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The y10 mutant of maize has been categorized as a carotenoid mutant due to its
pale-yellow endosperm color and the albino seedling that develops following ger-
mination of the kernel. Analysis of endosperm and seedling leaf extracts revealed
that the carotenoid content of endosperm and seedling leaf is significantly reduced
compared to wild-type siblings. However, a block at a specific step in the carot-
enoid biosynthetic pathway was not detected. When y70y10 seedlings were grown
on defined medium containing geraniol or farnesol, which are isoprenoid precur-
sors for both carotenoids and the phytyl chain of chlorophyll, we found a significant
increase in the amount of carotenoids in the leaf tissue. These isoprenoid precur-
sors appear to complement the y70 mutation, although not to wild-type sibling
levels. Thus the apparent defect in the y70 mutant affects a step in isoprenoid
biosynthesis that precedes the synthesis of geranylgeranyl pyrophosphate. Ex-
amination of seedling leaves by light and transmission electron microscopy re-
vealed that the drastic reduction in photosynthetic pigments in the y70 mutant has
a dramatic effect on the cellular architecture of leaf tissue. In comparison to other
albino mutants of maize that have been analyzed at the ultrastructural level, the

alterations in plastid architecture of y70 mutants are quite severe.

Carotenoids function in plant cells as ac-
cessory light-harvesting pigments, dissi-
pating excess energy during photosynthe-
sis and protecting chlorophyll from
photooxidation (Bartley and Scolnik 1995;
Demmig-Adams and Adams 1996; Demmig-
Adams et al. 1996). Carotenoids and chlo-
rophylls are incorporated into the core
and light-harvesting complexes of photo-
systems I and 1I found in thylakoid mem-
branes of chloroplasts and are necessary
for the stable incorporation of chlorophyll
into thylakoid membranes (Paulsen 1997).
In plants, carotenoids are synthesized and
accumulate in plastids. All carotenoid bio-
synthetic enzymes are nuclear encoded,
hence they are synthesized in the cytosol
and imported posttranslationally into
plastids. Several of the genes encoding the
carotenoid biosynthetic enzymes have
been cloned and characterized from vari-
ous plants and photosynthetic bacteria
(reviewed in Cunningham and Gantt 1998;
Hirschberg et al. 1997).

Carotenoids belong to a diverse class of
molecules referred to as isoprenoids, as
they are synthesized from the condensa-
tion of C5 isoprene units called isopenten-
yl pyrophosphate (IPP). The C20 isopren-
oid geranylgeranyl pyrophosphate (GGPP)

is synthesized from IPP by three succes-
sive additions of IPP to dimethylallyl di-
phosphate by the enzyme GGPP synthase.
The two intermediates formed in this pro-
cess are the C10 isoprenoid geranyl pyro-
phosphate and the C15 isoprenoid farne-
syl pyrophosphate. The GGPP that is
formed in plastids is not only a substrate
for phytoene synthase, the enzyme which
condenses two GGPP molecules into the
first carotenoid phytoene, but also for en-
zymes which synthesize phytyl pyrophos-
phate. Chlorophyll synthase esterifies
phytyl pyrophosphate to chlorophyllide a,
resulting in the formation of chlorophyll a
(Lichtenthaler et al. 1997; McGarvey and
Croteau 1995; von Wettstein et al. 1995).
Plastid GGPP is also utilized in the pro-
duction of other isoprenoids, including
tocopherols and prenyl quinones. The reg-
ulation of the different isoprenoid path-
ways relative to each other is not under-
stood (Kleinig 1989; Lichtenthaler et al.
1997). However, the production of suffi-
cient quantities of GGPP is essential to
provide the starting material for these im-
portant biosynthetic pathways. The GGPP
that is utilized in the plastid is believed to
be synthesized within the plastid, al-
though there is some evidence to suggest
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that there may be cooperation between
cytosolic and plastidic isoprenoid inter-
mediates (Lichtenthaler et al. 1997).

