), 
although this is yet to be established. 

Internucleosomal DNA cleavage has been shown to cor- 
relate with the activation of endogenous nuclear Ca2+- 
dependent endonucleases well in advance of the loss in 
membrane integrity during apoptosis in animals (Wyllie, 
1980; Arrends et al., 1990; Barry and Eastman, 1992; Collins 
et al., 1992). We have identified three nucleases, which we 
classify as nuclease I (EC 3.1.30.1) enzymes because they 
degrade both single-stranded DNA and RNA, are not ac- 
tive below pH 5.0, and are sensitive to EDTA. Nuclease 
activities are significantly higher in sh2 endosperm be- 
tween 20 and 36 dap compared with Su endosperm, pos- 
sibly causing the more extensive DNA fragmentation. 
However, nuclease activity is also high in both the Su and 
sh2 genotypes at early stages of development and declines 
to low levels by 24 dap. This early activity peak may 
represent pcd occurring in the nucellus, which is replaced 
by the rapidly growing endosperm by 12 dap (Kowles and 
Phillips, 1988), or it may be associated with the rapid cell 
division events occurring early in endosperm development. 

A number of endosperm properties associated with 
starch-deficient mutants such as sh2 and sulsel  have been 
suggested to be important and interactive in contributing 
to poor germination. These include insufficient starch con- 
tent and reduced endosperm to embryo ratios (Wann, 1980; 
Harris and DeMason, 1989; Azanza et al., 1996), reduced 
storage protein reserves (Tsai et al., 1978; Harris and De- 
Mason, 1989), and limited starch hydrolysis due to reduced 
a-amylase activity (Sanwo and DeMason, 1992, 1993; T.E. 
Young, J.A. Javik, and D.A. DeMason, unpublished data). 

We found that the major developmental differences be- 
tween Su and sk2 kernels are in endosperm characteristics, 
which ultimately result in fewer reserve-filled cells. In 
addition, a number of embryo features have also been 
suggested to play minor roles in poor germination, espe- 
cially in sh2 genotypes. These include lower germination 
percentages and less vigorous growth under standard cul- 
ture conditions (Styer and Cantliff, 1984; S.A. Novak and 
D.A. DeMason, unpublished data). 
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Parera et al. (1996) hypothesized that the poor growth of 
sh2 embryos is due in part to defects in membrane integrity 
and membrane damage during imbibition, which results in 
higher electrolyte leakage. We found that small patches of 
scutellar cells die, accompanied by DNA fragmentation, 
during late sh2 kernel development in one of the back- 
grounds (11451b) and suggest that this abnormality could 
account for greater electrolyte leakage and reduced germi- 
nation and growth rates of sh2 embryos. The loss of mem- 
brane integrity and fragmentation of nDNA have also been 
shown to occur in rye seeds during prolonged storage and 
appear to be important factors contributing to delayed 
germination and loss of viability (Cheah and Osborne, 
1978; Osborne, 1980). Scutellar cell death during sh2 kernel 
development appears to be background specific, since it 
does not occur in Oh43. 

Role of Ethylene in Mediating Cell Death and 
DNA Fragmentation 

ACC levels are highest in the high-sugar genotypes 
(sulsel  and sh2) compared with the Su and sul genotypes 
in this set of isogenic lines. Moreover, there are two peaks 
in ACC content during kernel development, the first oc- 
curring 16 to 20 dap in all genotypes and the second 32 to 
36 dap, which is predominant in the sh2 genotype and less 
so in the sulsel  genotype. The majority of ACC is found in 
the endosperm of both Su and sh2 genotypes at early stages 
of development, whereas at later stages of development 
there are approximately equal amounts present in both the 
endosperm and embryo of the sh2 genotype. The timing 
and extent of ethylene production closely parallel those of 
ACC content during kernel development, since two peaks 
occur at approximately the same time and elevated levels 
occur in the sulsel and sh2 genotypes relative to Su and sul 
genotypes. These data correlate well with the more rapid 
and extensive cell death occurring in the sh2 endosperm. 
To our knowledge, this is the first report implicating eth- 
ylene as a potential mediator of the pleiotropic effects 
associated with abnormal endosperm development of 
starch-deficient mutants of maize. 

