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Plants assimilate carbon in their photosynthetic tissues in the light. However, carbon is required during the night and in
nonphotosynthetic organs. It is therefore essential that plants manage their carbon resources spatially and temporally and
coordinate growth with carbon availability. In growing maize (Zea mays) leaf blades, a defined developmental gradient facilitates
analyses in the cell division, elongation, and mature zones. We investigated the responses of the metabolome and transcriptome
and polysome loading, as a qualitative proxy for protein synthesis, at dusk, dawn, and 6, 14, and 24 h into an extended night, and
tracked whole-leaf elongation over this time course. Starch and sugars are depleted by dawn in the mature zone, but only after an
extension of the night in the elongation and division zones. Sucrose (Suc) recovers partially between 14 and 24 h into the extended
night in the growth zones, but not the mature zone. The global metabolome and transcriptome track these zone-specific changes in
Suc. Leaf elongation and polysome loading in the growth zones also remain high at dawn, decrease between 6 and 14 h into the
extended night, and then partially recover, indicating that growth processes are determined by local carbon status. The level of Suc-
signaling metabolite trehalose-6-phosphate, and the trehalose-6-phosphate:Suc ratio are much higher in growth than mature zones
at dusk and dawn but fall in the extended night. Candidate genes were identified by searching for transcripts that show

characteristic temporal response patterns or contrasting responses to carbon starvation in growth and mature zones.

Plants experience a daily alternation of light and dark-
ness. While growth in the light can use newly fixed carbon
(C), growth at night depends on reserves that are built up
in preceding light periods (Smith and Stitt, 2007). Many
plants accumulate part of the newly fixed photosynthate
as starch in their leaves in the light, and remobilize this
starch to support metabolism and growth at night
(Zeeman et al., 2010; Weise et al., 2011). In fast growing
plants, starch is almost, but not completely, exhausted at
dawn (Kalt-Torres et al., 1987; Gibon et al., 2004b; Graf
etal., 2010; Sulpice et al., 2014). This maximizes growth by
ensuring that almost all the photosynthetically fixed C is
immediately invested, while avoiding detrimental periods
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of C starvation at the end of the night (Graf and Smith,
2011; Stitt and Zeeman, 2012). C starvation during the
night leads to an inhibition of growth, which is not im-
mediately reversed in the next photoperiod (Gibon et al.,
2004a; Yazdanbakhsh et al., 2011). It also activates cata-
bolic processes, resulting in a wasteful cycle of biomass
synthesis and degradation at different times in the 24 h
cycle (Brouquisse et al., 1992, 1998; Devaux et al., 2003;
Thimm et al., 2004; Usadel et al., 2008; Izumi et al.,
2010; Honig et al., 2012; Ishihara et al., 2015).

Starch turnover is adjusted to changes in photope-
riod, irradiance, and CO, concentration such that when
less photosynthate is available per 24 h cycle, pro-
portionately more photosynthate is invested into starch
and the rate of starch degradation is decreased (for re-
view, see Smith and Stitt, 2007; see also Gibon et al.,
2009; Sulpice et al., 2014). Starch is degraded at an al-
most constant rate throughout the night, and this rate
varies such that starch is almost but not entirely exhaus-
ted at dawn. The timing of starch degradation requires
the circadian clock (Graf et al., 2010; Graf and Smith,
2011; Scialdone et al., 2013). Suc levels in Arabidopsis
(Arabidopsis thaliana) rosettes are fairly constant for much
of the night in a given photoperiod (Martins et al., 2013;
Pal et al., 2013; Sulpice et al., 2014) but decrease as the
photoperiod is shortened, mirroring the lower rate of
starch degradation (Sulpice et al., 2014).
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The maintenance of a balanced C budget also requires
regulation of the rate of C utilization, in particular for
growth. By setting the rate of starch degradation, the clock
regulates the rate of Suc formation at night. This may al-
low indirect regulation of growth. Protein synthesis rep-
resents a major component of cellular growth (Warner,
1999; Rudra and Warner, 2004). Polysome loading pro-
vides a qualitative proxy for protein synthesis. There is a
robust correlation between Suc content and polysome
loading, in particular loading of cytosolic ribosomes in
polysomes, across a wide range of conditions (Pal et al.,
2013; Sulpice et al., 2014).

