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As an emerging maize (Zea mays) seedling senses light, there is a decrease in the rate of mesocotyl elongation, an induction
of root growth, and an expansion of leaves. In leaf tissues, mesophyll and bundle sheath cell fate is determined, and the
proplastids of each differentiate into the dimorphic chloroplasts typical of each cell type. Although it has been inferred from
recent studies in several model plant species that multiple photoreceptor systems mediate this process, surprisingly little is
known of light signal transduction in maize. Here, we examine two photomorphogenic responses in maize: inhibition of
mesocotyl elongation and C4 photosynthetic differentiation. Through an extensive survey of white, red, far-red, and blue
light responses among a diverse collection of germplasm, including a phytochrome-deficient mutant elm1, we show that
light response is a highly variable trait in maize. Although all inbreds examined appear to have a functional phytochrome
signal transduction pathway, several lines showed reduced sensitivity to blue light. A significant correlation was observed
between light response and subpopulation, suggesting that light responsiveness may be a target of artificial selection. An
examination of C4 gene expression patterns under various light regimes in the standard W22 inbred and elm1 indicate that
cell-specific patterns of C4 gene expression are maintained in fully differentiated tissues independent of light quality. To our
knowledge, these findings represent the first comprehensive survey of light response in maize and are discussed in relation
to maize breeding strategies.

The transition from skotomorphogenic to photoau-
totrophic growth is a complex and highly regulated
process that has been the subject of intense study
(Nemhauser and Chory, 2002). However, in maize
(Zea mays), little is known of the underlying mecha-
nisms governing this transition (Vanderhoef and
Briggs, 1978). Under current cultivation practices,
maize seeds are sown within a few inches of the soil
surface. Soon after germination, the shoot apex,
sheathed by the coleoptile, is pushed through the soil
by the elongating mesocotyl. Reduced root formation
and unexpanded leaves facilitate this rapid upward
movement of the shoot apex while expending the
least amount of energy from seed reserves. At the soil
surface, incident light represses mesocotyl elonga-
tion, induces leaf expansion, and promotes root for-
mation. As cells are recruited into emerging leaf pri-
mordia, proplastids differentiate into the dimorphic
bundle sheath (BS) and mesophyll (M) cell chloro-
plasts, and the photoautotrophic phase of sporo-
phytic development begins.

Light is the most important environmental cue to
signal the transition from skotomorphogenesis to
photomorphogenesis. In higher plants, phytochromes,
cryptochromes, phototropins, and UV-B photorecep-
tors enable the developing seedling to monitor the

quality and flux of incident light (Kevei and Nagy,
2003). The photoreversible phytochromes mediate re-
sponses to red (R) and far-red (FR) regions of the
spectrum including de-etiolation, leaf expansion,
stem and petiole elongation, chloroplast differentia-
tion, circadian rhythms, and time to flowering
(Fankhauser, 2001; Kevei and Nagy, 2003). The blue
(B)- and UV-A-absorbing cryptochromes (CRY1 and
CRY2) mediate de-etiolation, entrainment of the cir-
cadian clock, chloroplast development, and time to
flowering (Lin, 2002). Most recently, the identifica-
tion of a third photoreceptor family, the pho-
totropins, has revealed a central role for B in the
regulation of chloroplast movement, regulation of
stomatal aperture, phototrophic curvature, and hy-
pocotyl elongation (Kagawa, 2003).

Despite the rapid progress in dissecting light signal
transduction pathways in the model eudicot Arabi-
dopsis, little is known of the molecular components
of monocot seedling development. Phytochrome mu-
tants have only been described recently in sorghum
(Sorghum bicolor; Childs et al., 1997), barley (Hordeum
vulgare; Hanumappa et al., 1999), rice (Oryza sativa;
Izawa et al., 2000; Takano et al., 2001), and maize
(Sawers et al., 2002). No mutations have yet been
defined in B photoreceptors for any grass species.
Furthermore, monocot and eudicot lineages diverged
approximately 130 million years ago providing am-
ple opportunity for genetic drift, polyploidization
events, and artificial (human [Homo sapiens]) selec-
tion to facilitate the divergence of light signal trans-
duction pathways between these two groups of
plants (e.g. Hayama et al., 2003).
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As one of the world’s most agronomically impor-
tant monocot grasses, maize has been under intense
human selection for at least 5,000 to 6,000 years
(Benz, 2001; Piperno and Flannery, 2001; Matsuoka et
al., 2002b). Increasingly, breeding strategies strive to
maintain high-density plantings while reducing
shade avoidance responses that include elongation of
the stem, increased internode length, and decreased
yield (Tetio-Kagho and Gardner, 1988). Thus, identi-
fying mechanisms for suppressing the photoreceptor-
mediated responses to shade is one major objective of
understanding light signal transduction pathways in
maize.

In this study, we have characterized two aspects of
photomorphogenic growth in maize seedlings, the
inhibition of mesocotyl elongation and C4 photosyn-
thetic differentiation. The inhibition of mesocotyl
elongation by light is a well-characterized phenome-
non in maize (Vanderhoef and Briggs, 1978; Vander-
hoef et al., 1979; Iino, 1982; Barker-Bridgers et al.,
1998) and is a quantitative measure of light response
when seedlings are grown under well-defined light
and temperature regimes. To examine the contribu-
tion of light on photosynthetic differentiation, gene
expression changes were also examined in the two
photosynthetic cell types of a maize seedling leaf. As
a C4 plant, maize utilizes two anatomically and bio-
chemically distinct cell types to fix carbon. The BS
cells surrounding the vasculature contain centrifu-
gally arranged chloroplasts with large starch gran-
ules and unstacked thylakoid membranes. The M
cells lying adjacent to the BS contain randomly ar-
ranged chloroplasts with stacked thylakoids and lit-
tle or no starch (Edwards and Walker, 1983). Both cell
types accumulate a distinct set of photosynthetic en-
zymes and proteins that enable them to cooperate in
the fixation of carbon (Sheen, 1999). Together, meso-
cotyl elongation and C4 photosynthetic differentia-
tion provide two very different measures of light
response in the photomorphogenic development of
maize seedlings.

To further define the role of phytochromes in the
regulation of maize seedling development, plants ho-
mozygous for the elm1 mutation were incorporated
into the surveys of mesocotyl elongation and photo-
synthetic differentiation. The elm1 mutation condi-
tions seedlings that are pale green with an elongated
mesocotyl under all light conditions. In the field, elm1
plants tend to lodge and flower slightly earlier than
the wild-type (Sawers et al., 2002). The elm1 mutant is
impaired in phytochrome responses due to a block in
phytochrome chromophore biosynthesis (Sawers et
al., 2002) and, therefore, provides a means of exam-
ining phytochrome-mediated responses under any
light regime.

