
















observed (Fig. 7C). The expression levels were now
stationary, and no further induction was observed at the
tip of the leaf (Fig. 7C). Thus, the spatial developmental
gradient from the maize leaf showed the same two-
phase expression profile as was observed from the
temporal developmental gradient in our Arabidopsis
cell culture (Fig. 7). In contrast, a gradual increase in
plastid PSBA expression along the maize leaf gradient
was observed, similar to what was observed in the
Arabidopsis cells (Figs. 6A and 7C).

Phase 2 of LHCB Expression Can Be Blocked by the
Inhibition of Chloroplast Development

The two-phase expression profile of LHCB genes was
observed in two independent greening systems: Arabi-
dopsis cell cultures and maize leaves. In addition, fol-
lowing 3 h of light exposure of etiolated seedlings, a
strong induction of LHCB expression was observed. The
expression levels were then stationary for the first 12 h of
light exposure, but between 12 and 24 h, a second sig-
nificant induction in gene expression was observed, and
between 24 and 48 h of light exposure, no further in-
duction was observed (Supplemental Fig. S4). The col-
lected data suggest that the second phase of induction of
the nucleus-encoded photosynthesis genes is linked to a
certain developmental stage and/or activation of the
chloroplasts. To test if the induction of gene expression is
linked to the status of the chloroplast, we used inhibitory
agents to block proper chloroplast development. We ex-
posed the cells to high Suc concentrations (Supplemental

Figure 6. Expression of the components required for the photo-
synthetic light reaction. Gene expression heat maps are shown for
PSII components (A) and PSI components (B) of nucleus-encoded
genes (top) and plastid-encoded genes (bottom), photosystem as-
sembly factors (C), and chlorophyll biosynthesis enzymes (D). Each
column represents gene expression at a time point compared with
the previous one [log2(T/T-1)]. Red color indicates genes that were
up-regulated, and yellow color indicates genes that were down-
regulated, compared with the previous time point.

Figure 7. Expression of photosynthetic components along the chloro-
plast developmental gradient of a maize leaf. A, Illustration of the
samples collected from the leaf gradient. B, Electronmicroscopy images
of proplastids developing into chloroplasts following the leaf gradient.
Imageswere chosen fromat least two independent experiments for each
developmental stage. Bars = 0.5 mm. C, LHCB and PSBA gene ex-
pression. LHCBa and LHCBb represent GRMZM2G351977 and
GRMZM2G120619, respectively. Gene expression was normalized to
UBIQUITIN-CONJUGATINGENZYMEE2 (ZmUBI; qGRMZM2G102421)
and related to the amount present in the base sample. Each data point
represents the mean 6 SE of at least three independent replicates.
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Fig. S5). Chloroplast development was blocked by high
Suc concentrations, and the cells were then unable to
perform photosynthesis (Supplemental Fig. S5). As an
alternative condition, we used lincomycin, an inhibitor
of plastid protein translation (Fig. 8). The initial induc-
tion of the LHCB expression triggered by light exposure
was not affected following the lincomycin or high Suc
concentrations (Fig. 8; Supplemental Fig. S5). However,
the second phase of induction was absent following the
Suc and lincomycin treatments when chloroplast de-
velopment was blocked. Thus, phase 2 of the regulatory
mechanism controlling LHCB expression was shown to
be distinct from the initial light response and clearly
linked to proper chloroplast development, aswas shown
both in cell cultures and Arabidopsis seedlings (Fig. 8;
Supplemental Fig. S5).

Mathematical Calculations Suggest a Feedback-Controlled
Coordination of Nuclear and Plastid Gene Expression

