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Light provides crucial positional information in plant development, and the morphogenetic processes that are orchestrated by
light signals are triggered by changes of gene expression in response to variations in light parameters. Control of expression of
members of the RbcS and Lhc families of photosynthesis-associated nuclear genes by light cues is a paradigm for light-
regulated gene transcription, but high-resolution expression profiles for these gene families are lacking. In this study, we have
investigated expression patterns of members of the RbcS and Lhc gene families in Arabidopsis (Arabidopsis thaliana) at the
cellular level during undisturbed development and upon controlled interference of the light environment. Members of the
RbcS and Lhc gene families are expressed in specialized territories, including root tip, leaf adaxial, abaxial, and epidermal
domains, and with distinct chronologies, identifying successive stages of leaf mesophyll ontogeny. Defined spatial and
temporal overlap of gene expression fields suggest that the light-harvesting and photosynthetic apparatus may have a different
polypeptide composition in different cells and that such composition could change over time even within the same cell.

Plants are exquisitely sensitive to their light envi-
ronment and have evolved sophisticated biochemical
systems to perceive intensity, quality, direction, and
duration of the light signal (Chen et al., 2004). Infor-
mation regarding these parameters is used to modu-
late an amazing variety of developmental processes
throughout the plant’s life, thus defining light as one
of the most important cues in plant development
(Fankhauser and Chory, 1997; Franklin et al., 2005).
Most of the events choreographed by light require
changes in gene expression (Simpson and Herrera-
Estrella, 1990; Thompson and White, 1991), and regu-
lation of gene expression by light, particularly that of
the genes encoding the small subunits of the Rubisco
(RbcS) and the light-harvesting chlorophyll a/b-binding
proteins (Lhc; previously known as Cab), has been the
subject of extensive investigation (Arguello-Astorga
and Herrera-Estrella, 1998).

The enzyme Rubisco is located in the stroma of the
chloroplast, where it catalyzes the carboxylation of
ribulose bisphosphate in the Calvin cycle and the

oxygenation of the same substrate in the photorespi-
ratory pathway (Jensen and Bahr, 1977). Rubisco is a
multimeric enzyme consisting of eight small subunits
and eight large subunits (Baker et al., 1975), and while
the large subunits are encoded by a single chloroplast
gene (Bedbrook et al., 1979), the small subunits are
encoded by a family of nuclear genes (Dean et al.,
1989). In Arabidopsis (Arabidopsis thaliana), the RbcS
gene family comprises four members (RbcS1A,
RbcS1B, RbcS2B, RbcS3B) that have been divided into
two subfamilies, A and B, on the basis of linkage and
sequence similarities (Krebbers et al., 1988).

Lhc proteins span the chloroplast thylakoid mem-
brane, coordinate the binding of a number of chloro-
phylls and carotenoids, and, by assembling with the
two photosystems, maximize and regulate light har-
vesting (Grossman et al., 1995). At present, 21 Lhc
genes have been annotated in Arabidopsis (Jansson,
1994; Klimmek et al., 2006). The Lhca1 to Lhca4 genes
encode the polypeptides of the light-harvesting com-
plex I (LHCI) associated with the PSI (Jansson, 1994).
The LHCI is composed of two heterodimers of Lhca
proteins (Lhca1/4 and Lhca2/3) arranged in series
(Ben-Shem et al., 2003). Lhca5 monomers or homo-
dimers assemble with the LHCI peripherally at the
Lhca2/3 site (Lucinski et al., 2006), while Lhca6 has yet
to be characterized. The trimeric LHCII consists of
various combinations of three very similar proteins,
encoded by the Lhcb1, Lhcb2, and Lhcb3 genes (Jansson,
1994). Five Lhcb1 genes have been characterized
(Leutwiler et al., 1986; McGrath et al., 1992), and while
the mature proteins encoded by Lhcb1.1, Lhcb1.2, and
Lhcb1.3 are identical, the Lhcb1.4 and Lhcb1.5 proteins
are slightly divergent (Jansson, 1999). Three Lhcb2
genes have been identified, and the mature proteins
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encoded by Lhcb2.1 and Lhcb2.2 are identical, while
Lhcb2.3 differs by only one amino acid (Jansson, 1999;
Klimmek et al., 2006). Lhcb3 is encoded by a single
gene (Jansson, 1999). The Lhcb4, Lhcb5, and Lhcb6
proteins are associated with the PSII in monomeric
aggregation states (Jansson, 1994), while Lhcb7 and
Lhcb8 have not yet been characterized. The two Lhcb4
genes, Lhcb4.1 and Lhcb4.2, encode proteins that dis-
play a low level of sequence identity (Jansson, 1999).
Single genes encode Lhcb5, Lhcb6, Lhcb7, and Lhcb8
(Jansson, 1999; Klimmek et al., 2006).
The influence of light on regulation of RbcS and Lhc

expression is exerted at multiple levels (Tobin and
Silverthorne, 1985; Simpson and Herrera-Estrella, 1990;
Thompson and White, 1991; Terzaghi and Cashmore,
1995). Light affects transcription of RbcS and Lhc
genes, as well as the stability and translation of their
transcripts. Furthermore, light has been implicated in
the regulation of a variety of posttranslational pro-
cesses controlling RbcS and Lhc activity, including
protein folding, localization, and assembly of poly-
peptides into protein complexes. Because RbcS and
Lhc proteins can interact within each family to form
heterodimers, trimers, and higher-order complexes,
the activity of the resulting entities could vary depend-
ing on their composition, should the different subunits
have different biochemical properties. The composi-
tion of RbcS and Lhc protein complexes would ulti-
mately depend on which subsets of compatible
partners were simultaneously expressed in the same
cells and could change under different regimes, were
the single constituents differentially regulated by en-
vironmental signals. In a wide array of species, indi-
vidual members of the RbcS and Lhc families have
been shown to display a range of expression levels in
different organs, with stereotypically strong expres-
sion in leaves, significantly lower expression in other
green organs, and very low, if any, expression in
organs devoid of chloroplasts (Tobin and Silverthorne,
1985; Dean et al., 1989; Simpson and Herrera-Estrella,
1990; Thompson and White, 1991). However, high-
resolution expression profiles in the homologous sys-
tem are available only for selected members of the
RbcS and Lhc families, specific organs, and few spe-
cies (e.g. Jefferson et al., 1987; Langdale et al., 1988;
Silverthorne and Tobin, 1990; Bansal et al., 1992; Meier
et al., 1995; Fleming et al., 1996), and are lacking for
any of the RbcS and Lhc genes in Arabidopsis.
Here, we have characterized expression patterns of

Arabidopsis RbcS and Lhc genes at cellular resolution
during undisturbed development and upon controlled
light context interference. Our data show that despite
the large degree of overlap among gene expression
patterns, individual members of the RbcS and Lhc
families are associated with unique spatio-temporal
expression profiles. Furthermore, our results suggest
that expression of defined sets of RbcS and Lhc genes
identifies distinct stages of leaf tissue ontogeny that
cannot be distinguished anatomically. By charting a
geography of the possible RbcS and Lhc protein

complexes in different cells and tissues under normal
and challenged development, we finally supply a
platform for future functional studies aimed at dis-
secting the specialized and redundant roles of the
members of these gene families.

RESULTS

Visualization of RbcS and Lhc Expression

Because regulation of RbcS and Lhc expression is
accomplished, at least in part, at the transcriptional
level (Tobin and Silverthorne, 1985; Simpson and
Herrera-Estrella, 1990; Thompson and White, 1991;
Terzaghi and Cashmore, 1995), we employed tran-
scriptional reporter gene fusions to visualize RbcS and
Lhc expression patterns at high resolution.