When carotenoid biosynthesis s
blocked, such as in the w3, all, and cl]
mutants of maize, leaf tissue is albino due
to the photoinduced destruction of chlo-
rophyll (Anderson and Robertson 1960).
Albinism is a lethal condition and these
seedlings die when their endosperm re-
serves are exhausted. When certain maize
albino mutant seedlings are grown under
dim light, thus experiencing less photo-
destruction, many of theses mutants will
become pale green due to the synthesis
and accumulation of chlorophyll, which is
accompanied by the appearance of small
grana in leaf plastids (Bachmann et al.
1973; Robertson et al. 1978; Troxler et al.
1969). These observations indicate that
many albino mutants are deficient in their
ability to synthesize carotenoids, but not
chlorophylls. However, it is unlikely that
chlorophyll molecules in these mutants
are stably incorporated into thylakoid
membranes, as it appears that core and
light-harvesting complex proteins do not
accumulate in the absence of carotenoids,
even though the level of transcripts for
these proteins is normal (Herrin et al.
1992; Markgraf and Oelmiiller 1991).

The y10 mutant of maize was phenotyp-
ically described and characterized by Rob-
ertson (1961) as a carotenoid mutant due
to the pale yellow endosperm color of ho-
mozygous individuals. Following germina-
tion, homozygous yI0 seedlings are albi-
no. However, y10 seedlings have not been
observed to become pale green when
grown under dim light conditions, unlike
other carotenoid-deficient mutants includ-
ing w3 and all (Bachmann et al. 1973).
This may indicate that the y10 mutation
affects both carotenoid and chlorophyll
biosynthesis. The purpose of the present
study is to characterize the biochemical
defect that results in the yJ0 mutant phe-
notype and to determine what effect this
has on the structure of plastids in y/0 mu-
tants.

Methods

Extraction and Analysis of Endosperm
and Leaf Pigments

All procedures were carried out under yel-
low light. Pale yellow (y10/y10) and yellow
(Y10/y10 or Y10/Y10) mature dry kernels
were soaked overnight at 4°C in ultrafil-
tered H,0. Endosperm tissue from five ker-
nels was removed, immersed in liquid ni-
trogen, and ground to a fine powder with
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a prechilled mortar and pestle. Ground tis-
sue (0.4 g) was extracted three times with
1:1 (viv) acetone:hexane containing 0.01%
butylated hydroxytoluene (BHT). The ex-
tract was dried under argon, resuspended
in 5:3:2 (viviv) hexane:acetone:isopropa-
nol and stored under argon gas at —20°C
until analysis. For samples that were ana-
lyzed immediately following extraction,
the extract was resuspended in 200 pl 1:1
(v:v) methanol:methylene chloride and 25
pl was injected into the high-performance
liquid chromatograph.

Homozygous y10 and YI0/- seedlings
were grown for 1 week in a growth cham-
ber under fulllight conditions (160 wmol/
m?/s) provided by incandescent and fluo-
rescent light. Leaf tissue was ground to a
fine powder in liquid nitrogen by using a
prechilled mortar and pestle and extract-
ed with acetone containing 0.01% BHT,
The extract was filtered through Whatman
#1 filter paper under vacuum. The acetone
was then evaporated with argon and the
remaining residue was extracted with hex-
ane. The hexane layer was recovered,
evaporated to dryness under argon, resus-
pended in 5:3:2 (viviv) hexane:acetone:
isopropanol and stored under argon gas at
—20°C until analysis.

Leaf pigments were separated by re-
versed-phase high-performance liquid chro-
matography (HPLC) on a 4.6 mm X 250 mm
C30 Carotenoid® column ( YMC, Wilmington,
NO), and endosperm pigments were sepa-
rated on a 3.6 mm X 300 mm C18 Resolve®
column (Waters, Milford, MA) using a mo-
bile phase of 90:15:10:0.1:0.05 (v:iv:viviw) ace-
tonitrile:methylene chloride:methanol:octan-
ol:ammonium acetate (Barua et al. 1993) at
a flow rate of 1 ml/min. Run times were 35
min for endosperm extracts and 110 min for
leaf extracts. The Waters HPLC system in-
cluded a model 501 pump, U6K injector,
model 484 detector, and an NEC PC
equipped with Baseline® software (Dynamic
Solutions, Ventura, CA) for chromatogram
analysis. Detection was performed at 450
nm or with a Waters model 991 photodiode
array detector, which was equipped with
Millennium software for chromatogram anal-
ysis. Carotenoids were identified based on
their retention times compared to authentic
standards and by comparing their absorp-
tion spectra on the photodiode array detec-
tor to published spectra.