The initial light response is mediated via nuclear
components, but our results (Figs. 6–8) strongly suggest

that a retrograde signaling mechanism is required for
the full expression of photosynthesis-associated nuclear
genes (PhANGs). To test this conclusion, we mathe-
matically assessed if the nuclear and plastid genomes
are connected via positive feedback (Mitrophanov and
Groisman, 2008). Positive feedback has been demon-
strated to contribute to the efficiency of transcriptional
regulatory systems (Mitrophanov andGroisman, 2008).
To convert our experimental data to mathematical pa-
rameters, the expression of PSII and PSI components
was recalculated to a geometric mean (Fig. 9). Nuclear
gene expression (y axis) displayed a large dynamic
range, with two distinct phases, where low and high
expression clustered together. The calculations dis-
played a linear coordination of expression from the
nucleus and the plastids for low expression levels (Fig.
9, A and B). This linear coordination could be explained
by the fact that the nucleus-encoded SIGs and PAPs are
required for PEP activity and the expression of PSII and
PSI components in the plastid. Following this initial
linear phase, a dramatic increase in expression levels
occurred and the nuclear expression levels were ele-
vated to a second phase. However, when chloroplast

Figure 8. Lincomycin treatment blocks phase
2 in the regulation of LHCB expression in cell
culture and Arabidopsis seedlings. A, Gene
expression of nucleus-encoded LHCB1.1 and
LHCB2.4 in the cell culture 1 and 7 d following
the addition of 500 mM lincomycin. Gene ex-
pression was normalized to ubiquitin-like pro-
tein (At4g36800) and related to the amount
present in the dark. Each data point represents
the mean 6 SD of at least three independent
replicates. The asterisk indicates a significant
difference between the control and lincomycin
conditions (Student’s t test: *, P , 0.05). B,
Representative photograph of 7-d-old control
and lincomycin-treated cells. C, Growth pa-
rameters of 7-d-old control and lincomycin-
treated cells. FW, Freshweight of the cell culture.
D, LHCB2.4 expression in Arabidopsis seedlings
3 and 48 h following a shift to 1 mM lincomycin.
Gene expression was normalized to ubiquitin-
like protein (At4g36800) and related to the
amount present in the dark. Each data point
represents the mean 6 SE of at least three in-
dependent replicates. E, Representative pho-
tographs of control and lincomycin-treated
Arabidopsis seedlings following a 48-h light
exposure.
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development was inhibited by high Suc or lincomycin
treatment, nuclear gene expression followed the initial
linear response of the two genomes (Fig. 9C, black cir-
cles) but did not enter the second high-expression
phase. This suggests that the second phase is due to a
positive retrograde feedback, linked to plastid activi-
ties, regulating nuclear gene expression. Mathemati-
cally, when two components display an initial linear
response for small values with an increasing nonlinear
response and a distinct jump to a second phase, it is
demonstrated that the two components are mutually
connected through a positive feedback mechanism
(Supplemental Data S1). Thus, the calculations support
our conclusions that the two components, nucleus and
chloroplast, are coordinated by positive feedback dur-
ing chloroplast development and that the activation of
chloroplast transcription is the trigger for the feedback
signal required for the full expression of PhANGs.

DISCUSSION

Using a single cell culture from Arabidopsis, we
could show that the establishment of photosynthesis
through the development from proplastids to func-
tional chloroplasts occurs in two distinct phases (Fig.
10). During the initial phase, light exposure triggers a
significant change in gene expression (Fig. 5) and the
metabolite profile changes in response to light (Fig. 4).
As many as 3,084 genes were differentially expressed
between day 0 and day 1, and genes within the cate-
gories response to blue light (GO:0009367) and re-
sponse to far-red light (GO:0010218) were highly
represented among those genes (Table I), confirming
the important role of the photoreceptors during the
early light response (Strasser et al., 2010). Following the
initial response to light exposure, the expression levels
remained rather stationary until day 5, when the second
phase of the developmental process was triggered.
During phase 2, the final transition to photosyntheti-
cally functional chloroplasts occurs, and this transition

requires a major reorganization of cellular metabolic
activity. Such a complete reorganization of the metab-
olism will naturally require the expression of novel
components, and as many as 12,411 genes were differ-
entially expressed when day 4 was compared with day
5 (P , 0.01; Fig. 5). The GO enrichment also showed
that a more diverse set of genes was triggered in the
second expression phase, although a high percentage of
the genes would fall within the category chloroplast
(GO:0009507; Table II). Interestingly, the group histone
H3-K9 methylation including 168 genes suggested that
chromatinmodification could be involved in the second
phase of regulation of the nuclear genes (Table II; Fig.
5A). In mammalian cells, it was shown that changes to
intracellular metabolism alter the expression of specific
histone methyltransferases and acetyltransferases,
conferring widespread variations in epigenetic patterns
(Keating and El-Osta, 2015). Thus, the large number of
genes changing in expression between day 4 and day
5 also would argue for a regulation of gene expression
at a higher level of organization. Associated with the
massive change in gene expression during phase 2 was
a change in the metabolome, supporting a critical
metabolic shift between day 4 and day 5 (Fig. 4).