While analysis of global gene expression data for the
RbcS family is not available, expression profiling has
recently shown that the abundantly expressed Lhca1 to
Lhca4 and Lhcb1 to Lhcb6 are coregulated in Arabidop-
sis, although within that cluster, Lhcb6, Lhcb4.1,
Lhcb4.2, and Lhcb2.3 are expressed with a partially
divergent pattern (Klimmek et al., 2006). Furthermore,
the four rarely expressed Lhca5, Lhca6, Lhcb7, and
Lhcb8 have been shown to display a distinct regulation
profile from that of the abundantly expressed Lhc
genes (Klimmek et al., 2006). Therefore, we have here
sampled all the RbcS genes, seven representative
members of the abundantly expressed Lhc genes,
including three of the four genes displaying slightly
deviant expression, and three of the four rarely ex-
pressed Lhc genes (Supplemental Table S1).

The sequence within 3 kb upstream of the transla-
tion start codon is sufficient to recapitulate the endog-
enous mRNA expression pattern in 80% of the cases
for 44 Arabidopsis transcription factors (Lee et al.,
2006). Therefore, to construct transcriptional fusions of
RbcS and Lhc genes, we used approximately 3 kb of
upstream noncoding sequence, whenever primer de-
sign made it possible, or the entire upstream non-
coding region, whichever was shorter (Supplemental
Table S1).

To improve the sensitivity and spatial resolution for
detecting gene expression, all the upstream regulatory
sequences generated in our study were fused to a
nuclear-localized yellow fluorescent protein (YFP) that
consists of a translational fusion between the coding
region of histone 2A (HTA6; At5g59870) and that of the
enhanced YFP (EYFP; Zhang et al., 2005). Because YFP
is approximately 50% brighter than GFP and four
times brighter than the cyan fluorescent protein (CFP;
Dobbie et al., 2008), we reasoned that YFP should
allow us to detect fusions at much lower expression
levels. Furthermore, because YFP signals can be easily
separated from both CFP and GFP fluorescence in
plants (e.g. Kato et al., 2002; Sawchuk et al., 2007), YFP
fusions should greatly expand the number of possible
combinations with preexisting fluorescent marker
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lines and consequently vastly increase the utility of the
resources generated here. Targeting all the YFP pro-
duced in each individual cell to the nucleus locally
increases the concentration of YFP of 30% to 50%,
resulting in enhanced sensitivity of signal detection
(Joly, 2007). Furthermore, nuclear localization of YFP
allows sufficient spatial separation from coexpressed
plasma membrane-targeted fluorescent labels neces-
sary to determine the shape of YFP-expressing cells
(see below).

The expression profile conferred by the RbcS and Lhc
regulatory sequences was characterized in transgenic
Arabidopsis. For each construct, the progeny of 10 to
18 independent transgenic lines were inspected to
identify the most representative expression pattern.
Detailed expression analysis was performed on the
progeny of three homozygous lines per construct.
These representative lines were selected based on
strong YFP expression, emblematic of the expression
profile observed across the entire series of transgenic
lines and resulting from single insertion of the trans-
gene. In genetic crosses, the progeny of at least two
independent transgenic lines per construct were ex-
amined. Attributes used to assess the representative
nature of the displayed features and derived repro-
ducibility quotients are reported in Supplemental
Table S2. Higher-resolution images are provided in
Supplemental Figures S1 to S7.

RbcS and Lhc Expression in Light-Grown Seedlings

We first asked whether RbcS and Lhc genes were
expressed in specific cellular domains within organs
of light-grown seedlings. To address this question,
we imaged RbcSpro:HTA6:EYFP and Lhcpro:HTA6:
EYFP expression in whole seedlings and in cotyledons,
hypocotyl, and root of seedlings 4 d after germination
(DAG). Detected fluorescence signals were digitized
with analog-to-digital converters that support 4096
discrimination levels, and individual images were
acquired using the full extent of such resolution (see
“Materials andMethods”); however, our eyes can only
distinguish few tens of shades of gray (Russ, 2002).
Therefore, to fully and readily convey information on
fluorescence feature properties, monochrome images
were color displayed with a purposely created look-up
table (LUT; available as downloadable supplementary
file) in which black was used to encode global back-
ground, blue to encode local background, and cyan,
green, yellow, orange, and red to encode increasing
signal intensities (Fig. 1, A–C).

All RbcS and Lhc genes were expressed in cotyle-
dons (Figs. 1, A and C–P, and 2, A, D, G, J, M, P, S, V, Y,
AB, AE, AH, AK, and AN). However, while expression
of a few genes was uniformly distributed (RbcS1B and
RbcS3B) or randomly scattered (Lhcb2.1, Lhcb2.3,
Lhcb4.1, and Lhcb8) throughout the entire cotyledon
(Fig. 2, D, J, V, Y, AB, and AN), most of the genes
showed preferential or exclusive expression to the
basal region of the cotyledon (Fig. 2, A, G, M, P, S, AE,

Figure 1. RbcS and Lhc expression in light-grown seedlings. Bottom
left, Gene identity. Seedlings are displayed at identical magnification;
therefore, for simplicity, a scale bar is only reported in the first image. A
and C to P, Wide-field epifluorescence microscopy. A to C, A LUT in
which black was used to encode global background, blue to encode
local background, and cyan, green, yellow, orange, and red to encode
increasing signal intensities (B) was applied to eight-bit gray-scaled
images (A) to generate color-coded images (C). For additional details,
see text. 1A, RbcS1A; 1B, RbcS1B; 2B, RbcS2B; 3B, RbcS3B; a1, Lhca1;
a6, Lhca6; b1.1, Lhcb1.1; b2.1, Lhcb2.1; b2.3, Lhcb2.3; b4.1, Lhcb4.1;
b4.2, Lhcb4.2; b5, Lhcb5; b7, Lhcb7; b8, Lhcb8. Bar: 500 mm.
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Figure 2. RbcS and Lhc expression in seedling organs. In-figure information, color code, and abbreviations are as described in
Figure 1. Equivalent organs are displayed at identical magnification; therefore, for simplicity, scale bars are only reported in the
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and AH), and only Lhcb7 expression was slightly more
pronounced in the apical portion of the cotyledon (Fig.
2AK). In general, RbcS and Lhc genes were evenly
expressed along the hypocotyl (Figs. 1, A and C–P, and
2, B, E, H, K, N, Q, T, W, Z, AC, AF, AI, AL, and AO).
Finally, expression of RbcS and Lhc genes was preva-
lently absent in roots (Fig. 2, F, I, L, O, R, X, AA, AG, AJ,
AM, and AP), but Lhcb1.1 was expressed in vascular
cells (Fig. 2U), Lhcb4.1 in the endodermis (Fig. 2AD), and
RbcS1A in both vascular and endodermal cells (Fig. 2C).

RbcS and Lhc Expression in Mature Plant Organs
and Embryos

We next asked whether RbcS and Lhc genes were
expressed in distinctive cellular territories of mature
plant organs and embryos. To address this question,
we visualized RbcSpro:HTA6:EYFP and Lhcpro:HTA6:
EYFP expression in first leaves of seedlings 14 DAG,
in flowers at stages 13 to 15 (Smyth et al., 1990) of plants
at the onset of stage 1, at which the first silique has
differentiated on the inflorescence (approximately 25
DAG; Altamura et al., 2001), and in stems, siliques, and
embryos of plants at the end of stage 2, at which all
flowers have differentiated into green siliques (approx-
imately 40 DAG; Altamura et al., 2001).