Plant Culture and Complementation
Studies

The procedure used was modified from
Wright et al. (1992). Pale yellow (y10/y10)

and yellow (Y10/-) kernels were soaked for
10 min in a 50% bleach solution, washed
twice in sterile, deionized H,0, and im-
bibed overnight in sterile H,0 containing
1 mM geraniol, 1 mM farnesol, or no iso-
prenoids. Kernels were removed and
transferred aseptically to test tubes con-
taining Murishige-Skoog (MS) medium,
0.8% phytagar, which was either unsupple-
mented or had been supplemented with
farnesol or geraniol to final concentration
of 50 or 200 mM. Seedlings were grown at
27°C for 2 weeks under dim light condi-
tions (0.2 pmol/m?/s). As a control, Y10/-
seedlings were grown on unsupplemented
MS medium. Pigments were extracted and
separated as described above.

Microscopy

Homozygous y10 or YI0/- seedlings were
grown for 1 week in a growth chamber at
27°C under either dim (0.2 umol/m?/s) or
full (160 pwmol/m?/s) light conditions. Leaf
tissue was excised 2 cm from the seedling
leaf tip using a double-edged razor blade
and fixed in 3% glutaraldehyde (buffered
in 0.2 M phosphate, pH 7.4) for 24 h and
then buffer washed at least four times.
Specimens were postfixed in 1% OsO,
(buffered in 0.2 M phosphate buffer, pH
7.4) for 3 h and buffer washed four times.
Following washing, the tissue was gradu-
ally dehydrated in a series of ethanol and
acetone rinses and then gradually infiltrat-
ed and embedded in Spurr epoxy resin.
Embedded leaves were sectioned on an
RMC MT6000-XL ultramicrotome with
glass knives. For light microscopy (LM),
thick sections (850 nm) were stained with
Richardson’s stain (azure Il and methylene
blue) and examined with bright-field and
differential interference contrast illumina-
tion on an Olympus BHS compound light
microscope. For transmission electron mi-
croscopy (TEM), ultrathin sections (90—
100 nm) were collected on 1 mm X 2 mm
slot grids and dried on formvar support
films (Rowley and Moran 1975). Grids
were stained in 1% uranyl acetate (10 min)
and lead citrate (8 min; Venable and Cog-
geshall 1965) and then examined using a
JEOL JEM-100SX TEM at 80 kV.

Results

Analysis of Pigments in Endosperm and
Leaf Tissue

The pale yellow color of y10y10 kernels is
suggestive of a reduced synthesis and ac-
cumulation of carotenoid pigments in en-
dosperm tissue. Extraction and analysis of
colored carotenoids from endosperm



Table 1. Summary of carotenoids in homozygous
y10 mutants®

Percent of Percent of

pigment in pigment in

Y10/- endo- Y10/- seedling
Pigment sperm® leafed
a-Carotene 81.7 £ 17.6 Not detected
a-Cryptoxanthin 59 = 29 Not detected
p-Carotene 79.1 £ 23.2 Not detected
B-Cryptoxanthin 71.6 = 19.9¢ Not detected
Zeaxanthin/Lutein 41.2 = 4.3¢ 3.6 + 1.3
Violoxanthin — 0.8 = 0.1=
Chlorophyll a — 1.6 = 0.6°
Chlorophyll b — 2.2 *+ 0.8

s Data is expressed as the percentage of pigment found
in Y10/- siblings.

¢ Each value represents the mean * standard error of
the mean from four different ears analyzed in duplicate.