In contrast to the nucleus-encoded genes, the plastid
and mitochondrial genes did not show the same two-
phase expression profile, and the increase in photosyn-
thetic gene expression was more gradual in response to
light. PEP represents the major transcription machinery
in mature chloroplasts, and over 80% of all primary
plastid transcripts are transcribed by PEP (Zhelyazkova
et al., 2012). The initiation of chloroplast development in
the light and the activation of the photosynthetic reac-
tions are believed to be accompanied by a repression of
NEP activity and an increase of PEP-mediated plastid
transcription (Liere et al., 2011; Börner et al., 2015).
However, the mechanisms underlying this change in
major RNApolymerase activity and the division of labor
between NEP and PEP in the chloroplast are unknown
(Zhelyazkova et al., 2012). The transcript levels for
the plastid-encoded photosynthesis components were

Figure 9. Coordination of plastid and nuclear expression. Expression is shown for PSII and PSI components encoded in the
nucleus (y axis) plotted versus components encoded in the plastids (x axis). A, Geometric mean expression of nucleus- versus
plastid-encoded PSII components displayed in Figure 6A. B, Geometric mean expression of PSI components displayed in Figure
6B. C, Geometricmean of LHCB1.1 and LHCB2.4 (y axis) and psbA and psbD (x axis). Black and gray circles are expression levels
measured for 3% and 1% Suc, respectively.
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relatively high compared with the nucleus-encoded
components at T0, suggesting that the transcription of
plastid-encoded photosynthesis genes occurs to some
degree already in the proplastids in the dark. Possibly,
this indicates the NEP-driven expression of those com-
ponents already in the dark.

The second phase of nuclear gene expression coin-
cided with the appearance of the first chloroplast-like
structures. At day 5, an internal structure with inter-
connected thylakoids appeared in the plastids (Fig. 2),
and some photosynthetic activity could be detected
(Fig. 3). During phase 2, the photosynthetic complexes
are assembled and finalized. More than 40 proteins are
associated with PSII, either stably or transiently (Järvi
et al., 2011). Due to such complexity, the photosystem
apparatus must be assembled in an orderly manner,
ensuring that the components are inserted in the correct
sequence. It appears unlikely that this is controlled by
the order in which different components are expressed,
as the data showed that they are all expressed simul-
taneously following illumination. The photosystem
assembly factors, such as SRP54, ALB3, LPA1, and
LPA2, play a key role in the assembly of a functional
PSII and PSI, and full expression of these factors was
not observed until day 5 (Fig. 6C). The expression
profile of the assembly factors correlates with the
results from blue-native PAGE (Fig. 3A), where the

photosynthetic protein complexes only appeared after
7 d in the light. The assembly of PSII and PSI was
completed in 14-d cells, when all the photosynthetic
protein complexes, such as the PSII-LHCII super-
complex, PSI-PSII dimer, ATP synthase, PSII mono-
mer, and cytochrome b6f, were clearly visible by
green-native PAGE (Fig. 3A).