A growing number of signaling pathways have the
potential to coordinate growth with the C supply (Ingram
and Waites, 2006; Smeekens et al., 2010; Lastdrager et al.,
2014; Sheen, 2014) including the target of rapamycin
complex (Deprost et al., 2007; Xiong et al., 2013; Xiong
and Sheen, 2014), SNF-related kinasel (SnRK1; Baena-
Gonzalez et al., 2007; Halford and Hey, 2009; Dong et al.,
2012), the C/S1-bZIP transcription factor network (Wiese
et al., 2005; Kang et al., 2010; Ma et al., 2011; Thalor et al.,
2012), HEXOKINASE1 (HXK1; Jang and Sheen, 1994;
Moore et al., 2003; Cho et al., 2006; Granot et al., 2013; Kim
etal., 2013), and the Suc-signal trehalose-6-phosphate (T6P;
Paul et al., 2008; Smeekens et al., 2010; Lastdrager et al.,
2014; Lunn et al., 2014). A bidirectional relationship be-
tween T6P and Suc levels has been proposed, in which
high Suc levels lead to an increase in T6P and, in turn, high
T6P promotes Suc utilization, leading to a reduction in Suc
level (Lunn et al., 2014; Yadav et al.,, 2014). Arabidopsis
plants overexpressing the T6P-synthesizing enzyme
trehalose-phosphate synthase or the T6P-degrading
enzyme trehalose-phosphate phosphatase show pro-
nounced opposite phenotypes with alterations in growth
and development (Schluepmann et al., 2003). T6P post-
translationally activates nitrate assimilation, and organic
acid and amino acid synthesis (Figueroa et al., 2016) in-
duces genes required for anabolic pathways in Arabi-
dopsis (Zhang et al., 2009) and promotes developmental
transitions such as flowering (Wahl et al., 2013). It has
been proposed that T6P may in part act by inhibiting
SnRK1 (Zhang et al., 2009; O'Hara et al., 2013; Lawlor and
Paul, 2014).

Spatially resolved analyses are needed to understand
the relationship between C availability and growth.
Growth includes cell division and cell expansion, and
both require the production of structural components
like protein and cell wall polysaccharides (Stitt, 2013).
Much recent research on the relation between C avail-
ability and growth was carried out using Arabidopsis
rosettes. This reference dicot species has excellent ge-
nome and genetic resources and the logistic advantages
of small size and a short life cycle. However, for spa-
tially resolved analyses of metabolism and growth, the
growing maize (Zea mays) leaf blade has two major
advantages: First, expansion growth can be monitored
at high temporal resolution as the increase in leaf length
(Ben-Haj-Salah and Tardieu, 1995; Tang and Boyer,
2008; Poiré et al., 2010). In Arabidopsis, highly resolved
measurement of growth rates is difficult due to the
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small size of growing leaves and because the roundish
shape of dicotyledonous leaves requires measurement of
changes in area (Wiese et al., 2007; Apelt et al., 2015).
Second, and crucially, it is easier to separate and analyze
growing and mature leaf tissues: For a given cell line, a
phase of cell division is followed by phases of cell expan-
sion and maturation (Sylvester et al., 1990; Andriankaja
et al,, 2012; Gonzalez et al., 2012). The growing monocot
leaf blade has a well-defined developmental gradient,
with a cell division zone at the base directly above the
preligula band, followed by zones of cell elongation and
maturation, with mature photosynthetic tissue at the leaf
tip (Sylvester et al., 1990; Meiri et al., 1992; Ben-Haj-Salah
and Tardieu, 1995). Moreover, compared to other linearly
organized organs such as Arabidopsis roots, maize leaves
have the advantage of size making it feasible to collect
sufficient material from individual developmental zones
for omics studies (Avramova et al., 2015b).

Recent studies examined the transcriptome (Li et al.,
2010; Wang et al., 2014), proteome (Majeran et al., 2010),
phosphoproteome (Facette et al., 2013), and metabolome
(Pick et al., 2011; Wang et al., 2014) along the maize leaf
developmental gradient. They found considerable differ-
ences between the different growth zones and mature tis-
sue. Nelissen et al. (2012) studied the distribution of major
phytohormones within the growth zones of maize leaves
and found that gibberellic acid reaches a peak level in the
transition zone between cell division and expansion zones
and plays a significant role in controlling the size of the
cell division zone and, by this way, leaf elongation rate.
Another recent study of drought effects on cellular growth
processes in the maize leaf growth zones (Avramova et al.,
2015a) uncovered a role for local antioxidant capacity in
promoting cell division, which is up-regulated during
drought, partly counteracting the inhibition of cell
division due to down-regulation of cell cycle genes.
These two studies underline that regulatory processes
that affect growth occur locally in the growth zones.

The following experiments investigate the response
of central metabolism and gene expression to a decrease
in the C supply during the night and an extended night
treatment in the growing maize leaf, using a similar
experimental design to that previously used for Ara-
bidopsis (Usadel et al., 2008). We analyze the response
of metabolism and gene expression in leaf zones that
are undergoing cell division or cell expansion and in
mature leaf tissue and link them to two growth traits;
the overall rate of leaf elongation and polysome loading
as a proxy for protein synthesis.

RESULTS

Examination of Four Developmentally Distinct Regions of
the Growing Maize Leaf Blade over a C Starvation
Time Course