<Data is expressed as a percentage of carotenoid in Y10/
- seedling leaf normalized to dry weight (i.e., the tissue
remaining following extraction). Each value represents
the mean =+ standard error of the mean from three dif-
ferent seedlings analyzed in duplicate.

4Seedlings were grown under full light (160 nmol/m?¥/s)
conditions.

e Significantly reduced compared to Y10/ siblings.

demonstrated that there is a significant re-
duction in endosperm of yI0yl0 kernels
when compared to YI0/- siblings (Table
1). Although the distribution of caroten-
oids is relatively normal, xanthophylls
were more dramatically affected than
carotenes (Figure 1A,B). When yI10y10yI10
endosperm extracts were analyzed on a
high-performance liquid chromatograph
equipped with a photodiode array detec-
tor, no colorless carotenoids such as phy-
toene and phytofluene were detected in
the extracts (data not shown). Thus the
reduction of carotenoids in the endo-
sperm of yI0 mutants does not appear to
be due to a block at a particular enzymatic
step in the carotenoid biosynthetic path-
way. Our data suggests that there may be
a reduction in the supply of precursor
molecules to the enzymes of the caroten-
oid biosynthetic pathway, or a downregu-
lation of the pathway at a key regulatory
step prior to the synthesis of phytoene.
Pale yellow y10 kernels germinate into
albino seedlings under both normal and
dim light conditions (Bachmann et al.
1973). Extraction and HPLC analysis of pig-
ments from yl0yl0 seedlings grown under
full light revealed that there were trace
quantities of chlorophyll and carotenoid
pigments present (Figure 1D). However,
the quantities of chlorophylls and carot-
enoids present represent less than 1% and
2% of the carotenoids and chlorophylls,
respectively, present in Y10/- siblings (Fig-
ure 1C,D, Table 1). In addition, only two
carotenoid peaks (violoxanthin and lutein)
and two chlorophyll peaks (chlorophylls a

A Y10/- Endosperm Extract
1

031-
e
(=]
Al
<~
=
8 015+
g s
=
Q
(7]
= 4

23 56
0.01
Time (minutes)
C Y10/~ Leaf Extract
9

0.6 -
e
o
U'a)
<
®
Q
"é 034
=
8 8
-=
< 7 10 6

5
0.0 -
Time (minutes)

B—yl 0y10 Endosperm Extract
S

0.1+

0.0+

Time (minutes)

'D y10y10 Leaf Extract

S
0.1+
0.05 4-
8
79
10
0.0+ JLL..I‘

Time (minutes)

Figure 1. High-performance liquid chromatography of yI0y10 and Y10j- tissue extracts. Leaf tissue was analyzed
from seedlings grown under full-light conditions (160 pmol/m?/s). Run times for endosperm and leaf extracts were
35 min and 110 min, respectively. (A) Y10/- endosperm extract. (B) y/0y10 endosperm extract. (C) Y10/- seedling
leaf extract. (D) y10y10 seedling leaf extract. S = solvent front; 1 = lutein and zeaxanthin; 2 = a-cryptoxanthin; 3
= B-cryptoxanthin; 4 = xanthophyll monoester; 5 = a-carotene; 6 = B-carotene; 7 = violoxanthin; 8 = chlorophyll
b; 9 = lutein; 10 = chlorophyll a; 11 = chlorophyll b; 12 = chlorophyll a.

and b) were detected during the analysis
of yl10y10 extracts by HPLC (Figure 1D).
The identity of these compounds was
confirmed by analysis of extracts on a
high-performance liquid chromatograph
equipped with a photodiode array detec-
tor. No colorless carotenoids such as phy-
toene or phytofluene were present in leaf
tissue extracts, suggesting again that the
y10 mutation does not effect a specific
step in the carotenoid biosynthetic path-
way. In addition, growth of y10 seedlings
under dim light conditions does not result
in greening of the seedling leaf tissue,

which has been observed in a number of
other maize albino mutants such as w3
and /w2 The w3 and w2 mutants accu-
mulate 79% and 31%, respectively, of wild-
type seedling levels of chlorophyll when
grown in dim light (Bachmann et al. 1973;
Robertson et al. 1978). The albino pheno-
type observed in seedlings that are grown
in full light is due to the photodestruction
of chlorophylls that results from the ab-
sence of carotenoids (Anderson and Rob-
ertson 1960). These data suggest that the
y10 mutant is not only deficient in carot-
enoid biosynthesis, but also in chlorophyll
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Table 2. Summary of pigments in supplemented
and unsupplemented homozygous y10 seedlings
grown on Murishige-Skoog medium¢