During chloroplast formation, distinct morphologi-
cal changes to the plastids were observed, including a
gradual change in chloroplast shape from elongated
tubes to globular organelles (Fig. 2). The morphological
changes were accompanied by a clear positional shift
from the nuclear vicinity to the cellular cortex (Fig. 2).
Thus, we have demonstrated that the shape and the
cellular position of the plastids are highly dynamic
during the transition from proplastid to functional
chloroplast. A critical developmental switch occurred
between day 4 and day 5, as indicated by the massive
change in gene expression and the change in the
metabolome. At this time point, the plastids appeared
clustered around the nucleus (Fig. 2A), possibly to fa-
cilitate the information flow from the nucleus to the
chloroplasts. As the development into a functional
chloroplast proceeded, the plastids moved toward the
plasma membrane. In the 7-d cells, some plastids
appeared near the cell cortex, whereas following 14 d in
the light, the chloroplasts were clearly separated from
each other and positioned at the cell cortex, as seen in
leaf mesophyll cells (Fig. 2A). The final position of the
chloroplasts at the cell cortex also was associated with
fully functional chloroplasts and the establishment of
true photosynthetic activity. Thus, the development of
functional chloroplast also is associated with major
cytological changes, where the cellular position of the
plastids is very dynamic. Chloroplasts were shown to
move from the cell cortex to the nucleus upon illumi-
nation as a mechanism of photoavoidance in the centric
diatom Pleurosira leavis (Furukawa et al., 1998), but the
movement of plastid during chloroplast development, to
our knowledge, has not been demonstrated previously.

The second phase of expression of the nucleus-
encoded photosynthesis genes was clearly linked to
the activity of the chloroplast. Correlated with the large
change in nuclear gene expression between day 4 and
day 5 was the establishment of a significant expression
of the plastid-encoded photosynthesis genes (Figs. 6
and 9). When the expression profile of the temporal
chloroplast differentiation gradient in our Arabidopsis
cell line was compared with the gradient described in a
single leaf of maize, the spatial developmental gradient
from the maize leaf showed the same two-phase ex-
pression profile (Fig. 7). The maize leaves contain the
two cell types, mesophyll and bundle sheath cells, with
different roles in the photosynthetic process; thus, the
samples for the expression data come from a mix of the
two cell types. However, the second induction of LHCB
expression was correlated with the formation of plastid
structures in the mesophyll cells and the expression of
the plastid-encoded photosynthesis genes (Fig. 7). In
addition, published expression profiles from maize

Figure 10. Model for the two distinct regulatory phases required for the
full expression of nucleus-encoded photosynthesis genes. In response to
light, a rapid induction of nucleus-encoded photosynthesis-associated
genes is observed (PEPcomp and PhANG). This induction was assigned
previously the response of the photoreceptors (Pfr and Pr). Once a
certain developmental stage has been reached, the first thylakoid
membranes have been formed, some photosynthetic activity detected,
and expression of the plastid-encoded photosynthesis genes (PS) acti-
vated, a second strong induction of gene expression was observed. This
second induction was inhibited by Suc or lincomycin (Lin) treatments,
whereas the inhibitors did not affect the first light-triggered induction of
gene expression. This suggests that the two regulatory phases are con-
trolled by different mechanisms and that the second phase is dependent
on a positive retrograde signal (Retrograde). PIF, Phytochrome-interacting
factor.
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showed that samples from the midpoint of the leaves
showed a strong induction of photosynthesis genes
whereas the genes encoding the enzymes in tetrapyr-
role biosynthesis were expressed closer to the base of
the leaf, similar to the profile detected in the Arabi-
dopsis cell line (Fig. 6; Li et al., 2010; Pick et al., 2011). A
good correlation between expression levels and protein
levels of photosynthetic components has also been
demonstrated (Majeran et al., 2010). Thus, gene expression
profiles of those different categories of photosynthesis-
related genes were linked to the same developmental
stages of the plastids in the two different systems
representing dicots andmonocots, respectively (Figs. 6
and 7).
The initial induction of LHCB expression triggered by