We harvested leaf 9 from approximately 3.5-week-old
maize plants. This is about 3 d after leaf 9 emerges from
the whirl. The leaf sheath, which is located below the
ligula, was <4 mm long and was not yet significantly
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expanding, the leaf blade was undergoing rapid elon-
gation, and the leaf tip was green and photosynthetically
active (Fig. 1A). We took samples from four distinct re-
gions along the leaf developmental gradient: Regions R1
to R3 were taken from the immature base of the leaf
blade, 0 to 1.5 cm (R1), 1.5 to 3 cm (R2), and 3 to 4.5 cm
(R3) above the preligula band. Based on earlier studies
(Meiri et al., 1992; Ben-Haj-Salah and Tardieu, 1995)
these samples should correspond to the cell division
zone, the transition zone between cell division and
elongation, and a basal section of the cell elongation
zone, respectively. R4 corresponds to part of the mature
leaf. Samples were taken from each zone at five time
points: just before the end of the light period (ED), and
just before the end of the night (EN) of the 14 hlight/10h
dark diurnal cycle, and after a 6, 14, and 24 h extension of
the night (6hExN, 14hExN, and 24hExN, respectively).
The harvests at ED and EN provide information about
the metabolic state and available reserves at the end of
the day and at the end of the night, and the successive
harvests during the ExXN reveal how maize leaves re-
spond to further C depletion. For each time point, leaf
zone, and experimental repetition, three biological rep-
licates were taken, each consisting of material from five
plants. The five sequential sampling times, ED, EN,
6hExIN, 14hExN, and 24hExN, will be referred to as the
“C depletion time course.”

We used two approaches to confirm the assumed
identity of the sampled zones. First, we determined the
extent of nucleus duplication by flow cytometry, using
samples taken 4 h into the light period. This provides
information about the ratio of duplicated nuclei (i.e.
nuclei in the G2 phase of cell cycle) compared to
nonduplicated (G1) nuclei (Dolezel et al., 2007). The
highest frequency of duplicated nuclei is found in R1, in
line with its specification as the “cell division” zone
(Supplemental Fig. S1A). The nucleus duplication rate
is intermediate in R2 and significantly (¢ test; P value:
0.003) lower in R3, the presumed “elongation zone”
sample. However, we also find a lower but nonzero
frequency of duplicated nuclei in the mature leaf tissue
(R4), which is probably due to endoreduplication (see
Ben-Haj-Salah and Tardieu, 1995). Second, we deter-
mined the location of the cell division zone by micro-
scopic analysis, using methodology based on Rymen
et al. (2010) and Nelissen et al. (2013): Nuclei in the
epidermal cell layer were stained by 4',6-diamino-
phenylindole and the ratio of dividing nuclei to all
nuclei was determined at 3 mm increments over the
base of the leaf blade (Supplemental Fig. S1B, indicated
in red). A polynomial function fitted through the data
points indicates the cell division zone from the ligule up
to approximately 2.8 cm above with maximal cell di-
vision rate approximately 1.5 cm above the ligule,
which corresponds to the peak in nucleus duplication
rate (Supplemental Fig. S1A). We also used microscopy
to obtain a cell length profile over the first 10 cm of the
growing maize leaf blade, from which we derived the
extent of the cell elongation zone (Supplemental Fig.
S1B). We observe that cells within the first cm above the
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ligule are longer than in the second cm above the ligule,
so that the minimal cell length corresponds to the peak
in cell division rate at approximately 1.5 cm into the
leaf. Cell elongation starts beyond this point, at about
1.65 cm above the ligule, and final cell length is reached
about 9.5 cm above the ligule. In summary, this micro-
scopic analysis confirms that the first sampled region
(R1) contains tissue where cell division is occurring but
not yet cell elongation, the second leaf region (R2) covers
a transitory zone in which division and elongation is
occurring, and from region R3 onwards, cell division has
ceased and cells are only elongating. Further and inde-
pendent confirmation of the identities of the sampled
leaf regions is provided later, based on analysis of gene
expression profiles.

Metabolite Profiling in Four Leaf Zones during the C
Depletion Time Course

We profiled 64 metabolic traits using photometric/
colorimetric assays (Gibon et al., 2004a), gas chromatography-
mass spectrometry (GC-MS; Tohge et al., 2011) and lig-
uid chromatography-mass spectrometry triple quad
analysis (Lunn et al., 2006). The profiled traits included
starch, sugars, sugar phosphates, organic acids, and amino
acids, as well as important metabolic precursors and deg-
radation products such as shikimate and urea and the Suc-
signal T6P. Our dataset also includes maximum activity
measurements (i.e. capacity) for 11 enzymes in central
metabolism. The data and individual figures for each trait
are provided in Supplemental Datafiles S1 and S2.

We used principal component analysis (PCA) to pro-
vide an overview of the metabolic response (Fig. 1B).
Since metabolic traits have different distributions of ab-
solute values, measurement values for each trait were
converted to z-scores before analysis (see “Materials and
Methods” for more details). PC1 captures about 32% of
variation and separates the four leaf zones. The mature
leaf region is strongly separated, and the three growth
zones lie closer together, with the elongation zone slightly
closer to the mature leaf than the other two zones. PC2
captures about 27% of variation and separates samples
along the C-depletion time course. Whereas in the mature
leaf zone EN is clearly separated from ED, in the three
growth zones EN is still close to ED.