In mature first leaves, most RbcS and Lhc genes were
expressed profusely and without a marked bias (Fig. 3,
A, F, P, U, AE, AJ, AO, AY, BD, and BN), except for
RbcS2B, which showed predominant expression to-
ward the basal portion of the leaf (Fig. 3K). Only Lhca6,
Lhcb4.1, and Lhcb7 showed erratic, inconspicuous ex-
pression in mature first leaves (Fig. 3, Z, AT, and BI).
With the exception of Lhcb4.1, all RbcS and Lhc genes
were expressed in the mature, lowermost region of the
stem (Fig. 3, B, G, L, Q, V, AA, AF, AK, AP, AU, AZ, BE,
BJ, and BO). Most of the genes were expressed there
ubiquitously (Fig. 3, B, G, Q, V, AF, AK, AP, AZ, BE,
and BO), but expression of RbcS2B, Lhca6, and Lhcb7
was restricted to the cortex (Fig. 3, L, AA, and BJ). All
RbcS and Lhc genes, with the exception of Lhcb4.2,
were expressed in mature flowers (Fig. 3, C, H, M, R,
W, AB, AG, AL, AQ, AV, BA, BF, BK, and BP). Most of
the genes were expressed in both sepals and petals
(Fig. 3, C, H, M, R, W, AG, AL, AQ, BF, BK, and BP),
while Lhca6 was expressed in the sepals only (Fig.
3AB) and Lhcb4.1 was exclusively expressed in petals
(Fig. 3AV). Except for Lhcb4.1, all RbcS and Lhc genes
were expressed inmature green siliques (Fig. 3, D, I, N,
S, X, AC, AH, AM, AR, AW, BB, BG, BL, and BQ).
Finally, expression of RbcS and Lhc genes was typically
absent in mature embryos (Fig. 3, J, O, T, Y, AI, AS, AX,
BC, and BH), but was detected in the root tip for

RbcS1A and Lhcb8 (Fig. 3, E and BR) and in the coty-
ledons and embryonic axis for Lhca6, Lhcb2.1, and Lhcb7
(Fig. 3, AD, AN, and BM).

RbcS and Lhc Expression during Leaf Development

All RbcS and Lhc genes are expressed in mature foliar
organs (Figs. 1–3); however, their patterns of initiation,
progression, and termination, or persistence, of ex-
pression could be remarkably different, even for genes
that are expressed similarly at organ maturity. To
visualize dynamics of RbcS and Lhc expression over
time, we monitored RbcSpro:HTA6:EYFP and Lhcpro:
HTA6:EYFP expression in first leaves at 2.5, 4, and
6 DAG.

At 2.5 DAG, most of the RbcS and Lhc genes were
expressed throughout the primordia with the excep-
tion of its middle region (Fig. 4, A, G, J, M, P, S, V, AB,
AE, and AH). At 4 DAG, expression of a subset of
those genes (RbcS2B, Lhca6, Lhcb2.1, Lhcb4.1, and
Lhcb5) comprised the most apical half of the leaves
(Fig. 4, H, Q, W, AC, and AI) and pervaded the entire
leaves at 6 DAG (Fig. 4, I, R, X, AD, and AJ). Expres-
sion of the complementary subset of genes (RbcS1A,
RbcS3B, Lhca1, Lhcb1.1, and Lhcb4.2) was restricted to
the most apical one-third of the 4-DAG leaves (Fig. 4,
B, K, N, T, and AF), and by 6 DAG, expression
encompassed the apical two-thirds of the leaves (Fig.
4, C, L, O, U, and AG). While most of the RbcS and Lhc
genes were therefore expressed in largely overlapping
spatial domains and with strikingly comparable tem-
poral dynamics, a few RbcS and Lhc genes were
expressed with conspicuously distinct patterns.
Lhcb2.3 expression was absent in 2.5-DAG primordia,
was constrained to the leaf tip at 4 DAG, and em-
braced the most apical one-half of 6-DAG leaves (Fig.
4, Y–AA). RbcS1B was expressed with an unequivocal
preference for the abaxial side of 2.5-DAG primordia,
and expression remained confined to the abaxial side
of 4- and 6-DAG leaves (Fig. 4, D–F; Supplemental Fig.
S8). In contrast, Lhcb7 showed pronounced adaxial
expression throughout leaf development, and expres-
sion at the abaxial side was largely circumscribed to
the leaf tip (Fig. 4, AK–AM). Finally, Lhcb8 was ex-
pressed with a prominent epidermal bias at all stages
of leaf development (Fig. 4, AN–AP).

We next asked whether inception of RbcS and Lhc
expression could be assigned to specific stages of leaf
subepidermal cell development. We selected expres-
sion of RbcS2B, RbcS3B, and Lhcb2.3 as representatives
of three different chronologies of gene expression (Fig.
4, A–AP), and adopted the combination of cell mor-

Figure 2. (Continued.)
first image of the respective organ series. A to E, G, H, J, K, M, N, P, Q, S toW, Y, Z, AB to AF, AH, AI, AK, AL, AN, and AO,Wide-
field epifluorescence microscopy. F, I, L, O, R, X, AA, AG, AJ, AM, and AP, Differential interference contrast microscopy. A, D, G,
J, M, P, S, V, Y, AB, AE, AH, AK, and AN, Cotyledons, adaxial view. B, E, H, K, N, Q, T, W, Z, AC, AF, AI, AL, and AO, Hypocotyls.
C, F, I, L, O, R, U, X, AA, AD, AG, AJ, AM, and AP, Root tips. Bars: A, 150 mm; B, 150 mm; C, 50 mm.

Sawchuk et al.

1912 Plant Physiol. Vol. 148, 2008



phology, extent of intercellular spaces, and level of
plastid intrinsic fluorescence as a stage-specific indica-
tor of leaf subepidermal cell differentiation (Pyke and
Page, 1998; Scarpella et al., 2004; Kang et al., 2007). We
visualized onset of RbcS2Bpro:HTA6:EYFP, RbcS3Bpro:
HTA6:EYFP, and Lhcb2.3pro:HTA6:EYFP expression in
4-DAG leaves of the plasma membrane marker line
UBQ10pro:EGFP:LTi6b. RbcS2B and RbcS3B were first
expressed in tightly connected polygonal cells (Fig. 4,

AQ,AR,AT, andAU); however, unlikeRbcS2B, onset of
RbcS3B expression was associated with presence of
weakly autofluorescent plastids (Fig. 4, AS–AU). Fi-
nally, initiation of Lhcb2.3 expression occurred in ex-
panded cells that had acquired a distinctively round
shape, that contained large numbers of strongly auto-
fluorescent plastids along the cell surface, and that
were separated by conspicuous intercellular spaces
(Fig. 4AV).