light exposure was not affected by the lincomycin
treatment or the high Suc concentrations (Figs. 8 and 9;
Supplemental Fig. S5). In contrast, the second phase of
induction was absent when chloroplast development
was blocked. Thus, the mechanism behind phase 2 of
PhANG expression is separate from the initial light
signal (Fig. 8). The second phase is most likely induced
by a retrograde signal dependent on normal chloroplast
development (Fig. 9). Our mathematical calculations
suggest that the nucleus and the plastids are mutually
connected by a positive feedback mechanism (Fig. 9).
Once PEP is activated and the expression of the plastid-
encoded photosynthesis genes is induced, we postulate
that a positive plastid signal is generated through a
retrograde mechanism. The calculations and the ex-
pression profiles show that this retrograde signal is
most likely linked to the transcription of plastid-
encoded photosynthesis genes. The status of the PEP
complex links the functional state of the chloroplast to
the nucleus, enabling the plant to synchronize the ex-
pression of photosynthetic genes from the nuclear and
chloroplast genomes during seedling establishment.
The plastid signals operating during chloroplast bio-
genesis have not yet been discovered, but the lack of
PhANG expression when chloroplast development is
blocked by mutations or chemical treatments has usu-
ally been interpreted as being due to a repressive signal
emanating from damaged or abnormal plastids. How-
ever, the possibility was recently presented in which
lincomycin would either (1) disrupt a positive plastid-
emitted signal, which acts in a GENOME UNCOUPLED1
(GUN1)-regulated manner, or (2) induce a negative
plastid-emitted signal, which acts to repress nuclear
transcription in a GUN1-mediatedmanner (Martín et al.,
2016). Our results conclude that PhANG expression is
dependent on a positive signal from healthy developing
plastids. In this new understanding of the coupling of
nuclear and plastid gene expression, the gun mutations
could be interpreted as allowing a positive signal to
proceed that would normally have been shut down. In
this case, the mutated components would be expected to
be part of a gating machinery that controls whether the
signal is produced. This new interpretation may help us
reinterpret puzzling old data or generate new hypothe-
ses to test.

MATERIALS AND METHODS

Cell Culture, Growth Conditions, and Cell Sampling

Arabidopsis (Arabidopsis thaliana) Col-0 cell lines were grown inMSmedium
supplied with 3% (w/v) Suc, pH 5.7, in the dark at 25°C and shaken at 140 rpm
(Pesquet et al., 2010). Cells were subcultured weekly by a 1:10 dilution. For all
experiments, 7-d-old cells from dark conditions were subcultured in a 1:10 ratio
inMSmediumwith 1% (w/v) Suc, equilibrated, and placed in a growth cabinet
under continuous light (150 mmol photons m22 s21) and constant rotary agi-
tation. After 7 d in the light, cells were pelleted without centrifugation and the
mediumwas replaced. Cells were placed back in the light until 14 d for the final
sample. Cells were collected from the culture by filtration, immediately frozen
in liquid nitrogen, and ground in a mortar. For metabolomics analysis, a
washing step with ice-cold distilled sterile water of the filtered cells was added
before freezing the samples. The oxygen evolution rate and chlorophyll fluo-
rescence parameters were determined with 1- and 2-mL aliquots of cell culture,
respectively.

Plant Growth Conditions and Tissue Collection

All experiments were performed with Arabidopsis ecotype Col-0. The
glk1glk2 double mutant and hy5-1mutant lines were described elsewhere (Fitter
et al., 2002; Maxwell et al., 2003; Kleine et al., 2007). For the etiolated seedlings,
seeds were surface sterilized and cultured on phytagel-solidified (2.7 g L21;
Sigma-Aldrich) MSmedium (2.2 g L21; Duchefa) including Suc (10 g L21; VWR)
andMES buffer (0.5 g L21; Sigma-Aldrich), pH 5.7. The MS plates were covered
with aluminum foil and kept for 3 d at 4°C in darkness and then moved into
continuous white light (150 mmol m22 s21) for 3 h at 22°C to potentiate ger-
mination. MS plates were kept in total darkness at 22°C for 5 d. After 5 d, the
etiolated seedlings were exposed in continuous white light (550 mmol m22 s21)
and 22°C. For lincomycin treatment, the etiolated seedlings were transferred
onto MS plates containing 1 mM lincomycin (Sigma-Aldrich) or distilled,
deionized water as a mock treatment and then exposed to continuous white
light (150 mmol m22 s21) and 22°C.

For maize (Zea mays) samples, tissue was collected from the third leaf of 9-d-
old maize B73 seedlings according to Li et al. (2010). Briefly, seeds were sown in
the soil directly and grown under light of 150 mmol m22 s21, 12/12-h light/
dark, 31°C light/22°C dark, and 50% relative humidity. Four different seg-
ments from each leaf were collected: basal (1 cm above the third leaf ligule),
transitional (1 cm below the second leaf ligule), maturing (4 cm above the
second leaf ligule), and mature (1 cm below the third leaf tip).