In this study, we find that seedlings from 30 inbred
lines of maize grown in the dark (D) or under con-
tinuous R, FR, B or white (W) light show highly
variable photomorphogenic responses. Furthermore,

significant differences in light response were ob-
served between semitropical (ST) varieties and North
American Cornbelt-derived stiff stalk (SS) and non-
stiff stalk (NSS) subpopulations. These results are
consistent with the theory that modern breeding
practices have selected for lines with reduced light
response (Sawers et al., 2002). We also show a limited
role for light in C4 photosynthetic development. Al-
though light has been implicated in the initiation of
C4 development (Langdale et al., 1988b), we present
evidence that B and R/FR light signaling pathways
play a minor role in maintaining cell-specific patterns
of gene expression. Finally, we present evidence that
although the inhibition of mesocotyl elongation in
elm1 seedlings was greatly impaired under all light
treatments, the elm1 mutation had little effect on the
cell-specific accumulation of photosynthetic enzymes
in the BS and M cells.

RESULTS

Variation in Light-Mediated Repression of
Mesocotyl Elongation

The light-mediated repression of mesocotyl elon-
gation was used as a quantitative measure of light
response among a diverse collection of maize inbred
germplasm. The 30 lines represent three subpopula-
tions (Remington et al., 2001), including four SS, 19
NSS, and seven tropical/ST lines (see Table I). Seed-
lings were germinated under continuous W, R, FR, B
or D, and mesocotyl length was measured after 10 d.
The range of variation among the lines is displayed
in Figure 1, where lines are rank-ordered from short-
est to longest mean mesocotyl length under W. Line
means and ses are shown for each light treatment in
Supplemental Table VI (available in the online ver-
sion of this article at http://www.plantphysiol.org).
A relatively short mesocotyl under a given treatment
indicates that the seedling is highly responsive to
that treatment, whereas longer mesocotyls indicate a
weaker response. The variation in mean mesocotyl
length among inbred lines was the greatest when
plants were grown in D, where there was a 6-fold
difference between the shortest (IL101) and longest
(PA91) lines. Under W, there was a 3-fold difference
in mean mesocotyl length between the shortest
(NC348) and longest (W22) lines.

The light responses of seedlings grown under R,
FR, or B light of similar irradiance were strongly
correlated with one another and with the response
under W (see Fig. 1, inset). Thus, lines that had
relatively short mesocotyls under W also had short
mesocotyls under R, FR, and B. Furthermore, all of
the inbreds examined in this survey were highly
responsive to R and FR, suggesting that a phyto-
chrome signaling pathway is operational in all of the
inbreds examined. Among light treatments, meso-
cotyl elongation was inhibited the least by B. Mixed-
model analysis (Table II) revealed that all three of the
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main effects, light treatment, subpopulation, and
line, each explained significant portions of the vari-
ation in mesocotyl length. The interactions among
these effects are also significant, indicating that the
effect of the light treatments varies among the sub-
populations and among the lines. These data also
indicate that lines within each subpopulation are het-
erogeneous with respect to their pattern of response.

The current subpopulation designations in maize
are based on variation at several SSR loci and likely
reflect a history of artificial selection and genetic drift
(Remington et al., 2001). As shown in Figure 2, the
three subpopulations are highly variable and indis-
tinguishable in the D. Furthermore, SS and NSS lines
did not differ significantly from one another with
respect to their overall pattern of response to light.
However, in all of the light treatments, mesocotyls of
seedlings of ST origin are shorter on average than
those of the two temperate zone SS and NSS lines.
For instance, the majority of the lines shown to be
insensitive to B are derived primarily from either SS
or NSS subpopulations (10 of 11). Together, these
data suggest that North American subpopulations

are less sensitive to light than the ST and tropical
inbred lines.

The elm1 mutant was included in this survey of
light response to assay the contribution of phyto-
chrome to mesocotyl elongation under each light
treatment. The elm1 mutation was derived from a
W22 inbred; thus, near-isogenic comparisons can be
made between W22 and elm1. A separate mixed-
model analysis was carried out with the mesocotyl
length data collected on W22 and elm1. As expected,
the two fixed effects, light treatment and line, were
significant, as were the interaction between them.
The means tests revealed that W22 and elm1 did not
differ under D and B but were significantly different
under W, R, and FR (data not shown). Comparing the
response across the light treatments for each line
individually, we find that in elm1, mesocotyl elonga-
tion is the same under all light environments, includ-
ing D, whereas in W22, the pattern of response is
more complex. In all of the pair-wise comparisons
among the treatment means for W22, only three were
significant: D versus R, D versus FR, and B versus R.
These data indicate that although the B mediated

Table I. Maize inbred germplasm used in experiments

Inbred Name Original Seed Sourcea Brutnell Lab Accession No. Originb Subpopulationc

A272 Buckler 3-A272-3 DC01-008 South Africa ST
B14A Goodman 496-3/99 DC01-081 CCB-B14 SS
B37 Goodman 497-2/99 DC01-082 CCB-B37 SS
B73 Goodman 504-2/99 DC01-084 CCB-B73 SS
B97 Buckler 95-B97-3 DC01-006 CCB NSS
CI187 Buckler 38-CI187-2 DC01-003 CCB NSS
CM37 Burr 000641-6(X) DC01-024 NCB NSS
CML333 Buckler 30-CML333-3 DC01-007 International Center for Development

of Maize and Wheat (Mexico)
ST

D940Y Buckler 39-D940Y-1 DC01-002 South Africa ST
EP1 Goodman 571-2/99 DC01-107 NCB NSS
F2 Goodman 572-3/99 DC01-108 NCB NSS
H99 Goodman 584-3/99 DC01-114 CCB NSS
I205 Goodman 592-1/99 DC01-118 CCB NSS
IA2132 Goodman 593-3/99 DC01-119 Sweet corn NSS
IDS28 Goodman 596-3/99 DC01-120 Popcorn NSS
IL101 Goodman 594-3/99 DC01-122 Sweet corn NSS
KUI2007 Goodman 7753-3/98 DC01-130 Suwan (Thailand) ST
KUI21 Goodman 7744-1/98 DC01-127 Suwan (Thailand) ST
KY21 Goodman 605-3/99 DC01-131 United States (South) NSS
MO17 Goodman 614-3/99 DC01-134 CCB-C103 NSS
N28Ht Goodman 633-3/99 DC01-137 CCB-SSS SS
NC260 Goodman 2680-1/99 DC01-141 CCB NSS
NC348 Buckler 92-NC348-3 DC01-010 Tuxpeno/Caribbean ST
OH43 Goodman 657-3/99 DC01-153 CCB-OH43 NSS
P39 Goodman 663-3/99 DC01-155 Sweet corn NSS
PA91 Goodman 664-3/99 DC01-156 CCB NSS
T232 Goodman 691-2/99 DC01-162 South Africa NSS
TX601 Buckler 71-TX601-4 DC01-009 Tuxpeno ST
W153R Goodman 714-3/99 DC01-171 CCB NSS
W22 Kermicle TB97-161 NCB NSS
aSeed Sources: Ed Buckler (Cornell University), Major Goodman (North Carolina State University), Ben Burr (Brookhaven National Laboratory),

and Jerry Kermicle (University of Wisconsin, Madison). bOrigins: CCB, Central Corn Belt (United States); NCB, Northern Corn Belt (United
States and Canada). Information provided by Major Goodman. cSubpopulations: ST, SS, and NSS. Group assignments according to
Remington et al. (2001), except for CM37, TX601, and W22 (J. Liu, personal communication).
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inhibition of mesocotyl elongation is highly attenu-
ated in the elm1 mutant, this effect is not significantly
different from the response found in W22.