Figure 3. RbcS and Lhc expression in mature plant organs and embryos. In-figure information, color code, and abbreviations are
as described in Figure 1. Equivalent organs are displayed at identical magnification; therefore, for simplicity, scale bars are only
reported in the first image of the respective organ series. Wide-field epifluorescence microscopy throughout. A, F, K, P, U, Z, AE,
AJ, AO, AT, AY, BD, BI, and BN, First leaves 14 DAG, abaxial view. B, G, L, Q, V, Z, AA, AF, AK, AP, AU, AZ, BE, BJ, and BO, Cross
sections through the lowermost region of the stem of plants at stage 2 (Altamura et al., 2001); white, lignin autofluorescence. C,
H, M, R, W, AB, AG, AL, AQ, AV, BA, BF, BK, and BP, Flowers at stages 13 to 15 (Smyth et al., 1990). D, I, N, S, X, AC, AH, AM,
AR, AW, BB, BG, BL, and BQ, Mature siliques of plants at stage 2. E, J, O, T, Y, AD, AI, AN, AS, AX, BC, BH, BM, and BR, Mature
embryos of plants at stage 2. Bars: A and D, 1 mm; B and E, 100 mm; C, 250 mm.
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Figure 4. RbcS and Lhc expression
during leaf development. In-figure
information, color code, and abbre-
viations are as described in Figure 1.
Top right: leaf primordium age in
DAG. Leaf primordia at equivalent
DAG are displayed at identical mag-
nification; therefore, for simplicity,
scale bars are only reported in the
first image of the respective DAG
series. A to X and Z to AP,Wide-field
epifluorescence microscopy. Y, Dif-
ferential interference contrast mi-
croscopy. AQ to AV, Confocal laser
scanning microscopy. A, D, G, J, M,
P, S, V, Y, AB, AE, AH, AK, and AN,
Lateral view (adaxial side of primor-
dia to the right). B, C, E, F, H, I, K, L,
N, O, Q, R, T, U, W, X, Z, AA, AC,
AD, AF, AG, AI, AJ, AL (left side), AM
(left side), and AO to AV, Abaxial
view. AL (right side) and AM (right
side), Adaxial view. Insets in E and F,
Overlay between wide-field epi-
fluorescent and differential interfer-
ence contrast microscopy images of
cross sections through the middle of
4- and 6-DAG leaves, respectively;
red dashed line, primordium out-
line; adaxial side toward top.
AQ, Plasma membrane-labeling
UBQ10pro:EGFP:LTi6b expression.
AR, RbcS2Bpro:HTA6:EYFP expres-
sion. AS, Plastid autofluorescence.
AT, Overlay of images in AQ-AS;
note that cells expressing RbcS2Bpro:
HTA6:EYFP cannot be anatomically
discriminated from neighboring cells.
AU, Overlay of images of UBQ10pro:
EGFP:LTi6b and RbcS3Bpro:HTA6:
EYFP expression and of plastid auto-
fluorescence. AV, Overlay of im-
ages of UBQ10pro:EGFP:LTi6b and
Lhcb2.3pro:HTA6:EYFP expression and
of plastid autofluorescence. Images
of plastid autofluorescence were all
acquired at identical settings (see
“Materials and Methods” for de-
tails). PA, Plastid autofluorescence;
PM, Plasma membrane. Bars: A and
B, 50 mm; C, 200 mm; AQ, 5 mm.
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Cell and Tissue-Specific Expression of RbcS and Lhc
Genes in Foliar Organs

Despite their different dynamics during leaf devel-
opment, RbcS and Lhc expression seemed to be ex-
cluded from leaf veins (Fig. 4). An unambiguous
criterion to test such a hypothesis would be to visu-
alize expression of RbcS and Lhc genes relative to that
of the early vascular marker gene Athb8 (Baima et al.,
1995). Onset of Athb8 gene expression in leaves labels
a subset of ground cells that have been specified to
vascular cell fate (i.e. preprocambial cells) but that are
morphologically indistinguishable from the residual
ground cell population (Kang and Dengler, 2004;
Scarpella et al., 2004). We therefore rigorously assessed
the degree of colocalization between RbcSpro:HTA6:
EYFP and Lhcpro:HTA6:EYFP on the one hand and
Athb8pro:ECFP:3xNLS on the other. Because of the
differential sensitivity of our perception across the
visible spectrum (Russ, 2002), to improve discrimina-
tion of fluorescence signals in double-labeling images
and therefore more accurately visualize signal colo-
calization, we adopted an extended dual-channel LUT
from cyan to magenta through green, yellow, and red
(Demandolx and Davoust, 1997). Fluorescence in each
detection channel was displayed in either cyan (e.g.
Fig. 5A) or magenta (e.g. Fig. 5B). Single-fluorophore
images were then merged using a differential operator
(see “Materials and Methods”). As a result, prepon-
derance of cyan signal over colocalized magenta signal
is encoded in green, opposite in red, and colocalized
cyan and magenta signals of equal intensity in yellow
(e.g. Fig. 5C). As shown in Figure 5, none of the RbcS
and Lhc genes was expressed in Athb8-labeled cells,
suggesting that RbcS and Lhc gene expression is ex-
cluded from vascular cells, already at the preprocam-
bial stage. To test for possible artifacts induced by
fluorophore intrinsic properties (e.g. different matura-
tion time and stability of HTA6:EYFP and ECFP:
3xNLS) or detection parameters (e.g. suboptimal exci-
tation wavelength and emission interval), we ex-
changed fluorophores for the RbcS2B and Athb8 gene
expression combination and measured extent of colo-
calization between RbcS2Bpro:ECFP:3xNLS andAthb8pro:
HTA6:EYFP signals (Fig. 5R). The absence of any
overlap of fluorescence in reciprocal permutations of
RbcS2B and Athb8 regulatory regions with YFP and
CFP (compare Fig. 5, F and R) suggests that our
colocalization data are fluorophore independent,
thus further supporting that RbcS and Lhc genes are
not expressed in leaf preprocambial cells.
While Lhcb8was exclusively expressed in epidermal

cells of the leaf (Figs. 4, AN–AP, and 5Q), we asked
whether expression of RbcS genes and of all other Lhc
genes was confined to subepidermal, nonvascular
cells. To address this question, we visualized RbcSpro:
HTA6:EYFP and Lhcpro:HTA6:EYFP expression in ep-
idermis of 4-DAG cotyledons in which plasma mem-
branes were labeled by the FM 4-64 water-soluble
lipophilic dye to expose cell shape. As shown in Figure

6, all genes, with the sole exception of Lhca6 and
Lhcb1.1, were expressed in guard cells of stomata.

Response of RbcS and Lhc Expression to Different

Light Conditions

Levels of RbcS and Lhc expression are strongly
affected by light signals (Tobin and Silverthorne,
1985; Simpson and Herrera-Estrella, 1990; Thompson
andWhite, 1991; Terzaghi andCashmore, 1995; Arguello-
Astorga and Herrera-Estrella, 1998). We therefore fi-
nally asked whether light cues also impinged on the
spatial patterns of RbcS and Lhc expression. To address
this question, we grew seedlings for 3 d in the dark
and either transferred them to blue, red, or far-red
light conditions (see “Materials and Methods”) or con-
tinued to grow them in the dark. We then visualized
RbcSpro:HTA6:EYFP and Lhcpro:HTA6:EYFP expres-
sion at 4 DAG.

While elevation of Lhcb7 expression was selectively
elicited by blue and far-red light treatments, enhanced
expression of all other RbcS and Lhc genes was in-
duced by light, although at different levels, irre-
spective of its spectrum range (Fig. 7). However,
responsiveness of gene expression to light was con-
strained by organ-specific cues. In fact, while induc-
tion of expression for most genes was restricted to
cotyledons (Fig. 7, E–L, Q–T, Y–AB, AG–AN, and AW–
AZ), a few genes (RbcS1A, Lhcb2.1, and Lhcb4.2)
displayed light-stimulated enhancement of expression
in both cotyledons and hypocotyls (Fig. 7, A–D, AC–
AF, and AO–AR). Furthermore, expression of RbcS3B,
Lhca6, Lhcb5, and Lhcb8 was induced in both cotyle-
dons and hypocotyls in blue and far-red light but
solely in the cotyledons in red light (Fig. 7, M–P, U–X,
AS–AV, and BA–BD). Finally, up-regulation of RbcS
and Lhc gene expression was not observed in the root
(not shown).