In a second global analysis, we compared the extent to
which metabolic traits change in each zone, relative to
their value at ED. To do this, we calculated for each zone
the change between ED and each of the other time points
for each metabolic trait, using z-score-converted values.
The changes were then averaged across all metabolic
traits, after converting negative to positive values (Fig.
1C; see “Materials and Methods” for formula). We term
this the “mean metabolic change relative to ED.” The
mean metabolic change relative to ED is significantly
larger in the mature leaf region than in the growth zones
at all times except 14hExN (P values: < 0.001). It also
changes earlier in the mature leaf zone; in the mature
zone, there is already a large difference between ED and
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Figure 1. Metabolic and gene expression profiles differ considerably between growth zones and mature tissue of the
growing maize leaf blade and show a differential carbon starvation response. A, The leaf blade developmental gradient of
leaf 9. Top, Numbers 1 to 4 indicate the positions where samples were taken. 1, Division; 2, division to elongation/
transition; 3, elongation; 4, mature. Bottom, The approximate positions of cell division zone, elongation zone, differ-
entiation zone, and mature leaf tissue along the leaf developmental gradient are indicated by false color overlays. Data to
support this are provided in Supplemental Figure S1. B and D, PCA of metabolic profiles (B) and expression profiles (D)
from samples taken from the indicated leaf zones over a carbon starvation time course. Expression profiling was only
performed for zones 1, 3, and 4. Averages values from typically three replicates for 75 metabolic traits were z-score
transformed before analysis (see “Materials and Methods”). Affymetrix gene expression data were filtered before analysis
(see text for details), and typically three replicates for each region and time point were plotted individually. PC, Principal
component. C and E, The overall pattern of change in metabolite (C) and expression (E) profiles over the time course in the
zones. C, To calculate mean metabolic change relative to ED, we first transformed values for each metabolic trait within
each leaf region to z-scores. We then calculated for each metabolic trait and leaf region the difference between the
z-score transformed trait value at a given time point to the value at ED. These differences were averaged over all traits for
each time point and leaf region, with negative difference values having been converted to positive (please see “Materials
and Methods” for more details). Error bars are omitted for clarity. Stars indicate a significant difference between the mean
metabolic change in the mature tissue and each of the growth zone samples at the given time point. E, To quantify the
change of expression profiles over the time course, the list of expression values measured for a given leaf zone and time
point was correlated against the list of expression values measured in the same zone at ED. This calculation was per-
formed for all permutations of replicate Affymetrix arrays. Error bars: sb between correlation values obtained in all
permutations. ED, End of day, EN, end of night, ExXN 6h/14h/24h, extension of the night by 6 h/14 h/24 h; x axis ticks
indicate 2 h intervals. In C, the time in hours since start of the experiment (=ED) is indicted below the time points; ***P
value < 0.001; *P value < 0.05.
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EN, and the average change plateaus by 6hExN,
whereas in the growth zones, the change between ED
and EN is much less pronounced and the maximum
response is not reached until 14hExN. In summary,
first, metabolism differs markedly between growth
and mature zones and, second, the metabolic response
during the C depletion time course is less pronounced
and delayed in the growth zones compared to mature
tissue.

Clustering of Metabolites Reveals Differences in the C
Starvation Response between Leaf Zones

We preformed hierarchical clustering to investigate
how individual metabolic traits change during the C
depletion time course in the different leaf zones (Fig. 2).
The clustering used z-score transformed values. In
some cases, the same metabolic trait was determined by
two methods (e.g. 2-oxoglutarate was determined by
GC-MS and liquid chromatography-mass spectrometry
triple quad analysis). In such cases, the values from
both measurements were retained to provide a quality
control. Generally, the parallel measurements cluster
together.

Hierarchical clustering separated the metabolic traits
into five groups. Group 1 contains traits that are low in
the growth zones, high in mature tissue and show,
compared to this development gradient, little response
to C depletion. This group includes chlorophyll and
photosynthetic and C4 pathway enzymes. It also in-
cludes the intermediate phosphoenolpyruvate, al-
though this metabolite did decline between ED and
6hExN and rose at the end of the dark treatment in
mature leaf tissue. The maintenance of the photosyn-
thetic machinery in the extended night resembles the
response in Arabidopsis (Gibon et al., 2004b; Usadel
et al., 2009). Group 2 contains traits that at ED are low
in the growth zones and high in mature tissue. These
traits remain low in the growth zones during C deple-
tion. In mature tissue, they decrease strongly between
ED and EN and remain low in the extended night.
These include the Calvin-Benson cycle intermediates
3-phosphoglycerate and Fru 1-6-bisphosphate, the
photorespiratory metabolite glycerate, and the C4
metabolic shuttle intermediate pyruvate.

Group 3 contains traits that are higher in the growth
zones than in mature tissue. Many traits in this group
decrease during the C-depletion time course, espe-
cially in the growth zones. Group 3 includes T6P, the
central glycolytic enzyme phosphofructokinase, as
well as hexose phosphates and succinate, which in-
dicates that glycolysis and the TCA cycle may operate
at higher capacities in the growth zones. The C4
metabolic intermediate malate also falls into this
group. Malate is higher in the transition and elon-
gation zones than in mature tissue throughout the
time course (Supplemental Datafile S3). This is unex-
pected, as most other C4 metabolites and enzymes are
higher in the mature tissue (group 1; see “Discussion”).
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Group 3 also contains protein. Protein content in the
growth zones was high at ED and EN and decreased
significantly at 24hExN, whereas there was no sig-
nificant change in protein content in the mature
region (Supplemental Datafile S1; Supplemental
Fig. S2B).