Chlorophyll Analysis

Chlorophyll was extracted by adding 1mL of buffered acetone (80% acetone
and 0.2 M Tris-HCl, pH 7) to 80mg freshweight of cells. Samples were incubated
overnight at 4°C and centrifuged for 10min at 15,000g. Chlorophyll content was
measured and expressed according to Porra et al. (1989).

Confocal and Transmission Electron Microscopy

Analysis of chlorophyll autofluorescence was performed by confocal laser
scanning microscopy (Zeiss LSM 780). The cell wall was stained by incubating
sampleswithCalcofluorWhite (0.002%final concentration) for 5min.Cellswere
scanned sequentially to prevent any cross talk between fluorescence channels.
Confocal 0.37-mm-thick optical sections of bright-field, Calcofluor White
staining, and chlorophyll autofluorescence signals were combined for a three-
dimensional reconstruction of cells using ImageJ. Chloroplast density, diame-
ter, and cortical positioning were determined using ImageJ. As the chlorophyll
intensity is low in 5-d cell samples compared with 7- and 14-d cell samples, the
level of chlorophyll intensity was adjusted to correctly visualize the plastids in
the 5-d cell sample. For transmission electron microscopy, the samples were
fixed using 2.5% (v/v) glutaraldehyde in 0.1 M cacodylate buffer overnight at
4°C. After washing three times in buffer, the specimens were postfixed with 1%
(v/v) osmium tetroxide in the medium buffer for 1 h and washed twice in
distilled water. Samples were dehydrated with 50%, 70%, 95%, and 100% eth-
anol and infiltrated and embedded in Spurr’s resin. Using a Diatome diamond
knife on a Leica EM UC7 device, thin sections (60–90 nm) were collected onto
copper grids, treated with 5% uranyl acetate in water for 20 min, followed by
Sato’s lead staining for 5 min. Sections were examined in a JEOL 1230 transmission
electron microscope, and digital images were captured using a Gatan MSC 600CW
camera.
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Isolation of Thylakoid Protein Complexes and
Blue-Native PAGE

Thylakoid membrane purification was done according to Hall et al. (2011)
with modifications. Briefly, cells were pelleted by centrifugation (200g, 2 min),
incubated with cellulase (1%, w/v) and macerozyme (0.2%, w/v), and shaken
in the dark for 4 h to digest the cell wall. After homogenization, successive
centrifugation, and washing steps, thylakoid membranes were resuspended in
a thylakoid wash buffer (Hall et al., 2011). Protein quantification was done with
the Pierce BCA Protein Assay Kit (Thermo Scientific) after precipitation of the
proteins in chlorophyll extraction buffer and resuspension of the pellet in
160 mM Tris-HCl and 2% SDS. A total of 50 mg of protein complexes from
isolated thylakoids was diluted in 25 mM Bis-Tris-HCl, pH 7, and 2% glycerol
and solubilized with 3% b-dodecylmaltoside (Sigma-Aldrich) for 10 min at 4°C
in the dark. Unsolubilized material was removed by centrifugation at 18,000g
for 20 min. A total of 35 mg of protein was loaded with BN loading buffer on a
4-12% Bis-Tris gel (NuPAGE Novex 1.0 mm; Invitrogen).

Protein Gel Electrophoresis and Immunoblotting

Total proteinswere extracted from100mg freshweight of cellswith 200mLof
buffer (65 mM Tris-HCl, pH 6.8, 10% glycerol, 3% SDS, 0.005% Bromophenol
Blue, and 5% b-mercaptoethanol), heated at 95°C for 5 min, and spun down for
10 min at 14,000 rpm. A total of 15 mL of protein extract was loaded, and
proteins were separated on a 10% acrylamide gel for SDS-PAGE analysis and
then transferred on a nitrocellulose membrane for western-blot analysis. Pro-
teins LHCB1, LHCB2, psaC, psbD, and RBCL were detected with primary
rabbit antibodies at dilutions of 1:5,000 (LHCB1 and LHCB2), 1:100 (psaC),
1:2,000 (psbD), and 1:2,500 (RBCL; Agrisera) and a secondary donkey anti-
rabbit IgG antibody conjugated to horseradish peroxidase (1:50,000). For
a-tubulin detection, a primary mouse antibody (1:1,000) and a secondary
goat anti-mouse IgG antibody conjugated to horseradish peroxidase
(1:10,000) were used. Luminescence was detected using the ECL Prime
Western Blotting Detection Reagent (Amersham).