DISCUSSION

Global gene expression profiling provides invalu-
able information on gene expression levels and their
regulation at whole-genome scale, but is typically
characterized by a limited degree of discrimination
in the spatial dimension (Kehr, 2003; Brandt, 2005;
Lange, 2005; Lee et al., 2005). High-resolution gene
expression analysis is therefore the perfect comple-
ment to ongoing genome-wide approaches to the
study of transcript accumulation patterns. In this study,
we have investigated expression patterns of members
of the RbcS and Lhc photosynthesis-associated nuclear
gene families in Arabidopsis at the cellular level
during undisturbed development and upon controlled
light context interference. Transcription of RbcS and
Lhc genes could be modulated by regions other than
the upstream regulatory sequences used in our study
(e.g. Ali and Taylor, 2001). Furthermore, abundance of
RbcS and Lhc transcripts can be regulated at the
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posttranscriptional level (Tobin and Silverthorne,
1985; Simpson and Herrera-Estrella, 1990; Thompson
and White, 1991). However, our results are in good
agreement with Arabidopsis RbcS and Lhc expression
profiles reported previously (Dedonder et al., 1993;
Klimmek et al., 2006) or extracted from publicly ac-
cessible large-scale microarray data sets (Birnbaum
et al., 2003; Leonhardt et al., 2004; Schmid et al., 2005;
Suh et al., 2005; Winter et al., 2007; Supplemental Table
S3; Supplemental Fig. S9; and below), suggesting that,
at least in Arabidopsis, cellular dynamics of RbcS and
Lhc expression are largely determined by transcription
patterns. On the other hand, growth conditions, de-
velopmental stages, and spatial resolution in available
microarray experiments were often very different from
those in our study. Therefore, similarity in expression
data should still be interpreted with caution. Because
RbcS and Lhc expression is additionally subject to
extensive translational and posttranslational regula-
tion (Tobin and Silverthorne, 1985; Thompson and
White, 1991), patterns of gene transcript abundance
alone may not necessarily reflect levels of active RbcS
and Lhc proteins. However, to our knowledge, none of
the reported translational or posttranslational control
mechanisms has been shown to impinge on spatio-
temporal profiles of RbcS and Lhc expression, suggesting
that cellular patterns of their expression inArabidopsis
development may be accurately visualized by tran-
scriptional fusions. While no expression profiling, at
any level or type of resolution, can ever provide direct
evidence of gene function, our topography of RbcS and
Lhc expression nonetheless allows us to infer some of
their less prominent biological properties.

Uniqueness and Redundancy among RbcS and Lhc
Expression Patterns: Structural and
Functional Implications

A major discovery of the Arabidopsis genome se-
quencing project was the finding that a surprisingly
large number of genes encode isoforms of the same
polypeptide (The Arabidopsis Genome Initiative, 2000).
Large-scale genome duplication events are a common

Figure 5. RbcS and Lhc expression in leaf subepidermal cells. In-figure
information and abbreviations are as described in Figure 1. A to P and

R, Confocal laser scanning microscopy images of first leaves 4 DAG;
leaf tips toward top. Q, Overlay of confocal laser scanning microscopy
and transmitted light images. A, RbcS2Bpro:ECFP:3xNLS expression. B,
RbcS2Bpro:HTA6:EYFP expression. C, Overlay of images in A and B. C
to R, Images color-coded with a dual-channel LUT from cyan to
magenta through green, yellow, and red (Demandolx and Davoust,
1997). Fluorescence in each detection channel was displayed in either
cyan or magenta. Single-fluorophore images were then merged using a
differential operator. As a result, preponderance of cyan signal over
colocalized magenta signal is encoded in green, opposite in red, and
colocalized cyan and magenta signals of equal intensity in yellow. For
additional details, see text. D to Q, Cyan, Athb8pro:ECFP:3xNLS;
magenta, RbcSpro:HTA6:EYFP or Lhcpro:HTA6:EYFP as indicated by
gene identifier at bottom left. R, Cyan, RbcS2Bpro:ECFP:3xNLS; ma-
genta, Athb8pro:HTA6:EYFP. Bars = 10 mm.
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feature of plant genomes and are mainly responsible for
the large number of duplicated individual loci (Bowers
et al., 2003; Langham et al., 2004; Paterson et al., 2004;
Maere et al., 2005). Duplicate genes may acquire ad-
vantageous mutations that become subject to selection
and lead to a new function; alternatively, both the
ancestral and duplicated gene can accumulate muta-
tions that may lead to the subdivision of the functions
of the ancestral gene. These processes of neo- and
subfunctionalization occur mainly through mutations
in regulatory sequences, rather than mutations in the
coding sequence (Blanc and Wolfe, 2004; Haberer et al.,
2004; Langham et al., 2004; Wang et al., 2004; Casneuf
et al., 2006). If each individual member of a given gene
family supplies a set of nonredundant functions, as
genetic evidence (Briggs et al., 2006) and evolutionary
considerations (Nowak et al., 1997) seem to suggest,
diversified expression of gene family members would
then provide metabolic diversity and flexibility to in-
dividual cells. The physiological fine-tuning of the cell
would be further enhanced if protein family members
cooperated in multimeric complexes of variable com-
position. RbcS and Lhc proteins can interact with
members of the same family to form heterodimers,
trimers, and higher-order complexes (Baker et al., 1975;
Jansson, 1994; Ben-Shem et al., 2003; Lucinski et al.,
2006). However, the existence of overlapping expres-
sion among members of these gene families is a pre-
requisite for such type of interaction to occur in vivo.
Our findings show that, in Arabidopsis, members of the
RbcS and Lhc families are expressed in distinct, yet
redundant, spatio-temporal domains, suggesting that
the light-harvesting and photosynthetic apparatus may
have a different polypeptide composition in different
cells and that such composition could change over time
even within the same cell. Aggregation status of Lhca6,
Lhcb7, and Lhcb8 within the LHCs is yet to be deter-
mined, but our results suggest that samples other than
mature leaves, the materials typically used in biochem-
ical studies of photosystems, will have to be used to
address such a question. In fact, Lhca6 is expressed only

transiently in leaf development and displays incon-
spicuous, erratic expression in mature leaves, while ex-
pression of Lhcb7 and Lhcb8 is restricted to a small
subpopulation of cells throughout leaf development.