Group 4 contains metabolic traits that increase
toward the end of the C depletion time course. It
contains several amino acids (see Supplemental Datafile
S2 for individual displays). While nitrogen-rich amino
acids (Asn, Lys, Arg) increase mainly in the growth
zones, aromatic amino acids (Phe, Trp) increase most
strongly in mature tissue. Most amino acids plateau
between 14hExN and 24hExIN; however, Asn continues
to rise until 24hExN. Some traits in group 4 increase
in the growth zones but not in mature tissue; this
includes glycerol-3-P and Glu dehydrogenase (Glu-
DH). Glycerol 3-P is presumably formed during
lipid catabolism. Glu-DH is involved in amino acid
catabolism, deaminating Glu to produce the TCA-
cycle intermediate 2-oxoglutarate. While Glu-DH
shows constant activity in the mature tissue, it is
induced during the ExN in the growth zones
(Supplemental Fig. S7B). The responses in group 4 indi-
cate that protein and amino acid degradation are in-
duced to remobilize C, in line with studies in maize roots
(Brouquisse et al., 1998) and Arabidopsis seedlings and
rosettes (Thimm et al., 2004; Osuna et al., 2007; Usadel
et al., 2008).

Group 5 comprises traits that are high at ED and
decrease during the C-depletion time course in all
zones. This group contains starch, Suc, Glc, and Fru
(Fig. 3). It also includes intermediates in biosynthe-
sis pathways, including the starch precursor ADP-Glc,
the Suc precursor Suc-6-phosphate, the cell wall
component precursor myoinositol, the aromatic amino
acid biosynthesis pathway intermediate shikimate, as
well as 2-oxoglutarate, the acceptor for NH; in the
GOGAT pathway (Supplemental Fig. S7D; see below).
While all leaf zones show the same general response,
important differences can be discerned. Whereas in
mature tissue carbohydrates are almost depleted by
EN, in growth zones they show only a small decrease
during the night and are not depleted until 6 to 14 h
into ExN (Fig. 3). Suc shows a significant partial re-
covery at 24hExN in the growth zones, where it re-
covered to over half the EN value (P =0.011, 0.026, and
0.009 in R1, R2, and R3, respectively; Fig. 3A). This
partial recovery was confined to the growth zones and
was largely restricted to Suc, with no recovery of
starch or reducing sugars (Fig. 3). Interestingly, at ED,
Suc in the growth zones was 60%, 40%, and 5% lower
(in the elongation, transition, and division zone than in
mature tissue; Fig. 3A). This decrease of Suc in growth
compared to mature zones would be even larger if Suc
were related to protein content (compare Fig. 3A and
Supplemental Fig. 52).

To provide higher spatial resolution for starch,
complete leaves were harvested at different times and
stained with iodine (Supplemental Fig. S3). In line with
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Figure 2. Hierarchical clustering of meta-
bolic traits over the carbon starvation time
course. Sixty-four different metabolites and
in the in vitro maximum activity of 11 differ-
ent central metabolic enzymes over the C
starvation time were determined in the four
leaf zones indicated in Figure 1A. Measure-
ment values for each trait were z-score
transformed (see “Materials and Methods”) to
make the range of values comparable be-
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tween individual traits. The normalized
metabolic traits were then hierarchically
clustered to identify traits with similar tra-
jectories of change over the time course and/
or between the studied leaf regions. Cluster-
ing was performed with TMEV version
4 (Saeed et al., 2003) using Euclidean dis-
tance as similarity measure. Traits were de-
termined by different measurement platforms
indicated in cornered brackets (for more de-
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Supplemental Datafile S1. Individual plot of
all traits can be found in Supplemental
Datafile S2.
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our quantitative measurements (Fig. 3B), in the mature
leaf, starch accumulated during the day and was almost
completely degraded during the night. In contrast,
starch reserves in the growth zones at the leaf base did
not show any visual differences in iodine staining in-
tensity between ED and EN, remained high at 6hExN,
and then decreased. The middle of the leaf was essen-
tially starch-free at all times.
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In summary, the temporal dynamics of metabolites
during the C-depletion time course vary between leaf
zones, in particular (1) C depletion occurs more rapidly
in mature than in growth zones, (2) there is a partial
recovery of Suc toward the end of our extended night
time course level in the growth zones but not in mature
tissue, and (3) protein decreases in growth zones during
the last part of the extended night.
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Expression Profiling in the Leaf Zones during the C
Depletion Time Course

We conducted transcript profiling to gain further
insights into the response to C depletion in the divi-
sion, elongation, and mature zones (R1, R3, and R4,
respectively). For these studies, we used the maize
Affymetrix array. This array was designed before the
release of the full maize genomic sequence (Schnable
et al., 2009). Comparison of the probesets with maize
genome release B73 RefGen v.2 5b (ftp:/ /ftp.gramene.
org/pub/gramene/maizesequence.org/release-5b/) re-
vealed that many probe sets significantly match more
than one maize gene model, and some do not match any
gene model. We filtered the array dataset to retain only
those probesets that match significantly to a single maize
gene model and to retain only one probeset per gene
model. Of 17,734 probesets, only 3583 passed this filter.
For these 3583 genes, an updated Mapman mapping was
assembled. The complete filtered and RMA normalized
gene expression dataset with annotation is provided in
Supplemental Datafile S4.