In 11 of the 30 lines surveyed, the means for the B
and D treatments were not significantly different
from one another (difference among least square
means generated by a mixed-model analysis and
tested using the Tukey-Kramer P values adjusted for
multiple comparisons) and include B14A, B73, B97,
CML333, H99, I205, IA2132, IL101, N28Ht, NC260,
and W22. The apparent absence of a B response in
these lines may reflect an insensitivity of some lines
to the B fluence rate used. To further examine B
responses in these lines, an additional survey was

conducted at a higher B fluence rate (13 �mol m�2

s�1). Nine of the 11 nonresponsive lines, six respon-
sive lines, and the elm1 mutant line were grown
under high B for 10 d, and mesocotyl lengths were
measured. The results of this analysis are shown in
Tables III and IV and indicate that all lines tested
respond to high B with the exception of elm1 and
IL101. IL101 is consistently one of the shortest lines
under all light treatments but also suffers quite high
mortality (45.4% compared with 16% overall), reduc-
ing the sample size and the power to detect differ-
ences among the light treatments for this line. Thus,
none of the inbred lines are completely nonrespon-
sive to B but instead show varying sensitivities to B,

Figure 1. Mean mesocotyl lengths (in millimeters) � SEs of 30 maize inbred lines and the elm1 mutation (maintained in W22
germplasm). Subpopulation designations are given below the line name. Mesocotyls were measured in seedlings grown for
10 d under each continuous light treatment and ordered by length under W light. Each bar � line mean for a light treatment,
including D, W, R, FR, and B. The inset table shows the correlations and corresponding significance levels for the inbred
line means for all the light treatments.
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as evidenced by the significant line � treatment ef-
fect in the ANOVA (Table III). For instance, mean
mesocotyl length in B97 was not significantly differ-
ent under D and low B, but under high B, mean
mesocotyl length was significantly different from D
(Table IV). However, some inbred lines showed no
significant difference in response under high versus
low B (B73, N28Ht, and W22). These results indicate
that the inhibition of mesocotyl elongation may be
mediated by low fluence B for some lines (e.g. B37,
CI187, D940Y, EP1, IDS28, and PA91), whereas others
require a high fluence of B to mediate this response
(e.g. B14A, B73, B97, H99, IA2132, N28Ht, NC260,
and W22).

As observed for light responses, mesocotyl elonga-
tion in the D is a highly variable trait among inbred
lines examined (Fig. 1). However, mesocotyl length
in all light environments (with the exception of B) is
not correlated with mesocotyl length in D (Fig. 1,
inset). This suggests that mesocotyl length in D and
light is controlled independently. Nevertheless, the
analysis of the elm1 mutant shows that mesocotyl
length under R, FR, B, and W are not significantly
different from D. This finding suggests that meso-
cotyl length in D represents a maximal elongation
response in maize. These findings raise the important
question of how “light responsiveness” should be
defined. Many Arabidopsis researchers have used
measures of mesocotyl inhibition to relate the meso-

cotyl length under a light condition to a mean mea-
sure of mesocotyl length in the D. For example, “rel-
ative inhibition” in Hennig et al. (2001) is calculated
as:

�Lengthdark control � Lengthexperimental)/

(Lengthdark control) � 100

In Mazzella et al. (2001), the authors divide the
mean hypocotyl length for each replicate in a light
condition by the mean of all the replicate D controls
from the same experiment. The 6-fold difference ob-
served in mean mesocotyl length of D-grown seed-
lings suggests that mean mesocotyl length of D
should be considered in determination of light re-
sponsiveness in maize because it may underlie the
differences among lines.

In Table V, the 30 maize inbreds used in our survey
are rank ordered by two measures of response to W,
mean mesocotyl length and mean mesocotyl length
under W divided by mean length in the D. To high-
light the differences in the rankings, the lines were
grouped into three classes (white, gray, and black)
based on rank order under each scheme. As shown,
there is little correspondence between these two
rankings. For instance, one of the most responsive
lines (ranked 2) under W (IL101) was ranked as one
of the least responsive lines (ranked 26) when mean
D mesocotyl is used to calculate responsiveness. This
variation in rankings highlights the importance of
standardizing measures of light responsiveness in
maize and of making near-isogenic comparisons be-
tween wild-type and mutant lines.

Figure 2. Mean mesocotyl lengths (in millimeters) � SEs for the three
subpopulations represented in the maize inbred germplasm grown
under five light treatments. Means groups (a or b) for each treatment-
subpopulation combination were assigned by testing for differences
among the least square means of fixed effects calculated by the
mixed model analysis, with P values adjusted for multiple
comparisons.

Table II. Mixed model analysis of the natural log of mesocotyl length in 30 maize inbred lines
grown in growth chambers under continuous W, R, FR, and B light and in the D for 10 d

Source
Numerator Degrees of

Freedom (df)
Denominator

df
F P

Light Treatment 4 9 495.18 �0.0001
Subpopulation 2 12.2 73.61 �0.0001
Treatment � subpopulation 8 71.9 4.67 0.0001
Line (subpopulation) 27 127 47.17 �0.0001
Treatment � line (subpopulation) 108 635 6.18 �0.0001

Table III. ANOVA of the natural log of mesocotyl length in 15
maize inbred lines and the mutant elm1 grown in growth cham-
bers under continuous low-fluence B light, high-fluence B light,
and in the D for 10 d

Type III sums of squares used throughout.

Source df F P

Light treatment 2 754.50 �0.0001
Line 15 37.35 �0.0001
Line � treatment 30 19.63 �0.0001
Error 689 – –
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RNA Expression Levels of Three C4-Specific
Transcripts in D-Shifted Plants

As a second measure of light responsiveness, we
examined the patterns of photosynthetic gene expres-
sion in developing maize seedlings. Previous studies
have indicated that R and B light regulate the accu-
mulation of C4 photosynthetic transcripts in maize
(Langdale et al., 1988b; Thomas et al., 1990; Purcell et
al., 1995; Casati et al., 1998). However, to examine the
effects of light quality on the maintenance of C4
photosynthesis, we first had to formulate an assay.
The C4 photosynthetic pathway is not immediately
established in emerging maize leaf tissues and is only
exclusively utilized in blade tissues (Perchorowicz
and Gibbs, 1980). Therefore, it was necessary to first
grow seedlings for approximately 12 d under W to
establish the C4 pathway. At this stage, plants were
transferred to one of four light treatments or placed
in D to examine the effects of specific light qualities
on maintaining the C4 differentiated state.