Percent of pigment in YI0/- seed-

lings®
Pigment Unsupplemented Supplemented:
Lutein 06 =05 9.5 + 2.74
Violoxanthin 1.6 x1.0 12.4 + 4,24
Chlorophyll a 23 +1.0 51+ 22
Chlorophyll b 0.12 + 0.05 Not detected

* Seedlings were grown under dim light (0.2 wmol/m?/s).

“Data is expressed as a percentage of pigment found in
unsupplemented Y70/- seedling leaf normalized to dry
weight (i.e., the tissue remaining following extraction).
Each value represents the mean * standard error of
the mean from eight different seedlings analyzed in du-
plicate.

©Homozygous yI10 seedlings were grown for 2 weeks on
Murishige-Skoog medium, 0.8% phytagar supplement-
ed with geraniol (50 mM or 200 mM) or farnesol (50
mM or 200 mM).

4 Significantly increased compared to homozygous yI10
siblings grown on unsupplemented Murishige-Skoog
medium.

biosynthesis. The yI0 mutation could po-
tentially affect the supply of precursor
molecules (i.e., isoprenoids) that are re-
quired to synthesize both classes of pho-
tosynthetic pigments.

Chemical Complementation of y10
Seedlings with Isoprenoids Geraniol
and Farnesol

To determine whether the yI0 mutant
could be chemically complemented by the
addition of exogenous carotenoid and
chlorophyll precursor molecules, yI0yI0
seedlings were grown aseptically on MS
medium to which the isoprenoids geraniol
(a C10 isoprenoid) or farnesol (a C15 iso-
prenoid) had been added. The pyrophos-
phate forms of geraniol and farnesol are
both substrates for the plastid enzyme
GGPP synthase. If these molecules could
be taken up by the seedlings and utilized
in plastids of plants which have a reduced
or nonexistent pool of these precursors,
the plants could potentially utilize them to
synthesize carotenoids and/or chlorophyll
molecules as long as the appropriate en-
zymes to do so are present in the plastids.
When pigments were extracted from
y10y10 seedlings grown on geraniol- or
farnesol-supplemented MS medium, ana-
lyzed by HPLC, and compared to those
grown on MS medium alone, it was deter-
mined that both supplemented and unsup-
plemented y10y10 seedlings displayed the
same four photosynthetic pigments (vio-
loxanthin, lutein, and chlorophylls a and
b; Table 2). Furthermore, it was deter-
mined that seedlings supplemented with
either concentration of farnesol or gera-
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Figure 2. Transverse sections of mesophyll (M) and bundle sheath (BS) cells from leaves of y/0y10 and Y10/-
seedlings grown under fulllight conditions (160 p.mol/m?/s). LM; bars = 5 wm. (A) Y10/- leaf section. (B) yI10y10
leaf section. Note the conspicuous absence of chloroplasts in the y10y10 leaf section.

niol gave similar results, so these seed-
lings will be discussed together and re-
ferred to as “supplemented seedlings.”

Supplemented seedlings possessed sig-
nificantly higher quantities of violoxanthin
(6 times) and lutein (20 times) compared
to unsupplemented seedlings (Table 2).
The carotenoids present in the supple-
mented seedlings represent approximately
10% of the carotenoids found in Y10/- sib-
lings grown under the same conditions,
but without isoprenoid supplementation
(Table 2). In addition, approximately two
times the amount of chlorophyll a was
present in extracts of supplemented
y10y10 seedlings, although this was not
found to be a statistically significant in-
crease. The increased amount of photo-
synthetic pigments could also be visual-
ized when observing the plants. However,
the coloration varied between individual
supplemented seedlings and ranged from
a very subtle greenish-yellow tinge to an
obvious pale green color (data not
shown). Thus growth on medium supple-
mented with isoprenoids does seem to
complement, albeit not at a high efficien-
cy, the yI0 mutation. It appears that the
defect in the y70 mutant affects a step in
isoprenoid biosynthesis that precedes the
conversion of geranyl pyrophosphate to
farnesyl pyrophosphate and subsequently
to GGPP via three subsequent additions of
isopentenyl pyrophosphate by the en-
zyme GGPP synthase.