The expression dataset was analyzed using analogous
approaches to those used for the metabolic dataset. PCA
(Fig. 1D) gives a picture initially reminiscent to that for
metabolic profiles. PC1 captured ~70% of the variation
and grouped samples according to the developmental
gradient; samples from the mature tissue were set strongly
apart from the elongation and division zones. PC2 cap-
tures ~10% of the variation and separates the samples
along the C depletion time course, with separation being
largest in the mature zone and smaller in the growth
zones. Whereas the ED and EN samples are clearly sep-
arated in the mature tissue, the ED and EN samples from
the growth zones are superimposed, indicating that the
change in global gene expression during the night is much

Plant Physiol. Vol. 172, 2016

smaller in the growth zones. Interestingly, in the growth
zones, the order of the 14hExN and 24hExN samples
along PC2 is reversed, showing that between 14 and 24 h
into the extended night, global gene expression in the
growth zones reverts to a state that is more similar to that
at an earlier stage of the C depletion time course. This
resembles the pattern seen for Suc (Fig. 3A). A similar
picture emerges using two other visualizations of the
global expression pattern.

A similar picture emerges using two other visuali-
zations of the global expression pattern. First, for each
leaf region, we correlated the expression profile at ED
with the expression profile at each subsequent time
point (Fig. 1E). We term this the “expression profile
change.” This visualization illustrates that the global
changes in expression are less pronounced and occur
more slowly in growth zones than in mature tissue, as
already seen for metabolites. It also reveals a partial, but
significant (P values < 1E-4) reversal in the cell division
and elongation zones between 14hExN and 24hExIN
time point, as seen in PC2 (Fig. 1D). In the second ap-
proach, we calculated, analogous to the “mean meta-
bolic change relative to ED,” “mean expression change
relative to ED” (Supplemental Fig. S4), i.e. we calcu-
lated for each leaf region, the differences in expression
for each probeset between ED and the other time points.
The differences were then averaged across all probesets
for a given time point and leaf region, after converting
negative to positive values. This gives a very similar
picture to the “expression profile change” obtained
by correlating the expression profiles. An ANOVA
showed that most of the studied genes show significant
expression changes between the leaf regions (3441 of
3583 genes) and/or over the C-depletion time course
(2771 genes), and that a large proportion of the profiled
genes show a significant interaction between the leaf
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region and C-depletion time course effects (2381 genes;
Supplemental Fig. S5).

Differences in Transcript Abundance between the Studied
Leaf Zones Are in Accordance with the Leaf Zone
Identities and Largely Persist upon C Starvation

We next compared expression between leaf zones. We
first asked which functional classes of transcripts are up- or
down-regulated in a coordinated way in a given leaf zone
compared to average transcript abundance over all zones
(Fig. 4A). To this purpose, we normalized the abundance of
each probeset at ED to its average abundance over the three
leaf regions at ED. Then we used the software Pageman
(Usadel et al., 2006) to test by Wilcoxon test which func-
tional classes are significantly up- or down-regulated in
each leaf region. P values were corrected for multiple test-
ing by the Benjamini-Hochberg algorithm (Benjamini and
Hochberg, 1995). The results of this analysis are in accor-
dance with the presumed identities of the sampled leaf
regions. The developmental gradients at ED resemble those
in previous studies of material harvested in the light (Pick
et al,, 2011; Wang et al., 2014). Transcripts related to pho-
tosynthesis and isoprenoid biosynthesis, and chloroplast
ribosomal proteins were low in the division and expansion
zones and highest in mature tissue. Transcripts for DNA
synthesis, chromatin structure, cell organization, RNA
processing, and regulation of transcription were highest in
the division zone and lowest in mature tissue. Transcripts
for cytosolic ribosomal protein encoding genes were higher
in the growth zones than mature tissue. Transcripts for
cell wall precursor synthesis were highest in the elon-
gation zone, where there will be a high demand for cell
wall synthesis. Transcripts for the proteasome, protein
glycosylation, and protein folding were also highest in
the elongation zone. These developmental expression
gradients were also seen at EN and even during ExN,
although some of differences become less marked—for
example, for genes related to isoprenoid metabolism,
RNA processing and regulation of transcription—and the
gradients for chloroplast ribosomal proteins were abol-
ished (Supplemental Fig. 56). Thus, developmental ex-
pression gradients are conserved during the diurnal cycle
and largely persist under C starvation.

Differential Response of Transcript Abundance in the Leaf
Zones to C Depletion

We next asked which functional classes of transcripts
increase or decrease in a coordinated way during the
C-depletion time course. We calculated, for each probe-
set and leaf region, the change in transcript abundance
between ED and each subsequent time point, and used
Pageman’s Wilcoxon test (with correction for multiple
testing by the Benjamini-Hochberg algorithm) to identify
functional classes that are significantly up- or down-
regulated at a given time compared to ED (Fig. 4B).