The precise biological function of each member of
the RbcS and Lhc families will eventually have to be
defined by single or higher-order loss-of-function mu-
tations, but our results can already serve as a baseline
to explore the biological consequences of mutations in
these genes. RbcS1A, but none of the other RbcS genes,
is expressed in root tips. Because the RbcL gene, which
encodes the large, catalytic subunit of Rubisco, is also
expressed in root tips (Isono et al., 1997), a functional
isoform of the multimeric enzyme may be present in
these tissues. Two additional observations in our study
support that root tip expression of RbcS1A (and RbcL)
do not represent spurious gene activities, but may be
related to yet-to-be-uncovered functions for photosyn-
thetic genes in the root. First, two members of the Lhc
family, Lhcb1.1 and Lhcb4.1, are also expressed in the
root tip. Second, not only are Lhcb1.1 and Lhcb4.1
expressed in these tissues, but their cumulative root tip
expression domain surprisingly matches that of
RbcS1A. Global gene expression profiling revealed
low levels of expression of Lhcb4.1 in the root tip
(Birnbaum et al., 2003; Supplemental Table S3). Pres-
ence of RbcS and Lhcb1 transcripts was also detected
(Supplemental Table S3), but their identity could not
unambiguously be ascertained because, in the ATH1
GeneChip, the same Affymetrix locus identifier is
assigned to all the RbcS genes on the one hand and
to Lhcb1.1, Lhcb1.2, and Lhcb1.3, collectively, on the
other. Finally, more recent proteomics efforts have
identified RbcL, RbcS1A, and Lhcb4.1 polypeptides in
the Arabidopsis root (Baerenfaller et al., 2008), sug-
gesting that in Arabidopsis Rbc and Lhc gene expres-
sion data largely mirror protein accumulation profiles.
Because RbcS and Lhc activity is subject to exten-
sive control at the posttranslational level (Tobin and
Silverthorne, 1985; Thompson and White, 1991), even
patterns of protein abundance alone may, however,

Figure 6. RbcS and Lhc expression in cotyledon epidermal cells. In-figure information and abbreviations are as described in
Figure 1. Confocal laser scanning microscopy images of adaxial epidermis of cotyledons at 4 DAG. Green, RbcSpro:HTA6:EYFP
or Lhcpro:HTA6:EYFP expression as indicated by gene identifier at bottom left; white, FM 4-64-decorated plasma membrane.
Bars = 5 mm.
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Figure 7. Response of RbcS and Lhc expression to
different light conditions. In-figure information,
color code, and abbreviations are as described in
Figure 1. Top right, Light treatment. Seedlings are
displayed at identical magnification; therefore,
for simplicity, scale bars are only reported in the
first image. Wide-field epifluorescence micros-
copy throughout. [b], Seedlings grown for 1 d in
blue light following 3 d of growth in the dark; [d],
seedlings grown for 4 d in the dark; [f], seedlings
grown for 1 d in far-red light following 3 d of
growth in the dark; [r], seedlings grown for 1 d in
red light following 3 d of growth in the dark. For
additional details, see text. Bar = 2 mm.
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not necessarily reflect levels of functional RbcS and
Lhc proteins. While the significance of the expression
of photosynthesis-related genes and proteins in what
are generally perceived as photosyntetically inactive
tissues still eludes us, our findings suggest a means to
uncover the unique biological roles of RbcS1A, Lhcb1.1,
and Lhcb4.1. Extensive overlap of gene expression in
most plant tissues may preclude dissecting the func-
tion of these genes in single mutants, but focusing
phenotypic analysis on the root tip could provide the
possibility to unequivocally assign a nonredundant
function.

Uniqueness and Redundancy among RbcS and Lhc
Expression Patterns: Gene Expression and
Developmental Ramifications

Transcriptomes from different plants or organs at
different physiological states have generated a vast
amount of information that can be monitored and
compared. However, data from gene expression pro-
filing of whole plants or entire organs have to be in-
terpreted with caution, as genes that appear to be
sporadically expressed at the organ level may be
expressed at high levels in very small cellular fields
(Kehr, 2003; Brandt, 2005; Lange, 2005; Lee et al., 2005).
Furthermore, if only mature stages of organ develop-
ment are sampled for transcript analysis, ephemeral
gene expression may be underestimated or entirely
missed. Previous studies identified Lhca6, Lhcb7, and
Lhcb8 as being rarely expressed in Arabidopsis (Jansson,
1999; Klimmek et al., 2006), a finding that is supported
by the extremely low hybridization signal associated
with these genes in available microarray data sets
(Supplemental Table S3); however, in our study, Lhca6,
Lhcb7, and Lhcb8 were expressed at levels comparable
to those of the abundantly expressed genes Lhca1
and Lhcb1.1 (Figs. 1–7; Klimmek et al., 2006). The
apparent discrepancy vanishes if one considers that
Lhca6, Lhcb7, and Lhcb8 are always expressed in a
subset of cells in each individual organ. Furthermore,
the proportion of cells expressing these genes de-
creases during organ development, such that at organ
maturity, the stage typically sampled in microarray
experiments (Supplemental Table S3), expression of
Lhca6, Lhcb7, and Lhcb8 is maintained in very small
cellular domains.
Technologies aimed at characterizing the population

of genes that are transcribed in individual cell types,
such as fluorescence-activated cell sorting (Birnbaum
et al., 2005), are enormously facilitated by, or com-
pletely rely on, the availability of cell type-specific
markers. Gene expression profiles selectively labeling
distinct cell types are already available and have been
indispensable to the identification of the gene expres-
sion complement of a variety of cells and tissues
through single cell-type sampling (Birnbaum et al.,
2003; Nawy et al., 2005). However, lack of markers for
mesophyll has hampered the extension of those ap-
proaches to the characterization of the cohort of genes

that molecularly define this tissue. Further, cell state-
specific markers have been crucial for the characteri-
zation of tissue ontogeny, especially of steps preceding
acquisition of morphological conspicuity (e.g. Malamy
and Benfey, 1997; Scarpella et al., 2004; Gordon et al.,
2007). While the physiological and biochemical prop-
erties of mesophyll cells have been the focus of in-
vestigation for the past 300 years (for review, see
Govindjee et al., 2006), details of their development are
largely unexplored, especially in C3 plants such as
Arabidopsis (Pyke and Lopez-Juez, 1999). During leaf
development, most of the RbcS and Lhc genes were
expressed in essentially overlapping subepidermal
nonvascular domains and with amazingly comparable
dynamics, which only seemed to differ for the tempo-
ral aspects of the initiation and termination of their
expression (Fig. 8). We identified a collection of genes
whose onset of expression labeled initial steps of
subepidermal tissue ontogeny (RbcS2B, Lhca6, Lhcb2.1,
Lhcb4.1, and Lhcb5), a set of genes that became ex-
pressed at early stages of mesophyll development
(RbcS1A, RbcS3B, Lhca1, Lhcb1.1, and Lhcb4.2), and a
late marker of mesophyll differentiation (Lhcb2.3).
Subepidermal cells that initiate expression of genes
belonging to the two latter groups (RbcS1A, RbcS3B,
Lhca1, Lhcb1.1, Lhcb4.2, and Lhcb2.3) can be discrimi-
nated because of accumulation of autofluorescent
plastids, acquisition of round cell shape, presence of
intercellular spaces, or a combination of those features.
However, onset of expression of genes of the first
cluster (RbcS2B, Lhca6, Lhcb2.1, Lhcb4.1, and Lhcb5)
identifies a distinct cell state within a population of
anatomically indistinguishable ground cells. Sus-
tained levels of expression of this set of genes overlap
with initiation of expression of RbcS and Lhc genes
marking onset of mesophyll anatomical differentiation
(Fig. 8A). Further, cells that express RbcS and Lhc genes
fail to express the preprocambial marker gene Athb8,
which labels ground cells specified to a vascular fate.
Therefore, we conclude that expression of RbcS and
Lhc genes of the first group identifies a “premesophyll”
cell state that cannot be distinguished anatomically.
Mutual exclusivity of premesophyll and preprocam-
bial states supports the view that mesophyll and
vascular cell identity acquisition represent antagonis-
tic pathways in leaf subepidermal tissue ontogeny
(Scarpella et al., 2004; Kang et al., 2007; Sawchuk et al.,
2008). While no single regulatory element is unique to
the upstream noncoding regions of the genes belong-
ing to each of the three groups of mesophyll develop-
mental stage-specific markers, each of these cohorts of
genes is characterized by the presence of a distinct
array of overrepresented elements in their upstream
sequences (Supplemental Table S4). Regulatory re-
gions of premesophyll genes are characterized by
overrepresentation of the Tbox required for promoter
activity of genes that are exclusively expressed in
green organs (Yang et al., 1993; Kwon et al., 1994; Chan
et al., 2001). Further, overrepresentation of the I-box,
which has been suggested to mediate photosynthetic
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tissue-specific expression (Martinez-Hernandez et al.,
2002; Maclean et al., 2008), is unique to upstream
sequences of genes labeling intermediate stages of leaf
mesophyll development. Finally, the Lhcb2.3 upstream
noncoding region is distinguished by overrepresenta-
tion of the Box II necessary for mesophyll-specific
expression (Nishiuchi et al., 1995). Although each of
these regulatory elements has been implicated in ex-
pression in green tissues, their impact on stage-specific
expression in leaf mesophyll ontogeny remains to be
addressed experimentally.