Microscopy

The presence and ultrastructure of plas-
tids in yI0y10 and Y10/- seedling leaves
were examined by LM and TEM. Previous
studies on several maize albinos have re-
vealed an abnormal plastid ultrastructure
when seedlings were grown in full light
(Bachmann et al. 1973; Robertson et al.
1978; Troxler et al. 1969). However, growth
of these mutants in dim light could result
in plastid architecture that was more sim-
ilar to wild type. We examined yI0yI0 and
Y10/- seedlings that were grown either un-
der full (160 pmol/m?/s) or dim (0.2 pmol/
m?/s) light conditions.

Both mesophyll (M) and bundle sheath
(BS) cells in leaves of yIQyl0 seedlings
grown under full-light conditions did not
contain any structures that resembled
plastids (Figure 2B). Examination of these
tissues with a TEM did not reveal any cel-
lular structures either with double mem-
branes or that remotely resembled plas-
tids or mitochondria (data not shown).
The only identifiable cellular structure in
these cells were nuclei. These observa-
tions indicate that the drastic reduction in
photosynthetic pigments in the yI10 mu-
tant has a dramatic effect on the subcel-
lular structure when plants are grown in
full light.

Mesophyll and BS cells of y10y10 plants
grown under dim light conditions con-
tained plastids with few internal mem-
branes compared to YI0/- siblings (Figure



Figure 3. Sections of plastids from bundie sheath cells (A) and (B) and mesophyll cells (C) and (D) from leaves
of y10y10 and YI0/- seedlings grown under dim light conditions (0.2 pmol/m?/s). TEM; bars = 1 pm. (A) Plastid in
Y10/- bundle sheath cell. (B) Plastid from yI0yI0 bundle sheath cell. (C) Plastid from Y10/- mesophyll cell. (D)
Plastid from y70y10 mesophyll cell. Note the reduced amount of internal membranes and lack of thylakoid stacking
in the plastids from the yI0y10 bundle sheath and mesophyll cells.

3). Bundle sheath cell chloroplasts of
y10y10 plants were irregularly shaped, had
few thylakoid membranes, and contained
numerous vesicles (Figure 3B). In addi-
tion, the stroma was less electron dense
than the cytosol, indicating a reduced pro-
tein content, and lacked osmiophilic inclu-
sions. Mesophyll cell chloroplasts ap-
peared to have even fewer internal
membranes, and those present were not in
any discernible order (Figure 3D). In ad-
dition, mitochondria lacked cristae and
other internal structure (Figure 3B). In
comparison to other maize albino mutants
that have been analyzed at the ultrastruc-
tural level, the alterations in plastid archi-
tecture of yI0 mutants is quite severe.

Discussion

The y10 mutant of maize exhibits a pale
yellow endosperm and an embryo that
germinates into an albino seedling (Bach-
mann et al. 1973; Robertson 1961). The al-
bino phenotype in maize is typically attri-
buted to the reduced ability to synthesize
and accumulate carotenoids, resulting in
the photodestruction of any chlorophyll
that is produced (Anderson and Robert-
son 1960). However, when grown under
dim light conditions, which are permissive
for chlorophyll accumulation, ylI0yI0
seedlings do not accumulate chlorophyll
and remain albino. These observations, in
addition to our findings that only trace

amounts (less than 3% of those found in
Y10/- siblings) of photosynthetic pigments
are present in yI0yl0 seedlings grown in
either dim or full-light conditions, indicate
that the yI0 gene influences both carot-
enoid and chlorophyll synthesis. Since
both the carotenoid and chlorophyll bio-
synthetic pathways require products of
the isoprenoid pathway, a possible defect
in the y10 mutant is the supply of isopren-
oid precursors to the pathways that syn-
thesize photosynthetic pigments.