This analysis gave several insights: First, transcripts
for functional classes related to anabolic processes and
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growth, such as photosynthesis, DNA-synthesis, cell or-
ganization, amino acid synthesis, and protein synthesis
decreased during the C depletion time course. Second,
there were marked differences between the leaf regions.
Transcripts related to photosynthesis and isoprenoid
metabolism—chloroplast ribosomal proteins were down-
regulated only in mature tissue. Downregulation of
amino acid synthesis and cytosolic ribosomal pro-
teins was also strongest and occurred earlier in mature
than growing tissue. Indeed, there was no significant
down-regulation of genes assigned to cytosolic ribo-
somes in the division zone, even though expression
was much higher than in mature tissue (Fig. 4A). On
the other hand, the decrease of genes for DNA syn-
thesis was limited to the growth zones. Third, tran-
scripts for catabolic pathways (lipid degradation, amino
acid degradation, protein degradation by the ubiquitin
pathway, including E3 ligases and especially the RING
class) increase during the C depletion time course.
However, whereas transcripts for the ubiquitin pathway
showed a sustained increase in mature tissue, they peaked
at 14ExN and then partly reversed in the elongation zone
and almost completely reversed in the division zone.

Integration of Transcriptional Responses with Metabolite
Levels and Enzyme Activities

The increase of transcripts for amino acid degrada-
tion is consistent with increased protein and amino acid
catabolism during ExN, which was already proposed
based on the observed rise in amino acid levels. A
strong induction of the Glu-DH-encoding transcript
ZmGDH1/3 (gene codes, orthology, and naming infor-
mation: see Supplemental Datafile S5) in the growth
zones in ExN preceded the increase in Glu-DH activity
(Supplemental Fig. S7, A and B). The steady increase of
GDH1/3 transcript up to 14hExN in the growth zones is
reversed at 24hExN, showing the pattern of partial re-
versal of expression change in the growth zones at
24hExN that was seen in global visualizations (Fig. 2E).
Arabidopsis orthologs (AtGDH1, AtMIOX2, AtMIOX4)
are also induced upon C starvation (Melo-Oliveira et al.,
1996; Gibon et al.,, 2006; Kim and von Arnim, 2006;
Osuna et al., 2007; Usadel et al., 2008; Alford et al., 2012)
and are required in the starvation response in Arabi-
dopsis (Miyashita and Good, 2008; Alford et al., 2012).

The decrease in myoinositol in the C-depletion time
course (Supplemental Fig. S7D) is accompanied by very
strong induction of ZmMIOX in all leaf zones, espe-
cially the division zone (Supplemental Fig. S7C).
ZmMIOX is the only identified maize gene encoding the
myoinositol catabolizing enzyme myoinositol oxygen-
ase. ZmMIOX was induced during the night in all an-
alyzed leaf regions and further induced in the mature
tissue up to 6hExN and in the growth zones up to
14hExN, before declining slightly. The up-regulation of
ZmMIOX in the cell division zone (>100-fold) was the
strongest observed change in transcript abundance in
our experiment. There was also a stronger decrease in
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Figure 4. Changes in transcript abundance for functional classes of

transcripts. A, Over the leaf gradient; B, over the C starvation

time course. A, Comparison of gene expression between the leaf zones at ED. For each probeset, the expression values over the
three leaf zones were normalized to their mean. Pageman (Usadel et al., 2006) with Wilcoxon test statistics and Benjamini-
Hochberg multiple testing correction (Benjamini and Hochberg, 1995) was used to identify functional classes (Mapman bins) that
are significantly up- or down-regulated compared to mean expression in a given leaf region. B, In each leaf region, gene ex-
pression at each time point was compared to expression at ED. Wilcoxon test with Benjamini-Hochberg multiple testing cor-

rection was used to identify functional classes of transcript that are

significantly up- or down-regulated in this comparison. ED,

End of day; EN, end of night; EXN 6h/14h/24h, extension of the night by 6 h/14 h/24 h; blue, up-regulation; red, down-regulation.

myoinositol during C starvation in the growth zones
than mature tissue. However, the strong decrease in the
cell division zone did not start until after 6hExIN, which
matches the delay in induction of ZmMIOX in this zone.

Another very well described C starvation marker in
Arabidopsis is Asn synthetasel (AtAsnl, AT3G47340; Lam
et al., 1994, 1998; Fujiki et al., 2001; Osuna et al., 2007;
Hanson et al., 2008). GRMZM?2G093175 (identified as the
maize ortholog of AtAsn1 with 74% ID by OrthoMCL; Li
et al., 2003) did not show a significant expression change
in the C-depletion time course (Supplemental Fig. S8A).

Plant Physiol. Vol. 172, 2016
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Other maize genes with high orthology to AtAsnl
(GRMZM2G074589, GRMZM2G053669, GRMZM2G078472)
that are not covered in our dataset might explain the
accumulation of Asn.