In our study, adaxial expression of Lhcb7 and abaxial
expression of RbcS1B label cells in the leaf that will
give rise to palisade and spongy mesophyll, respec-
tively, before any overt anatomical differentiation has
taken place (Pyke et al., 1991). Because the adaxial side
of the leaf is that which is exposed to the highest light

intensity, it is not immediate to reconcile the expres-
sion pattern of Lhcb7 in the leaf with the protein’s
predicted light-harvesting function in light-limiting
conditions. Alternatively, Lhcb7 could function in non-
photochemical quenching to dissipate energy under
conditions where the absorbed light exceeds the elec-
tron transfer capacities of the thylakoid complexes
contributing to primary photochemistry (Szabo et al.,
2005), and a similar function has indeed already been
suggested for Lhcb4, Lhcb5, and Lhcb6 (Farber et al.,
1997; Dall’Osto et al., 2005). Carbon dioxide fixation is
proportional to light intensity, but Rubisco content and
carbon fixation at the abaxial and adaxial surfaces of
the leaf are comparable (Nishio et al., 1993; Sun and
Nishio, 2001). This suggests the presence of Rubisco
isoforms at the abaxial side that are more efficient in
carbon fixation at light-limiting conditions than the

Figure 8. Schematic summary of
RbcS and Lhc expression in leaf
development. A, Graphic represen-
tation of temporal expression
profiles and associated stages of
leaf mesophyll cell development.
Green bars indicate the duration of
maximum expression of each co-
hort of genes; ramped termini de-
note gradual initiation or decline of
gene expression. B, Tissue map of a
paradermal (left) or a transverse
(right) median section through a
developing leaf illustrating fields
of gene expression. Different
shades of green indicate consecu-
tive onset of gene expression and
corresponding stages of mesophyll
ontogeny as defined in A. Orange,
abaxial side; pink, epidermis; pur-
ple, adaxial side; yellow, prepro-
cambial and procambial cells as
visualized through Athb8 expres-
sion (Baima et al., 1995; Kang and
Dengler, 2004; Scarpella et al.,
2004).
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isoforms existing at the adaxial side. RbcS1B is the only
RbcS gene to be exclusively expressed at the abaxial
side of the leaf, which suggests that RbcS1B could
modify the catalytic properties of Rubisco and in-
creases its enzymatic efficiency in light-limiting con-
ditions. Alternatively, because cells of the spongy
mesophyll are separated by extensive intercellular
spaces, comparable levels of Rubisco at the abaxial
and adaxial surfaces could reflect a higher content of
Rubisco per cell in the spongy mesophyll. Because the
amount of small Rubisco subunits regulates large
subunit expression (Khrebtukova and Spreitzer, 1996;
Rodermel et al., 1996), additional RbcS1B at the abaxial
side of the leaf could simply be part of a mechanism
for regulating Rubisco abundance. The precise assign-
ment of a function to RbcS1B, and to RbcS genes in
general, will, however, have to await the development
of methods to quantify the presence or proportion of
different small Rubisco subunits in the holoenzyme.
Irrespective of the specific role of RbcS1B, its upstream
noncoding region, but not that of any of the other
genes in our study, contains the AACGGGTGAA
sequence required for suppression of expression in
the adaxial domain of the leaf primordium (Supple-
mental Table S4; Watanabe and Okada, 2003).
Except for RbcS2B and Lhca6, whose expression

across the entire plant is predominantly or exclusively
associated with subepidermal, photosynthetic cells,
each of the other genes has additional, conspicuous
expression domains in nonmesophyll cells in organs
other than the leaf. While it will be interesting to
understand the molecular basis of the nonmesophyll
expression domains, all the markers can already begin
to assist in the spatial and temporal dissection of leaf
mesophyll ontogeny, and expression of RbcS2B and
Lhca6 can be used to readily visualize and molecularly
characterize mesophyll cells and their development
throughout the plant.

MATERIALS AND METHODS

Vector Construction

The origins of the Athb8pro:ECFP:3xNLS and the Athb8pro:HTA6:EYFP

lines have been previously described (Sawchuk et al., 2007). To generate the

RbcSpro:HTA6:EYFP and Lhcpro:HTA6:EYFP lines, sequences upstream of RbcS

or Lhc coding regions, respectively, were amplified from Arabidopsis (Arabi-

dopsis thaliana) ecotype Columbia (Col-0) genomic DNA using Finnzymes

Phusion high-fidelity DNA polymerase (New England BioLabs) and gene-

specific primers (Supplemental Table S1), integrated into pDONR221(Invi-

trogen) with BP clonase II (Invitrogen), sequence-checked, and recombined

into the Gateway-adapted pFYTAG binary vector (Zhang et al., 2005) using LR

clonase II (Invitrogen). The RbcS2Bpro:ECFP:3xNLS line was generated by

recombining the pDONR221-integrated RbcS2B upstream sequences into the

Gateway-adapted pBGCN binary vector (Kubo et al., 2005) with LR clonase II

(Invitrogen). To generate the UBQ10pro:EGFP:LTi6b line, the EGFP:LTi6b

sequence was amplified from genomic DNA of a Ubi3pro:EGFP:LTi6b line

(Vidaurre et al., 2007; a generous gift of M. Aida and B. Scheres) with the EYFP

KpnI Forw (TATGGTACCATGGTGAGCAAGGGCGAG) and pEGAD SacI

Rev (CCCGAGCTCAATAAATTCCTCACATAAACCAACG) primers using

Finnzymes Phusion high-fidelity DNA polymerase (New England BioLabs),

subcloned, sequence-checked, and cloned into a derivative of the pC1300-

PolyA binary vector (a kind gift of J. Mathur) to give rise to pC1300-EGFP:

LTi6b. Approximately 1.5 kb of sequences upstream of the UBQ10 (At4g05320)

coding sequence were amplified from Arabidopsis (ecotype Col-0) genomic

DNA with the UBQ10 HindIII Forw (CTCAAGCTTTCCCATGTTTCTCGT-

CTGTC) and the UBQ10 SmaI Rev (CGACCCGGGCTGTTAATCAGAAAAA-

CTCAG) primers using Finnzymes Phusion high-fidelity DNA polymerase

(New England BioLabs), subcloned, sequence-checked, and cloned into pC1300-

EGFP:LTi6b to give rise to UBQ10pro:EGFP:LTi6b.