To examine the persistence of a light generated
signal in maintaining BS and M cell-specific expres-
sion, transcripts encoding the C4 isoform of phos-
phoenolpyruvate carboxylase (Ppc), the small subunit
of Rubisco (RbcS2), and NADP-malic enzyme (Me1)
were examined after a transfer of the plants to D (Fig.
3). Transcripts for these genes had previously been
shown to accumulate preferentially in M (Ppc) or BS
(RbcS2 and Me1; Sheen and Bogorad, 1987; Langdale
et al., 1988a). As shown in Figure 3, WT and elm1
plants that were maintained in W over the time
course continued to accumulate high levels of each
transcript. Plants shifted to D maintained high levels
of transcripts for all three genes for at least 24 h. After
approximately 24 h of D, Ppc transcript levels de-
creased dramatically and were maintained at a rela-

tively low level. This finding is consistent with a
previous study in maize that showed Ppc transcript
levels are strongly decreased in abundance after a
24-h D shift (Thomas et al., 1990). Similarly, tran-
scripts of RbcS2 were maintained at high levels dur-
ing the first 8 h after a shift to darkness. After this
time point, the transcript levels declined and were
barely detectable by 48 h. Surprisingly, the levels of
Me1 continued to be maintained at relatively high
levels over the entire time course, suggesting that
Me1 and RbcS2 transcript accumulation profiles are
differentially regulated in BS cells.

To examine the effects of a phytochrome deficiency
on C4 gene expression, Ppc, RbcS2, and Me1transcript
accumulation profiles were examined in the elm1 mu-
tants. Transcripts for all three genes accumulated to
similar levels in elm1 and WT plants grown under
continuous W (see Fig. 3, time point 0). However,
after 32 h of D growth, transcript levels of Ppc and
RbcS2 were greatly reduced in elm1 seedlings but
were still detectable in wild-type tissues. These re-
sults suggest that a fully functional phytochrome
signal transduction pathway is not required for the
accumulation of Ppc, RbcS2, and Me1 in W-grown
seedling leaf tissue. However, it does suggest a role
for phytochrome in maintaining transcript levels
when plants are transferred from W to D.

R, B, and FR Contributions to Cell-Specific Patterns of
C4 Gene Expression

Both Ppc (Sheen and Bogorad, 1987; Langdale et al.,
1988a) and RbcS2 (Ewing et al., 1998), are differen-
tially expressed in maize leaf tissue. Transcripts for
RbcS2 accumulate in BS cells, whereas transcripts for
Ppc accumulate in M cells. The results shown in

Table IV. Least squares means and means tests for 15 maize inbred lines and elm1 mutant generated by the ANOVA shown in Table III

Group: N, nonresponsive in original survey, i.e. line means for D vs. Low B were not different; R, responsive in original survey, i.e. line means
for D vs. Low B were different.

Inbred Line Group
Least Squares Means Probability Values for Tests of Inbred Line � Treatment Effect

D Low B High B D vs. Low B L vs. High B D vs. High B

B14A N 3.77 3.24 2.80 NSa * ****
B73 N 3.49 3.22 2.86 NS NS ****
B97 N 3.72 3.84 3.14 NS **** ****
H99 N 3.81 3.59 3.03 NS **** ****
IA2132 N 4.04 3.57 2.75 NS **** ****
IL101 N 2.97 2.50 2.26 NS NS NS
N28Ht N 3.52 3.03 2.92 NS NS ****
NC260 N 3.35 2.99 2.60 NS * ****
W22 N 3.87 3.49 3.37 NS NS **
elm N 3.85 3.97 3.78 NS NS NS
B37 R 4.40 3.36 3.23 **** NS ****
CI187 R 4.16 3.38 2.59 **** **** ****
D940Y R 4.45 3.17 2.32 **** **** ****
EP1 R 4.16 3.33 2.62 **** **** ****
IDS28 R 4.31 3.14 2.67 **** ** ****
PA91 R 4.74 3.57 2.73 **** **** ****

aNS, P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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Figure 3 show that at 48 h after a shift to D, Ppc and
RbcS2 transcripts are not detectable in wild-type or
elm1 mutant plants. This suggests that transcriptional
or posttranscriptional controls that maintain Ppc and
RbcS2 transcript levels in W light are no longer op-
erational after 48 h D growth.

Therefore, to examine the effects of monochromatic
light on the maintenance of cell-specific C4 gene
expression profiles, plants were grown for 12 d under
W light then shifted to R, FR, or B chambers for 48 h.
At 48 h, M cell protoplasts and BS cell strands were
isolated (see “Materials and Methods”). To control
for the effects of extended enzymatic digestions in
the isolation of M cell protoplasts, a stressed leaf
control was included in which leaf strips were incu-

bated in the protoplast isolation buffer for approxi-
mately 3 h, without the addition of enzyme. RNA
was isolated from samples enriched in BS and M cells
and from total leaf and stressed leaf control samples
for northern-blot analysis.

As shown in Figure 4, Ppc transcripts preferentially
accumulated in M cells in plants grown in W and
were not detected in leaf tissues of plants that were
shifted to D after 12 d of W growth. The slight
decrease in the levels of Ppc in the stressed fractions
(stressed leaf control) relative to total leaf indicates
that the levels of Ppc transcript observed in the M
fraction are an underestimation of the total Ppc tran-
script pool in M cells. After a transfer to B, R, or FR,
wild-type plants continued to accumulate high levels
of Ppc transcripts in M cells. The low levels of Ppc
transcript observed in BS, under all light treatments,
likely represent low levels of contaminating M and
epidermal guard cells in the BS prep (data not
shown). These data suggest that the Ppc promoter is
responsive to B, R, and FR light and that the M
cell-specific pattern of Ppc expression is not depen-
dent on B-, R-, or FR-mediated repression of Ppc
transcript accumulation in differentiated BS cells. To-
gether, these results indicate that phytochrome and
cryptochrome photoreceptors do not mediate the
patterns of Ppc transcript accumulation in maize.

To further investigate the role of phytochromes in
the cell-specific expression of C4 genes, Ppc transcript
profiles were also examined in elm1 mutants. As

Figure 3. Northern-blot analysis of transcript accumulation in wild-
type and elm1 seedlings. Total RNA was extracted from WT and
elm1 seedlings grown in W light or after a shift to D. RNA was
extracted from leaf tissue harvested at time points indicated. Approx-
imately 5 �g of total RNA was used in northern-blot analysis. The 27S
ribosomal band was used as a loading control and was visualized
using ethidium bromide staining after membrane transfer. Gene-
specific fragments of Ppc, RbcS2, and Me1 were hybridized to the
filters according to the protocols described in “Materials and
Methods.”

Table V. Comparison of rankings of W response in 30 maize in-
bred lines using two different measures: ranking A, length of meso-
cotyl under W vs. ranking B, length under W divided by length in D

In both cases, a low ranking would signify a high response to W.
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shown in Figure 4, Ppc transcripts accumulated to
slightly lower levels in elm1 plants grown under B, R,
or FR light relative to wild type, suggesting that
phytochromes contribute to Ppc transcript accumula-
tion in fully differentiated tissues. However, Ppc
transcripts accumulated specifically in M cells of elm1
mutants under all light treatments, suggesting again
that phytochromes do not play a significant role in
the cell-specific accumulation of Ppc transcripts.