Oxygen Evolution Analysis and Chlorophyll Fluorescence

Oxygen evolutionwasmeasuredusing a1-mLcell suspension andanoxygen
electrode (Hansatech) at 20°C (no external electron acceptors were added).
Samples were dark incubated on the electrode with slow steering for 2 min and
then illuminated with saturating white light (2,000 mmol photons m22 s21)
for 2 min. Oxygen evolution was recorded and evaluated by Oxygraph version
1.15 (Hansatech), and the rates were converted into nanomoles of oxygen
produced per minute and standardized to total fresh weight of cells. Chloro-
phyll fluorescence was measured using a Dual-PAM-100 (Walz) on a 2-mL
aliquot of cell culture in a glass cuvette under agitation. Before each measure-
ment, samples were dark adapted for 20 min. The F0 (minimum fluorescence
yield) was measured under weak modulated measuring light (9 mmol photons
m22 s21) and the Fm (maximum fluorescence yield) wasmeasured by applying a
saturating pulse of white light (3,000 mmol photons m22 s21 for 0.6 s). The ac-
tinic light was 125 mmol photons m22 s21. Fv/Fm was calculated from the ratio
(Fm – F0)/Fm.

Metabolite Analysis

A total of 30 mg of frozen cell powder from six independent cell cultures
(biological replicates)was submitted tometabolite analysis according toKusano
et al. (2011), except for the statistical analysis. Metabolites present in the UPSC
library were automatically investigated in the chromatograms, and corre-
sponding peaks were integrated and quantified. Obtained peaks were subse-
quently confirmed by manual curation against the UPSC library and the Golm
library (Schauer et al., 2005). A matrix was then generated containing the peak
areas (normalized using the internal standards and the fresh weight) and the
samples and thenwas used for statistical analysis performedwith SIMCA13.0.3
software.

RNA Isolation and RNA Sequencing

Total RNA was isolated using the mirVana miRNA Isolation Kit (Ambion)
according to the manufacturer’s instructions. RNA was quantified with a
Nanodrop ND-100 spectrophotometer, and RNA quality was checked by

electrophoresis on a 1% agarose gel. RNA samples were ethanol precipitated
and diluted to 500 ng mL21. RNA quality was assessed using an Agilent
2100 bioanalyzer (Agilent Technologies), and the RNA was quantified with a
Qubit 2.0 fluorometer (Thermo Fisher Scientific), both according to the manu-
facturer’s instructions.

RNA sequencing libraries were prepared using the TruSeq Stranded Total
RNA with Ribo-Zero Plant Kit (Illumina), according to the manufacturer’s
instructions, using half-reactions and 200 ng of RNA. Successful rRNA de-
pletion was verified by electrophoresis using the High Sensitivity RNA
ScreenTape System on the Agilent 2200 TapeStation (Agilent Technologies),
according to the manufacturer’s instructions. Enrichment of cDNA fragments
was performed using 11 cycles generating cDNA fragments of;270 bp. Prior
to sequencing, single-molecule DNA templates were bridge amplified on the
cBot (Illumina) to form clonal clusters inside the flow cell using the TruSeq SR
Cluster Kit v3-cBot-HS (Illumina), according to the manufacturer’s instruc-
tions. Single-read sequencing was carried out for 51 cycles on the HiSeq
1500 (Illumina) using the TruSeq SBS Kit v3-HS (Illumina), following the
manufacturer’s instructions. An average cluster density of;850 K mm22 was
recorded.