Homozygous yI0 seedlings appear to be
complemented by the addition to their
growth medium of either the C10 isopren-
oid geraniol or the C15 isoprenoid farne-
sol. A 6- or 20-fold increase in carotenoids
was observed in supplemented homozy-
gous yI0 seedlings, whereas a twofold in-
crease in chlorophyll was observed. This
suggests that the y70 homozygotes are not
defective in GGPP synthase activity, which
catalyzes the production of GGPP from di-
methylallyl pyrophosphate through the
stepwise addition of C5 IPP units (Bartley
and Scolnik 1995). Thus the biochemical
defect in the y70 mutant must precede this
step. One candidate that the yI0 gene
might encode is the enzyme IPP isomer-
ase. This enzyme catalyzes the conversion
of IPP to dimethylallyl pyrophosphate and
has been shown previously to be a regu-
latory step in the synthesis of photosyn-
thetic pigments during the transformation
of maize etioplasts to chloroplasts (Al-
brecht and Sandmann 1994). IPP isomer-
ase has been cloned from Arabidopsis thal-
iana (Campbell et al. 1997) and Clarkia
breweri (Blanc and Pichersky 1995) but
not from maize. Alternatively, y/0 may en-
code a protein that influences the activity
of early isoprenoid biosynthetic enzymes
or a transcription factor which regulates
the expression of isoprenoid biosynthetic
enzymes.

A drastic reduction in isoprenoid bio-
synthesis could result in a decreased pro-
duction of carotenoids and chlorophylls
since GGPP is the immediate precursor for
both carotenoids and the phytyl chain of
chlorophyll. The addition of the phytyl
chain is one of the last steps in the pro-
duction of chlorophyll molecules (von
Wettstein et al. 1995). Without the addi-
tion of the phytyl chain to the chlorophyl-
lide porphyrin ring, there is no incorpo-
ration and stabilization of the incomplete
chlorophyll into thylakoid membranes.
These molecules are likely to be danger-
ous to the plastids in which they are
found, and possibly the entire cell, since
unbound chlorophyll and precursors can
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be easily photooxidized. Free porphyrins
can readily generate free radicals, such as
singlet oxygen, in the presence of light
(Arakane et al. 1996). This may account
for the lack of internal structure in plas-
tids of M and BS cells in leaves of yJ0yI0
seedlings grown in full light as compared
to those grown in dim light.

In addition to carotenoids and chloro-
phylls, GGPP is a precursor for a variety
of biomolecules synthesized in plastids,
including tocopherols and quinones which
are inserted into thylakoid membranes
and participate in electron transport (Klei-
nig 1989; Lichtenthaler et al. 1997). The
leaf tissue of yI0 homozygotes may be
more dramatically affected by a limited
production of isoprenoids as compared to
endosperm tissue, since there are greater
demands on the isoprenoid pool in leaf tis-
sue. For instance, large amounts of pho-
tosynthetic pigments and quinones are re-
quired for photosynthesis in chloroplasts.
Fewer of these compounds could be syn-
thesized if the supply of isoprenoid pre-
cursors is severely limited. This effect
would be exacerbated if isoprenoids were
preferentially incorporated into chloro-
phylls, as these pigments would be de-
stroyed in the absence of carotenoids.
Thus leaf tissue would be expected to be
albino while endosperm tissue could still
accumulate low levels of carotenoids,
which is consistent with the yI0 mutant
phenotype.

Although the efficiency of incorporation
of exogenous isoprenoids was low in our
study, this is not surprising since the iso-
prenoids needed to be absorbed by the
plant and transported to the site of pig-
ment biosynthesis in leaf plastids. Others
have also reported a low efficiency of in-
corporation of farnesol into whole cut leaf
(Albrecht and Sandmann 1994) and into in
vitro plastid preparations (Fraser et al.
1994) when studying carotenoid biosyn-
thesis. This may indicate that there is a
difficulty for these precursors, which are
normally synthesized within plastids, to
enter into plastids.