Previous reports have indicated that R is necessary
for the accumulation of RbcS2 in the BS cells, whereas
B is required for the repression of RbcS2 accumula-
tion in M cells (Purcell et al., 1995). To examine the
effects of light on the cell-specific accumulation of
RbcS2, transcript accumulation profiles were exam-
ined in wild-type and elm1 plants. As was observed
with Ppc transcripts, levels of RbcS2 were lower in
elm1 mutants relative to wild-type plants under R
and FR treatments (Fig. 5). It is important to note,
however, that the levels of RbcS2 transcript decline
significantly in the stressed leaf control relative to
wild type under W, R, and FR treatments. This effect

is particularly dramatic in elm1 plants grown under
FR, where the very low levels of RbcS2 in the stressed
leaf control preclude a determination of cell-specific
gene expression in FR-grown elm1 mutants. Never-
theless, it is clear from the wild-type plants grown
under R and FR and in elm1 mutants grown under R
that the BS cell-specific pattern of RbcS2 accumula-
tion is maintained in the absence of B.

In summary, transcript accumulation profiles ob-
served in wild-type and elm1 mutant plants strongly
suggest that phytochromes do not contribute signif-
icantly to the maintenance of cell-specific patterns of
Ppc and RbcS2 expression in photosynthetically dif-
ferentiated tissues. Nevertheless, phytochromes do
contribute to maintaining the levels of Ppc and RbcS2
transcripts under B, R, and FR light. Finally, B is not
required to maintain the cell-specific expression of
RbcS2 in wild-type or phytochrome-deficient maize
plants.

Figure 4. Northern-blot analysis of Ppc transcript accumulation in
wild-type and elm1 seedlings. Total RNA was extracted from leaf
tissue (T), M protoplasts, stressed control (S), and BS cells of plants
grown in W light for 12 d and shifted into D, B, R, and FR. Approx-
imately 5 �g of total RNA was used in northern-blot analysis. The 27S
ribosomal band is shown as a loading control.

Figure 5. Northern-blot analysis of RbcS2 transcript accumulation in
wild-type and elm1 seedlings. Total RNA was extracted from leaf
tissue (T), M cells, stressed control (S), and BS cells of plants grown
in W light for 12 d and shifted into D, B, R, and FR light. Approxi-
mately 5 �g of total RNA was used in northern-blot analysis. The 27S
ribosomal band is shown as a loading control.
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DISCUSSION

To further our understanding of light signaling
pathways in maize, we have exploited several re-
cently developed genetic resources in maize. The
inhibition of mesocotyl elongation was examined in a
well-characterized set of maize inbreds representing
the three major subpopulations of maize, SS, NSS,
and ST that are utilized throughout the world in
breeding programs. The domestication of maize is
believed to have begun in Southern Mexico (Benz,
2001; Piperno and Flannery, 2001; Matsuoka et al.,
2002b), and in molecular surveys of the maize germ-
plasm utilized in this study, the ST and tropical
accessions represent a greater pool of genetic diver-
sity than the SS and NSS accessions (Remington et al.,
2001; Matsuoka et al., 2002a). However, the ST and
NSS lines are poorly differentiated groups. This
likely reflects the fact that NSS lines represent a
diverse group derived through the crossing of north-
ern flints by southern dents. SS lines were derived
from a relatively small subpopulation, and their di-
vergence from ST and NSS lines is due primarily to
genetic drift (Remington et al., 2001). We also have
utilized the phytochrome deficient elm1 mutant to
directly assess the contribution of phytochrome sig-
naling pathways to the inhibition of mesocotyl elon-
gation and the expression of photosynthetic genes.
The elm1 mutant is defective in phytochrome re-
sponses due to a block in phytochrome chromophore
biosynthesis that severely reduces the active phyto-
chrome pools in maize (Sawers et al., 2002). Together,
these resources have enabled us to perform a com-
prehensive survey of seedling light responses in this
agronomically important plant species.

Mesocotyl Length Variation in Maize

Maize is grown throughout the world, where it has
undergone selection under a range of light environ-
ments that vary in intensity, spectral quality, and
duration. Because critical developmental responses
throughout the plant life cycle are light dependent,
perhaps it is not surprising to find the high degree of
variation in light response among the 30 accessions
examined. The significantly shorter mesocotyls de-
tected in the tropical lines compared with the U.S./
Canadian Cornbelt lines seem to indicate that a loss
of light responsiveness at the seedling emergence
stage has accompanied selection by breeders in
northern temperate regions (Salamini, 1985).
Whether this is part of a syndrome of overall loss of
light sensitivity as maize was moved from the short-
day growing conditions of subtropical Central Amer-
ica to the long-day conditions of the temperate zones
has yet to be determined. Interestingly, a study of a
wide geographic collection of Arabidopsis found that
accessions from latitudes closer to the equator had
longer hypocotyls than those from further north (Ma-
loof et al., 2001), the opposite of the trend we have

detected in maize. The authors speculate that plants
grown at lower latitudes might compensate for the
higher light intensity with a decreased sensitivity to
light. Thus, light responses in maize, a crop plant that
has been under strong artificial selection for thou-
sands of years, appear to differ from those in a weedy
species such as Arabidopsis. Differences in light re-
sponses between crop plants and weed species have
been detailed previously and suggest that light re-
sponse pathways may be an ideal target for crop
improvement (Ballare, 1999; Ballare and Casal, 2000).

One possible point of divergence between Arabi-
dopsis and maize light response is in their phyto-
chrome signaling pathways. In Arabidopsis, the
shade avoidance syndrome is primarily mediated
through a phytochrome B signaling pathway (Auk-
erman et al., 1997; Devlin et al., 1998). In grasses,
shade avoidance is characterized by acceleration of
flowering at the expense of yield, increased internode
elongation, and decreased branching or tillering
(Casal et al., 1985; 1990; Casal, 1993; Ballare and
Casal, 2000). In a natural environment, this syndrome
is likely to provide plants with a competitive advan-
tage (Ballare et al., 1987; Dorn et al., 2000; Gilbert et
al., 2001). However, in a crop plant such as maize,
breeding practices strive for high-density plantings
of near-isogenic plants. Because shade avoidance
would be detrimental to yield, artificial (human) se-
lection is likely to drive the attenuation of shade
avoidance responses. The correlation between R/FR
responsiveness and subpopulation and the finding
that phytochrome-deficient plants result in early
flowering in maize (Sawers et al., 2002) is consistent
with the notion that breeding practices have selected
for reduced phytochrome response in maize.

However, several traits, including leaf/stem mor-
phogenesis, shoot/root biomass allocation, tillering,
plant height, and the redirectioning of leaf position in
field-grown maize plants, are responsive to the ratio
of R to FR (Kasperbauer and Karlen, 1994; Maddonni
et al., 2002). Furthermore, a severe reduction in phy-
tochrome response as observed in the elm1 mutant
results in increased lodging (Sawers et al., 2002).
Thus, the maintenance of some phytochrome re-
sponses is clearly beneficial under current cultivation
practices. These findings suggest that phytochrome
pathways have been maintained through the domes-
tication process but that modern cultivation practices
have selected for attenuation of some light responses.