Computational Analysis

Raw read data were converted to fastq files using the Casava program and
assessed for quality using the program FastQC version 0.11.3 (www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were then filtered
using the program Trimmomatic version 0.33 (Bolger et al., 2014), removing
the Illumina adapters and reads with quality below 20. Raw read count
numbers per gene were obtained via pseudoalignment using the Kallisto
program (Bray et al., 2015). TAIR10 genome and accompanying gene anno-
tation file were used as references (www.arabidopsis.org). A correction was
first made to the YCF3 gene annotation (ATCG00360) in accordance with de
Longevialle et al. (2008). Raw counts produced by Kallisto were processed
using a custom Java script that took the maximum isoform count for each
gene and rounded it to an integer value for compatibility with downstream
analysis tools. The resulting single matrix of raw count data was split into
three separate count matrices based on the encoding compartment (nucleus,
plastid, and mitochondrion). Each of these data sets was normalized sepa-
rately using the DESeq2 package (Love et al., 2014). This was performed using
the DESeq likelihood ratio test. PCA was carried out within DESeq2 using a
variance-stabilizing transformation on count data. The reads from RNA se-
quencing have been uploaded to the European Nucleotide Archive database
(accession no. E-MTAB-5777).

GO Term Enrichment Analysis

Differential gene expression results of nuclear genes for D 0-1 andD 4-5were
obtained fromnormalized countdata inDESeq2usingaWald testwitha log-fold
change threshold of 1 and an adjusted P value cutoff of less than 0.01. Anno-
tation of differentially expressed genes was provided by the R package GO.db
(bioconductor.org/packages/GO.db). Background genes were determined
using the Manhattan method of genefinder in the R package Genefilter (bio-
conductor.org/packages/genefilter). Top GO terms were compiled with the R
package topGO (Alexa and Rahnenfuhrer, 2010) using the Fisher test statistic.

Gene Expression Analyses

Total RNAwas extracted from Arabidopsis seedlings or segments of maize leaf
using the E.Z.N.A.Plant RNA Kit (VWR). The extracted total RNA was quantified
with an ND-1000 spectrophotometer (NanoDrop Technologies). One microgram of
total RNA was used as a template for reverse transcription with the iScript cDNA
SynthesisKit (Bio-Rad)beforethepossiblegenomicDNAwaseliminatedwithDNase
I (Thermo Fisher Scientific). Equal amounts of first-strand cDNAs were used as
templates for real-time PCR amplification using the following primer combinations
(Supplemental Table S2): qLHCB1.1_F/qLHCB1.1_R, qLHCB2.4_F/qLHCB2.4_R,
qCAO_F/qCAO_R, qZm2G351977_F/qZm2G351977_R, qZm2G120619_F/
qZM2G120619_R, and qZMPSBA_F/qZmPSBA_R. For Arabidopsis, PROTEIN
PHOSPHATASE2A SUBUNIT A3 (PP2A; AT1G13320) was amplified using the
primer combination qPP2A_F/qPP2A_R. For maize, ZmUBI (qGRMZM2G102421)
was amplified using the primer combination qZm2G102421_F/qZm2G102421_R.
Quantitative real-time PCR was performed using iQ SYBR Green Supermix (Bio-
Rad) with a CFX96 Real-Time System (Bio-Rad) quantitative PCR machine.
LHCB1.1, LHCB2.4, and CAO transcript levels were quantified in relation to
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Arabidopsis PP2A levels, andGRMZM2G351977 andGRMZM2G120619 transcript
levels were quantified in relation to ZmUBI levels.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Heat map and cluster representation of the me-
tabolite profiles in the different samples during chloroplast develop-
ment.

Supplemental Figure S2. Gene expression of HY5, GLK2, LHCB1.1, and
CAO in Arabidopsis cell culture and seedlings.

Supplemental Figure S3. Phylogenetic analysis of the maize family genes,
showing the phylogenetic relationships among LHCBs and PSBAs in
maize and Arabidopsis.

Supplemental Figure S4. Deetiolation of Arabidopsis seedlings.

Supplemental Figure S5. High Suc concentration inhibits chloroplast de-
velopment.

Supplemental Table S1. List of identified metabolites with their normal-
ized peak areas in every sample.

Supplemental Table S2. List of primers used for the RT-PCR analysis.

Supplemental Data S1. Theory section with details of the mathematical
calculations.
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