Despite the generally good correlation between ACC 
content and ethylene production, some discrepancies are 
evident. For example, sh2 kernels of I1451b contain 20 times 
more ACC 36 dap than do Su kernels, whereas ethylene 
production is only 5 times as high in sh2 kernels compared 
with Su kernels. Similarly, sul kernels possess ethylene 
production rates comparable to those of the sulsel geno- 
type and yet contain very low ACC levels during late 
kernel development. The low ACC levels present during 
late endosperm development of Su and sul genotypes may 
reflect conversion to conjugated forms such as malonyl- 
ACC or glutamyl-ACC as a means of sequestering ACC 
either to prevent its conversion to ethylene or to control the 
rate of this process (Amrhein et al., 1981; Jiao et al., 1986; 
Hanley et al., 1989; Martin et al., 1995). We currently have 
no information concerning the amount of conjugated forms 
of ACC present during maize endosperm development. 

When comparing ethylene production in Su and sh2 
kernels between two inbred backgrounds, we observed 

that overall ethylene production rates were higher in the 
Oh43 background compared with 11451b, which may in 
part be due to the larger kernel size of Oh43 (approximate- 
ly 33% greater). We also observed that relative differences 
between Su and sh2 kernels of Oh43 were less than those in 
I1451b. These data suggest that elevated ethylene produc- 
tion in the sh2 compared with wild-type kernels can be 
modified depending on the genetic background, and these 
relative differences may in part determine the severity of 
the pleiotropic effects ascribed to the mutation. 

Exogenous ethylene application to developing Su and 
sh2 kernels results in earlier and more extensive cell death 
in the endosperm and is accompanied by more extensive 
DNA fragmentation in a11 genotypes and inbred lines 
tested, thereby establishing a causal relationship between 
ethylene production and the abnormal sh2 kernel develop- 
ment. Conversely, treatment with AVG reduces cell degen- 
eration, cavity formation within the central endosperm, 
and DNA fragmentation during sh2 kernel development. 
AVG treatments reduced ethylene production to levels 
normally found within Su kernels but was not sufficient to 
eliminate cell death or DNA fragmentation. Higher concen- 
trations may be capable of delaying or reducing the pro- 
gression of pcd. Collectively, these data suggest that eth- 
ylene is involved in the signal transduction pathway 
leading to pcd of starchy endosperm cells, and they sup- 
port the hypothesis that ethylene is the signal responsible 
for the premature cell death and greater degree of DNA 
fragmentation observed in developing sh2 kernels. 

We note that the exogenous application of ethylene to 
developing maize kernels results in the death and collapse 
of endosperm cells in a progression from the outside to- 
ward the center (centripetally), which is the opposite of the 
normal centrifugal progression. We hypothesize that eth- 
ylene is normally synthesized first within the central en- 
dosperm and then proceeds outward as the endosperm 
develops, similar to the observed progression of pcd. Tem- 
poral and spatial patterns of ethylene production during 
maize endosperm development could be determined by 
localizing ACC synthase or ACC oxidase mRNA. Alterna- 
tively, it is possible that the progression of cell death in 
response to ethylene may be determined by the timing and 
location of ethylene receptor synthesis within these cells, as 
has been shown during fruit ripening, flower senescence, 
and abscission in tomato (Payton et al., 1996). Currently, no 
ethylene receptors have been characterized in developing 
maize endosperm. However, distinguishing between these 
two possibilities could potentially be an important step in 
further elucidating the regulation of ethylene-mediated 
pcd during maize kernel development. 