In addition to phytochrome-mediated responses,
we also examined the effects of B on mesocotyl elon-
gation. Surprisingly, 11 of the 30 lines examined were
nonresponsive to the B treatment given that was of
similar energy to the R and FR treatments. However,
most of these lines did respond to a higher fluence B.
These altered sensitivities to B may be attributable to
either variation at B photoreceptors or downstream
components of the pathway. In Arabidopsis, crypto-
chromes and phototropins have been shown to con-
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tribute to B inhibition of hypocotyl elongation (Ah-
mad and Cashmore, 1993; Folta and Spalding, 2001).
However, the fact that light response was similar
across light treatments for each inbred line, including
the low-B nonresponsive lines, suggests that down-
stream components of the light signal transduction
pathway may contribute to the underlying variation.
Transcriptional regulators, such as COP1 and HY5
(Deng et al., 1991; Oyama et al., 1997), act down-
stream of individual photoreceptors in Arabidopsis.
Variation in the maize orthologs of these genes may
contribute to the variation seen in B response and R-
and FR-mediated light responses. Further experi-
ments to examine irradiance-dependent effects of B
on mesocotyl elongation will help clarify the molec-
ular basis of B light responses in maize.

As shown in Figure 1 and Table IV, it appears that
elm1 mutants are nonresponsive to B. In studies of
chromophore deficient mutants of pea (Weller et al.,
1997) and Arabidopsis (Liscum and Hangarter, 1993),
B-mediated inhibition of hypocotyl elongation was
also impaired but only to a limited degree. Although
this could indicate a difference in monocot and dicot
B signaling pathways, it is important to note that the
parental W22 inbred line is one of the 11 lines that
showed no significant difference in mesocotyl length
in D versus low B and was one of the least responsive
lines in high B. Thus, insensitivity to B observed in
the elm1 mutant might reflect the attenuation of B
responses in the W22 inbred and not the direct inter-
actions between R/FR and B signaling pathways.
Introgression of the elm1 mutant into a highly
B-responsive line (e.g. NC348) should permit the ex-
amination of phytochrome contributions to B re-
sponse in maize.

Influence of Light Quality on
Photosynthetic Differentiation

Photosynthetic differentiation in maize results in
the development of dimorphic and metabolically dis-
tinct BS and the M cells. These cells contain plastids
with unique ultrastructure, enzymatic profiles, and
biochemical activities that cooperate in C4 photosyn-
thesis (Sheen, 1999). Several studies of C4 photosyn-
thetic differentiation in maize have indicated that
light plays a central role in the differentiation pro-
cess. In particular, the accumulation of the photosyn-
thetic genes Ppdk, Ppc, Me1, and RbcS2 have been
shown to be under light control (Nelson et al., 1984;
Sheen and Bogorad, 1986; Sheen and Bogorad, 1987;
Schaffner and Sheen, 1991, 1992; Casati et al., 1998;
Ewing et al., 1998; Kausch et al., 2001). However, the
mechanisms by which light regulates cell-specific
photosynthetic gene expression remain unresolved
for any gene in maize.

Despite a severe deficiency in spectrophotometri-
cally active phytochrome pools in the elm1 mutant
(Sawers et al., 2002), we observed a relatively normal

accumulation of Ppc, RbcS2, and Me1 under W. This
result is consistent with previous studies of phyto-
chrome chromophore-deficient mutants in Arabidop-
sis (Chory et al., 1989) and suggests a limited role for
phytochrome in regulating C4 photosynthetic gene
expression in mature, light-grown plants. In
D-shifted plants, the relative amounts of transcripts
of both Ppc and RbcS2 appear to decrease dramati-
cally after approximately 24 h. The decrease in Ppc
RNA pools is consistent with previous studies of Ppc
accumulation in maize (Thomas et al., 1990) and
indicates that these transcripts are relatively unstable
in the absence of the light stimuli or that the rate of
Ppc transcription is severely reduced in the D. Phy-
tochrome may be one factor that contributes to the
stability of Ppc and RbcS2 because the transcript
pools decreased more rapidly in elm1 plants than
wild type when shifted to D. In contrast, Me1 tran-
scripts were maintained at relatively high levels
throughout the time course (72 h). Although it is not
clear what regulates the stability of Me1 (see Sheen
and Bogorad, 1987), it appears as though active pools
of phytochrome are not necessary to maintain tran-
script levels in D. Clearly, among photosynthetic
genes, multiple modes of regulation are present to
maintain or repress transcript levels during the nor-
mal growth of plants.

Another goal of this study was to examine the
contribution of light quality to C4 photosynthetic
gene expression. The analysis of wild-type and elm1
mutant seedlings under R, B, and FR light indicate
that all three light qualities modulate the levels of Ppc
and RbcS2 accumulation. This light regulation is at-
tributable in part to the phytochrome signal trans-
duction pathway because the levels of Ppc and RbcS2
are reduced in the phytochrome-deficient elm1 mu-
tant under R and FR. Previous studies have demon-
strated a role for R in inducing cell-specific expres-
sion of Ppc (Langdale et al., 1988a; Thomas et al.,
1990; Schaffner and Sheen, 1992) and RbcS (Zhu et al.,
1985; Purcell et al., 1995) after a shift from D to light
growth. Here, we demonstrate the involvement of R,
B, and FR light on maintaining the levels of Ppc and
RbcS2 in fully differentiated C4 photosynthetic
tissues.

Interestingly, phytochrome and putative crypto-
chrome signaling pathways do not appear to play a
role in restricting RbcS2 to BS cells in mature leaf
tissues. When plants were shifted from W to mono-
chromatic R or FR light, we failed to detect ectopic
RbcS2 message in M cells despite a phytochrome-
mediated induction of gene expression in BS cells.
This was somewhat surprising in light of a previous
study demonstrating a role for B in repressing RbcS2
in M cells (Purcell et al., 1995). This discrepancy may
reside in differences in experimental design. In the
previous study, D plants containing etioplasts were
shifted to B light, whereas we shifted W-grown
plants with fully differentiated BS and M cell chloro-
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plasts to B. Thus, the B regulation of M cell-specific
RbcS2 expression accompanying the transition from
skotomorphogenesis to photomorphogenesis may be
different from the regulatory pathways mediating
transcriptional control in fully differentiated leaves.

Although it is clear that phytochromes and possi-
bly cryptochromes play a role in the induction of C4
gene expression patterns, other mechanisms of regu-
lation may also contribute to cell-specific patterns of
photosynthetic gene expression. Redox regulation
(Karpinski et al., 1997), hormones (Sakakibara et al.,
1998; Sheen, 1998), and photosynthetic metabolites
(Jang and Sheen, 1994) all play a role in regulating
photosynthetic gene expression in plants. Thus, in
addition to direct light effects, multiple signaling
mechanisms may be cooperatively responsible for the
induction and maintenance of the distinctive C4 pat-
tern of expression.