The most striking observation made of
the structure of plastids in yI0yI0 seed-
lings is the presence of few internal mem-
branes. Assembly and formation of thyla-
koid membranes depends upon the
accumulation of photosynthetic pigments,
as well as core and light-harvesting com-
plex proteins, within the plastid. Prior to
insertion into thylakoid membranes, chlo-
rophylls are believed to be bound either
to a protein carrier or to the last enzyme
in the chlorophyll biosynthetic pathway;,
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chlorophyll synthase. Chlorophyll syn-
thase catalyzes the addition of phytyl
chain to chlorophyllide a to generate chlo-
rophyll a (Paulsen 1997). Carotenoids are
required for the assembly of photosyn-
thetic apparatuses, although only a small
amount is needed to stabilize pigment-pro-
tein complexes (Markgraf and Oelmiiller
1991). In Chlamydomonas mutants that are
completely devoid of carotenoids, core
and light-harvesting proteins of photosys-
tem I and II do not accumulate at all (Her-
rin et al. 1992). This may be due to a de-
creased ability to import nuclear-encoded
proteins into plastids, as seen in caroten-
oid-deficient etioplasts. These plastids can
bind but have a much reduced ability to
translocate plastid precursor proteins
(Dahlin 1993; Dahlin and Franzén 1997).
This, in combination with the possible de-
struction of biomolecules in the plastid
due to porphyrin-generated free radicals,
may account for the sparse internal mem-
brane structure that is seen in plastids of
y10y10 seedling leaf cells.

Mitochondrial structure is also altered
in BS and M cells of yI10 seedlings. No mi-
tochondria were observed in yI0y10 seed-
lings grown in full light, while very few
cristae were observed in the mitochondria
of y10y10 seedlings grown in reduced light.
Although plastids appear to be autono-
mous in their production of isoprenoids, it
is not clear to what extent isoprenoid in-
termediates are shared among plastid, mi-
tochondrial, and cytoplasmic compart-
ments (Kleinig 1989; Lichtenthaler et al.
1997). Mitochondria require, but do not
produce, IPP. IPP is used by mitochondria
for the synthesis and incorporation of qui-
nones into their inner membranes, where
these molecules participate in electron
transport (Lichtenthaler et al. 1997). A
generalized reduction in cellular isopren-
oid pools may limit mitochondrial inner
membrane synthesis and function. Altered
chloroplast function in yIQy10 seedlings
might also effect the availability of other
metabolites to mitochondria. Therefore
the altered mitochondrial structure in the
y10 mutant is likely a pleiotropic effect re-
sulting from reduced isoprenoid levels in
the chloroplast and cytoplasm.

Several maize carotenoid mutants, in-
cluding vp2, vp5, vp7, and vp9, display vi-
vipary (i.e., precocious germination) due
to a reduced ability to synthesize abscisic
acid (ABA; Neill et al. 1986). Zeaxanthin,
the carotenoid precursor for ABA, is re-
duced in kernels of these mutants (Neill
et al. 1986; Zeevaart and Creelman 1988).
We have not observed vivipary in homo-

zygous yI0 kernels, even though the
amount of carotenoids is significantly re-
duced in their endosperm. This suggests
that sufficient quantities of ABA are pro-
duced to allow for kernel dormancy. We
were not able to resolve zeaxanthin from
lutein in our HPLC system. However, the
levels of B-cryptoxanthin (the immediate
precursor to zeaxanthin) in yJ/0 endo-
sperm was 79% of the amount found in
wild-type endosperm, whereas a-crypto-
xanthin (the immediate precursor to lu-
tein) levels were 5.9% of those found in
wild type. This may reflect a preferential
production of B,B-carotenoids, including
f-carotene, B-cryptoxanthin, and zeaxan-
thin in the homozygous yI10 endosperm,
thereby permitting adequate production
of ABA and kernel dormancy.
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