Associated with the premature endosperm cell death of 
I1451b (Su)  kernels following ethylene exposure is a signif- 
icant reduction in mature kernel dry weight to approxi- 
mately 75% of control kernels. Beltrano et al. (1994) also 
showed that the application of ethylene to wheat ears 
hastened the process of grain maturation and resulted in a 
concurrent reduction in dry weight by approximately 12% 
of the control, whereas treatment with inhibitors of ethyl- 
ene biosynthesis had the opposite effect. Taken together, 
these observations suggest that ethylene may play a fun- 
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damental role not only in maize endosperm pcd but in 
cereal kernel development in general. 

Cell death in the scutellum and DNA fragmentation in 
embryos also results from exogenous ethylene treatment of 
Su kernels. This is similar to what was observed in I1451b 
sh2 kernels during normal development and supports the 
hypothesis that excessive ethylene production during ker- 
nel development is responsible for the abnormal scutellum 
phenotype observed in this background. Moreover, we 
observed a significant reduction in the percentage of ger- 
mination of ethylene-treated kernels to approximately 5% 
of control kernels, although the cause of this reduced ger- 
mination or the extent to which these effects are associated 
with either the endosperm or embryo are unknown. 

Basis of Ethylene Production during Kernel Development 

Starch-deficient endosperm mutations of maize, such as 
sh2, result in elevated endosperm SUC content during ker- 
nel development (Creech, 1965; Boyer and Shannon, 1983). 
Elevated sugar content and/ or reduced water potential 
may be the primary signal responsible for elevated ethyl- 
ene production in these mutants. However, there is limited 
information about the possible mechanism by which this 
could occur. The presence of two ethylene peaks during 
kernel development is common to a11 of the lines tested. 
This biphasic pattern may be controlled in part by other 
developmentally and / or stress-induced hormones. 

Auxins and cytokinins are capable of stimulating 
ethylene production in a wide variety of plant tissues 
(Morgan and Hall, 1962; Fuchs and Lieberman, 1968; Lau 
and Yang, 1973; Yeong-Biau and Yang, 1979). Furthermore, 
Philosoph-Hadas et al. (1984) reported that treatment of 
tobacco leaf discs with SUC, Gal, or Glc could stimulate both 
ACC and ethylene production and acted in synergism with 
IAA. Auxin has aIso been implicated in directing the pro- 
cess of cereal grain development and occurs as two peaks, 
the first between 9 and 11 dap and the second 20 dap 
(Rademacher and Graebe, 1984; Mengel et al., 1985; Lee et 
al., 1989; Lur and Setter, 1993). Methyl jasmonate has been 
shown to be effective in stimulating ethylene biosynthesis 
during tomato fruit ripening and in detached rice leaves 
(Saniewski et al., 1987a, 198%; Chou and Kao, 1992). Fur- 
thermore, Lehmann et al. (1995) showed that treatment of 
barley leaf segments with sorbitol, Glc, or other sugars 
could significantly increase the production of jasmonic acid 
and methyl jasmonate. Moreover, the levels of ethylene 
and jasmonic acid influence each other during the wound 
response in tomato plants (ODonnell et al., 1996). Al- 
though jasmonic acid and methyl jasmonate are widely 
occurring plant growth substances (Meyer et al., 1984), 
further work is needed to determine the extent to which 
auxin or methyl jasmonate might induce ethylene produc- 
tion in developing maize endosperm. 

In our characterization of maize endosperm develop- 
ment in Su and sh2 kernels, we implicate ethylene in the 
pcd signal transduction pathway. Moreover, we identify 
ethylene as the signal involved in mediating the pleiotropic 
effects on endosperm development in starch-deficient en- 
dosperm mutants of maize. In light of these results, we 

propose that modifying ethylene biosynthesis may provide 
a potential means for improving the development and 
possibly the germination of sh2 and sulsel genotypes. By 
understanding more fully the impact of ethylene on maize 
endosperm development and the potential interactions 
with other hormones, it may be possible to modify en- 
dosperm dry matter accumulation or quality in maize and 
other cereals. 
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