Plant Material, Transformation, and Growth Conditions

In all experiments, seeds were surface sterilized, synchronized, and

germinated on growth medium (half-strength Murashige and Skoog salts

[Sigma-Aldrich], 15 g L21 Suc [Fisher Scientific], 0.5 g L21 MES [Sigma

Chemical], 0.8% [w/v] agar [Bioshop Canada], pH 5.7) at a density of 1 seed

cm22 as previously described (Scarpella et al., 2004). Sealed plates were

incubated at 25�C under continuous fluorescent light (blue450:red633:far-red740

12:22:3 mmol m22 s21). We define DAG as days following exposure of imbibed

seeds to light. For analysis of gene expression under controlled light condi-

tions, germination was induced by incubating sealed plates at 25�C under

fluorescent light (blue450:red633:far-red740 12:22:3 mmol m22 s21) for 2 h. Plates

were then wrapped in aluminum foil and incubated at a 70� angle at 25�C in

the dark. At 3 DAG, plates were either incubated at 25�C in the dark for an

additional 24-h period or unwrapped and incubated at 25�C for 24 h under

blue (450 nm: 19 mmol m22 s21), red (633 nm: 11 mmol m22 s21), or far-red (740

nm: 7 mmol m22 s21) light provided by 470-nm, 633-nm, or 731-nm A19

DecorLED 270� solid-state lamps (Ledtronics), respectively. Seedlings were

transferred at 5 DAG to Promix BX soil (Evergro/Westgro) in 7- 3 7- 3 8-cm

pots at a density of 0.1 seedlings cm22 and grown at 22�C under fluorescent

light (blue450:red633:far-red740 14:88:6 mmol m22 s21) in a 16-h-light/8-h-dark

cycle. Arabidopsis (ecotype Col-0) was transformed with Agrobacterium

tumefaciens strain GV3101::MP90 (Koncz and Schell, 1986) harboring the

RbcSpro:HTA6:EYFP, Lhcpro:HTA6:EYFP, or RbcS2Bpro:ECFP:3xNLS constructs

by the floral dip method (Clough and Bent, 1998). Primary transformants were

selected on growth medium supplemented with 200 mg mL21 carbenicillin

(Bioshop Canada), 10 mg mL21 glufosinate ammonium (Crescent Chemical),

and 50 mg mL21 nystatin (Bioshop Canada).

Microtechniques and Microscopy

Whole seedlings, dissected seedling organs, embryos, and stem hand-

sections were mounted in water with a 0.17-mm coverslip (Fisher Scientific;

VWR). Dissected silique and flower samples were imaged in plastic dishes

with water-submerged pedicels. Seedlings, flowers, siliques, and embryos

were viewed with a 13 Planapochromat (NA, 0.041; WD, 55 mm) objective of

a Leica MZ 16FA stereomicroscope (Leica Microsystems) equipped with an

HBO103 mercury vapor short-arc lamp (Osram), and images were captured

with an Andor iXonEM+ camera (Andor Technology). YFP was visualized

using a 500/20 excitation filter and a 535/30 emission filter (Leica Micro-

systems). Seedling organs and stem sections were viewed with a 53 Fluar

(NA, 0.25; WD, 12.5 mm), 103 Planapochromat (NA, 0.45; WD, 2.0 mm), 203
Planapochromat (NA, 0.8; WD, 0.55 mm), or 403 Planapochromat (NA, 0.95;

WD, 0.25 mm) objective of an Axio Imager.M1 microscope (Carl Zeiss)

equipped with a Hamamatsu ORCA-AG camera (Hamamatsu Photonics).

YFP was visualized with a 50%-attenuated HBO103 mercury vapor short-arc

lamp (Osram) using a BP 500/20 excitation filter, an FT515 beam splitter, and a

BP 535/30 emission filter (Carl Zeiss). Lignin autofluorescence was visualized

using a BP 390/22 excitation filter, an FT420 beam splitter, and a BP 460/50

emission filter (Carl Zeiss). Samples were exposed for 0.05 to 1 s during image

acquisition, because longer exposure times induce physiological damage,

mitotic arrest, and cell death (Dixit and Cyr, 2003). Electron multiplication

gain or output amplifier gain values were set to match the incoming signal

with the input range of the camera analog-to-digital converter (Nordberg and

Sluder, 2007). For visualization of light responsiveness of gene expression,

imaging parameters were optimized for dark-grown samples, and all other

samples were imaged at identical settings. Because high resolution is required

to achieve visible separation of fluorescence signals that are in close proximity

but are not spatially overlapping (Smallcombe, 2001), for colocalization

analysis, leaves were observed with a 633 Planaprochromat oil (NA, 1.4;

WD, 0.19 mm) objective of a Zeiss Axiovert 100Mmicroscope equipped with a

Zeiss LSM 510 laser module confocal unit (Carl Zeiss). For visualization of

GFP and YFP, or of CFP and YFP, GFP or CFP was excited with the 458-nm line

of an argon laser at 55% of output (equivalent to approximately 6 A) and 85%
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to 100% transmission and emission detected with a BP480-520 filter, while YFP

was excited with the 514-nm line of an argon laser at 1% to 45% transmission

and emission detected with a BP565-615 filter. For visualization of plastid

autofluorescence, chlorophyll was excited with the 543-nm line of a helium-

neon laser at 3% transmission and emission detected with a BP650-710 filter.

For plasma membrane stainings, seedlings were incubated in 10 mg mL21 FM

4-64 (Invitrogen) for 2 min immediately prior to imaging with a 633
Planaprochromat oil (NA, 1.4; WD, 0.19 mm) objective of a Zeiss Axiovert

100M LSM 510 laser scanning confocal microscope (Carl Zeiss). For visual-

ization of YFP and FM 4-64, YFP was excited with the 488-nm line of an argon

laser at 5% to 30% transmission and emission detected with a BP500-550 filter,

while FM 4-64 was excited with the 543-nm line of a helium neon laser at 5% to

10% transmission and emission detected with a BP565-615 filter. Optical slices

of identical thickness were used to collect fluorophore emission signals in

multiple labeling experiments, and identical settings were adopted to detect

chlorophyll autofluorescence in all samples. Sequential excitation and collec-

tion of emission from individual fluorophores were performed in high-speed

channel switching (multitrack) line scanning mode. Under these conditions,

signal bleed-through of the different fluorophores across different photo-

multiplier channels was never observed. Signal-to-noise ratio was increased

during image acquisition by four-frame temporal averaging (Russ, 2002).

Image Analysis and Processing

All images were cropped using Adobe Photoshop 7.0 (Adobe Systems) and

turned into 8-bit images using ImageJ (National Institutes of Health, http://

rsb.info.nih.gov/ij). Brightness and contrast were not altered for images of

gene expression in different light environments. For all other images, bright-

ness and contrast were adjusted through linear stretching of the histogram in

ImageJ (National Institutes of Health). Images were color-displayed by

applying in ImageJ (National Institutes of Health) a purposely created LUT

in which black was used to encode global background, blue to encode local

background, and cyan, green, yellow, orange, and red to encode increasing

signal intensities (available as downloadable supplemental file). Signal colo-

calization was visualized with an extended dual-channel LUT from cyan to

magenta through green, yellow, and red (Demandolx and Davoust, 1997).

Fluorescence in each detection channel was displayed in either cyan ormagenta

and then merged using the differential operator in Adobe Photoshop 7.0

(Adobe Systems). As a result, a preponderance of cyan signal over colocalized

magenta signal is encoded in green, opposite in red, and colocalized cyan and

magenta signals of equal intensity in yellow. All images were assembled into

figures and labeled in Canvas 8 (ACD Systems International).
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