Ultimately, the cell-specific expression of Ppc and
RbcS2 genes resides on the cis- and trans-acting fac-
tors controlling expression. Transient assays in maize
M cells have determined regulatory regions of sev-
eral C4 photosynthetic genes. For example, promoter
fusion constructs transiently introduced into maize
leaves have defined several important 5� regions nec-
essary for light-regulated, cell-specific gene expres-
sion of the RbcS2 gene (Schaffner and Sheen, 1991;
Bansal et al., 1992; Viret et al., 1994; Purcell et al.,
1995). Studies of the Ppc promoter have also revealed
regulatory elements required for proper expression
(Schaffner and Sheen, 1992; Kausch et al., 2001). Fur-
thermore, nuclear-encoded transcription factors have
been identified that bind specific regions of the RbcS
promoter to repress M cell-specific expression (Xu et
al., 2001). Transcriptional activators for Ppc also have
been identified through in vitro-binding assays that
may control light- and cell-specific patterns of ex-
pression (Morishima, 1998; Yanagisawa and Sheen,
1998; Yanagisawa, 2000). These studies suggest that
transcription initiation may be a mechanism to reg-
ulate cell-specific gene expression. However, in vitro
studies also suggest an important role for posttran-
scriptional control of nuclear gene expression (Viret
et al., 1994; Purcell et al., 1995). Our finding that Me1
transcripts accumulated throughout a 72-h time
course in D-shifted plants, whereas Ppc and RbcS2
transcripts were undetectable after 48 h, suggests
that multiple regulatory mechanisms may mediate
the cell-specific patterns of photosynthetic gene ex-
pression in maize.

Based on our results and previous studies, we pro-
pose a revised model of C4 differential gene expres-
sion, which involves two distinct mechanisms of reg-
ulation. The first relies on positional effects
augmented by light cues, perceived by phytochrome
and cryptochromes, to establish chloroplast mor-
phology and initiate gene expression. Once the chlo-
roplasts are fully functioning, maintenance of the
pattern initiated by light signals is achieved by the

photosynthetic capacity of the chloroplasts or by
transport of sugars or hormones from the vascula-
ture. Physiological differences between the dimor-
phic chloroplasts may condition different responses,
which would also function to maintain the distinct
patterns of gene expression. The use of mutants and
tools of functional genomics including microarray
analysis should provide greater insight into the com-
plex regulatory networks underlying BS and M cell
differentiation.

The morphological changes associated with adap-
tation to a light environment are complicated and
involve the coordination of photoreceptors and
downstream components. Here, we have examined
two photomorphogenic responses in maize, the inhi-
bition of mesocotyl elongation and C4 photosynthetic
differentiation. We have shown that multiple photo-
receptors contribute to light response in a diverse
collection of maize germplasm and that a reduced
light response is correlated with the development of
early flowering (SS and NSS) inbreds. We have also
shown that the maintenance of the C4 photosynthetic
pathway in maize is not dependent on cell-specific
light response pathways. This result may indicate a
limited role for phytochromes in altering photosyn-
thetic capacity in maize. However, a number of fac-
tors including plant architecture, flowering time, and
resource allocation contribute to yield and are likely
to be directly influenced by phytochrome signaling.
The uncoupling of C4 photosynthesis from phyto-
chrome control may provide an opportunity for arti-
ficial selection to act on phytochrome signaling net-
works that are not constrained to essential functions
such as photosynthetic development. Together, these
studies suggest that future work to define the func-
tion of downstream components of the R/FR and B
response pathways in maize should prove fruitful in
engineering an improved germplasm for this impor-
tant crop plant.

MATERIALS AND METHODS

Germplasm

Thirty maize (Zea mays) inbred lines, representing wide genetic and
geographic diversity, were grown in the mesocotyl survey. Table I provides
details on the origin and subpopulation of these inbreds, as well as seed
source information. Seed for the growth chamber experiments was obtained
from pooled sib-matings and self-pollinations carried out in our 2001 sum-
mer nursery in Aurora, NY with plants grown from the original seed
collections. Subpopulation assignments were made using a model-based
approach based on SSR data (Remington et al., 2001).

Cultivation of Plant Material

Maize kernels were surface sterilized with a 10% (v/v) bleach solution for
15 min, rinsed thoroughly, and imbibed overnight in sterile water, before
planting in 12 � six-cell Rootrainer trays (Hummert, Inc., St. Louis) filled
with vermiculite. Three Rootrainer trays in a low-sided clear plastic tray that
acted as a water reservoir were placed in a Percival model E-30LED growth
chamber (Percival Scientific, Boone, IA) for B, R, and FR treatments. All LED
light chambers are operated in a light-tight, air-conditioned darkroom that
is illuminated with a green safelight. The W light treatments were per-
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formed in a walk-in growth chamber under incandescent and fluorescent
lighting. Light fluences for the treatments were W, 3.7 �mol m�2 s�1; R, 1.8
�mol m�2 s�1 peak wavelength of 664 nm; FR, 1.2 �mol m�2 s�1, peak
wavelength of 736 nm; low B, 1.3 �mol m�2 s�1, peak wavelength of 470 nm;
and high B, 13 �mol m�2 s�1, peak wavelength of 470 nm. Fluence rates
were measures with an IL1400A Radiometer (International Light, Inc., New-
buryport, MA) equipped with a SEL033 silicon probe (detection range:
200–1,100 nm). Temperature was maintained at 28C. Seeds were randomly
assigned positions in the trays and planted just below the surface. Seedlings
were grown for 10 d, and the mesocotyls were then measured with Trace-
able digital calipers (Control Company, Friendswood, TX) to the nearest
millimeter. For the gene expression analysis, seeds were treated as above
and grown under a combination of incandescent and cool-white bulbs
providing a fluence rate of approximately 100 �mol m�2 s�1 of continuous
W. Plants were grown for 12 d or until emergence of the third leaf. They
were then transferred into Percival Scientific model E-30LED light chambers
for 72 h in one of four light conditions: D, R (4 �mol m�2 s�1), FR (4 �mol
m�2 s�1), or B (7�mol m�2 s�1). Tissue was harvested under a green safe
light at the following intervals after shift: 0, 4, 8, 24, 28, 32, 48, 52, 56, and
78 h. Second and third leaf tissue was harvested into liquid nitrogen and
stored at �80C.

Experimental Design and Statistical Analysis

The program PROC MIXED in SAS (SAS/STAT Software version 8, SAS
Institute Inc., Cary, NC) was used to analyze the mesocotyl length data in
the main light survey (Table II; Figs. 1 and 2). A screen consisted of two
identical planting arrays grown in two different light chambers during the
same 10-d period. Thus, screen was included as a random factor in the
mixed model analysis, with light treatment, subpopulation, and line as fixed
effects. Mesocotyl lengths were natural log transformed to more closely
approximate normality. Each of the five light conditions was replicated
three times, and the data were pooled for analysis. Five seeds from each line
were planted in every array. The mean sample size per line treatment
combination was 12.5. Mesocotyl measurements of 1,883 seedlings were
included in the data set. Line means and ses for all experiments are shown
in Supplemental Table VI. Tests of differences among subpopulation �
treatment and line � treatment effects were carried out using the least
squares means with the P values adjusted for multiple comparisons using
the Tukey-Kramer method. Correlations among treatment effects were gen-
erated by the program PROC CORR in SAS, with line as the replicate (inset
in Fig. 1).

Seedlings of the elm1 mutant were also grown alongside the 30 inbreds in
the light survey, and the treatment means and ses are shown in Figure 1.
However, because the pattern of response of this mutant is so different from
the wild-type inbreds, these data were not included in the first analysis. To
examine the effect of the elm1 mutation, the same mixed model used to
examine light response in the 30 inbreds was applied to elm and the
near-isogenic W22 inbred.

A subsequent experiment examined the B response with the addition of
a high-B treatment. A subset of the original 30 inbred lines, including six
“responsive” and nine “nonresponsive” and the elm1 mutant line were
grown for 10 d under high B. Responsiveness was determined by whether
or not the treatment means for each line under D and low B were signifi-
cantly different in the original light surveys, using the means tests described
above. The program PROC GLM in SAS (SAS/STAT Software version 8)
was used for this analysis (Table III). For the high-B treatment, two sets of
seedlings were grown, with 12 seeds planted per line in each set, and the
data were pooled for analysis. These data were combined with the D and
low-B data collected in the original survey to complete the data set analyzed
in Tables III and IV.

RNA-Blot Analysis

Total RNA was extracted from approximately 1 g of tissue as previously
described (Van Tunen et al., 1988) and quantified using a DU 530 Spectro-
photometer (Beckman, Fullerton, CA). Approximately 5 �g of RNA was
fractionated on 6.8% (v/v) formaldehyde and 1.5% (w/v) agarose gel. The
RNA was transferred onto Hybond N	 nylon membrane (Amersham Bio-
sciences, Sunnyvale, CA) through capillary action in 20� sodium chloride
and sodium citrate. Radiolabeled probes were synthesized from gel-

extracted fragments derived from pNHMrbcS2, pNHMppc, and pNHMme1
(see below) with random hexamers and Klenow fragment (Promega, Mad-
ison, WI). In brief, approximately 50 �g of DNA template was labeled with
Klenow fragment in a reaction mix containing 500 mm HEPES (pH 6.6), 12.5
mm MgCl2, 25 mm �-mercaptoethanol, 125 mm Tris (pH 8.0), and 50 �m each
dNTPs and [32P]CTP for 1 to 2 h at 37C. Blots were prehybridized in Church
and Gilbert (1984) buffer solution (250 mm NaPO4, 1% [w/v] bovine serum
albumin, 7% [w/v] SDS, and 1 mm EDTA) for 1 to 2 h at 65°C. After
replacing the buffer solution, probe was directly added to the blots and
hybridized overnight at 65°C. Two low-stringency washes were performed
for 5 min each at 65°C in buffer containing 40 mm NaPO4 and 5% (w/v)
SDS, followed by two high-stringency washed for 10 min at 65°C in 40 mm
NaPO4 and 1% (w/v) SDS buffer. Blots were placed on a phosphor screen
(Amersham Biosciences) overnight and imaged on a Storm 840 phosphor
imager (Amersham Biosciences).

RbcS2, Me1, and Ppc Probes

A genomic fragment of RbcS2 (GenBank accession no. Y09214) was PCR
amplified from W22 DNA using primers 5�RbcS2 (GACCGTGGCTAGATC-
GAC) and 3�RbcS2 (CTACTAGTGGAATCAGAATCTGTT) and subcloned
into pTOPO (Invitrogen, Carlsbad, CA) to create pNHMrbcS2. A genomic
fragment of the Ppc gene (GenBank accession no. X15642) was amplified
from W22 DNA using primers: 5�Ppc (GCTCAGGGACAAATACGTGG) and
3�Ppc (GTATAATATGCCAAGATTTTCCACTTG) and subcloned into
pTOPO (Invitrogen) to create pNHMppc. An Me1-specific fragment was
amplified from cDNA made from total RNA of light-grownW22 plants
using PCR primers designed to Me1 (GenBank accession no. J05130): 5�Me1
(GATCGGGACATCTGGAGTTGG) and 3�Me1 (CAGGTACAATGCCTCTC-
CAGC) and subcloned into pTOPO (Invitrogen) to create pNHMme1.

Separated Cell Preparations

Seeds were surfaced sterilized, imbibed, and grown for 12 d under 100
�m m�2 s�1 W as detailed above. Plants were then placed in one of four
light conditions (R, FR, B, or D) for 48 h. Tissue was harvested under
dim-green safe lights for all light treatments except the W control, which
was performed in ambient light. M and BS cells were then isolated as
previously described with some modifications (Sheen and Bogorad, 1985).

M Cell Preparation

Approximately 5 g of leaf tissue (second and third leaves) were cut
transversely into 1- to 2-mm strips and subjected to enzymatic digestion in
enzyme buffer (20 mm MES [pH 5.5], 1 mm MgCl2, 0.6 m sorbitol, 2% [w/v]
Cellulase Onazuka [Yakult Pharmaceuticals, Tokyo], and 0.1% [w/v] mac-
erase [Calbiochem, San Diego]]. A stress control was also performed in
which leaf strips were floated in enzyme buffer without cellulase and
macerase. After 3 h at room temperature, the strips were filtered through a
120-�m nylon net (Millipore, Billerica, MA), washed with wash buffer (50
mm Tris [pH 7.5], 1 mm MgCl2, 0.6 m sorbitol, and 100 mm
�-mercaptoethanol), and gently pressed with a stainless steel spoon for
approximately 1.5 min or until the buffer solution turned noticeably green.
The leaf material was filtered through a 60-�m nylon filter to remove leaf
particles and cellular debris. The filtrate containing protoplasts were pel-
leted at 1,200g for 5 h, washed with wash buffer, and pelleted again. This
final pellet was resuspended in 500 �L of wash buffer solution and dropped
into liquid nitrogen in peel-away cups (VWR Scientific, Bridgeport, NJ).

BS Preparation

Approximately 4 g of leaf tissue (second and third leaves) were cut into
1- to 2-mm squares and subjected to three brief (10-s) pulses on low setting
in a Waring blender (Waring Products, Torrington, CT) in BS buffer I (0.33
m sorbitol, 0.3 m NaCl, 0.01 m EGTA, 0.01 m dithiothreitol, 0.005 m dieth-
yldithio carbamic acid, and 0.2 m Tris [pH 9.0]). The leaf solution was
filtered through a 60-�m nylon net and subjected to three 1-h pulses on
high, in BS buffer II (0.35 m sorbitol, 0.005 M EDTA, 0.1% [v/v]
�-mercaptoethanol, and 0.05 m Tris [pH 8.0]). The solution was filtered
through the nylon net between each pulse. After the final filtration, the BS
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strands (still on the net) were dried slightly on paper toweling and dropped
into liquid nitrogen.
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