Response of Transcripts Encoding Potential
C-Signaling Components

We inspected the abundance of transcripts that
encode putative maize orthologs of C-signaling
components. Our dataset included two hexokinase
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transcripts, ZmHXK1/GRMZM2G104081 and ZmHXK5/
GRMZM2G051806, according to Zhou et al. (2013). In
mature tissue, ZmHXKI and ZmHXK5 expression rose
during ExIN up to the last time point, while in the growth
zones, expression rose until 14hExN and declined at
24hExN (Supplemental Fig. S8, B and C). This pattern
resembles the patterns observed for GDH1/3 and global
gene expression. A similar pattern was observed for
GRMZM?2G107867, one of three maize genes encoding
proteins highly orthologous to the Arabidopsis KIN10
and KIN11 catalytic subunits of SnRK1 (Supplemental
Fig. S8D). A putative maize homolog (GRMZM2G025459)
to the regulatory beta-1 subunit of SnRK1 also showed a
marked response; in mature tissue, the transcript rose
significantly between ED and EN, rose further at 6hExN
and then plateaued, while in growth zones the rise was
delayed, starting after EN in the elongation zone and after
6hExN in the division zone (Supplemental Fig. SSE).

Response of Whole-Leaf Elongation Rate during the
C-Depletion Time Course

To monitor growth, we measured the elongation rate
of leaf 9 and (next section) analyzed polysome loading
as a proxy for protein synthesis. Leaf elongation was
determined using a rotary resistor- (RRT) based appa-
ratus (Ben-Haj-Salah and Tardieu, 1995; Wiese et al.,
2007; Poiré et al., 2010; Supplemental Fig. S9A). We
monitored elongation rate in 10 randomly chosen plants
from the experiment in which samples were taken for
metabolite and transcript analyses (Fig. 5A). Elongation
growth was measured for a complete night and light pe-
riod before the first sampling time point at ED, and then
during the night and ExN. Coinciding with the switches
from dark to light and light to dark are sharp depressions
and peaks, respectively, in the extension rate. The growth
chamber used for our experiments requires a short light
dimming period before the switch from light to darkness;
thus, the narrow peaks occurred shortly before onset
of total darkness. Similar peaks have been observed
for mature maize leaves (Tang and Boyer, 2008) and
Arabidopsis rosettes (Apelt et al., 2015) and are presum-
ably due to rapid turgor responses to the sudden changes
in light intensity, temperature, and air humidity. We ig-
nore them in the following account of the growth pattern.

In the light period, elongation rates rose to a maximum
5 to 6 h after dawn, decreased later in the light period, and
continued at a constant but still high rate during the night
(Fig. 5A). This resembles earlier studies (Tang and Boyer,
2008). After onset of the extended night, elongation con-
tinued for about 6 h at approximately the same rate as
during the night, and then gradually decreased to a lower
rate that was approximately one-third of that in the night.
From 18 to 20 h onwards, the elongation rate showed a
slight recovery, weaker but reminiscent of the recovery
seen for Suc and global gene expression.

A second independent experiment showed a very
similar response pattern in leaf 8 (Supplemental Fig.
S9B). In this experiment, elongation was also tracked
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Figure 5. Response of leaf elongation rate and polysome loading in four
zones of the growing maize leaf blade to a C starvation time course. A,
Leaf elongation rate of leaf 9 was measured for 10 plants with an RRT-
based device (Supplemental Fig. S9A) during the same experiment
when samples for metabolic and transcriptional measurements were
taken. Resolution of 5 min. Mean of the 10 measured plants (black line)
and sp for each time point (blue arrows) are depicted. B, Suc density
gradient fractionation was used to determine in each sampled leaf zone
(see Fig. 1A) the proportion of ribosomes loaded into polysomes as a
proxy for protein synthesis rate. Each data point represents the mean of
two or three biological replicates. Error bars: sp. ED, End of day; EN, end
of night; EXN 6h/14h/24h, extension of the night by 6 h/14 h/24 h. x axis
ticks indicate 2 h intervals.

after returning plants to a light-dark cycle. Growth in-
creased gradually over about 6 h to reach a maximum
that was slightly lower than in a regular light-dark cycle
and remained approximately constant until the end of
the light period, rather than declining. Variation be-
tween plants was higher in the first light period after the
ExN treatment. The following dark period and the first
hours of the second light period after the ExN resemble
the pattern before the ExN.

Leaf-Zone-Resolved Changes in Polysome Loading during
the C Depletion Time Course

Protein synthesis is a major component of cellular
growth (Warner, 1999; Rudra and Warner, 2004). Qual-
itative information about the rate of protein synthesis
can be obtained by using Suc density gradient centrifu-
gation to analyze polysome loading (Kawaguchi et al.,
2003; Piques et al., 2009; Pal et al., 2013). In Arabidopsis
rosettes, which consist of a large proportion of mature
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leaf tissue, polysome loading is high at the end of the
day, considerably lower at the end of the night, and
decreases further during an extension of the night
(Piques et al., 2009; Pal et al., 2013).

We investigated polysome loading in each maize
leaf zone during the C-depletion time course. In ma-
ture tissue, polysome loading decreased between ED
and EN and decreased further at 6hExN and 14hExN
(Fig. 5B), resembling the response in Arabidopsis. In
contrast, in growth zones, polysome loading remained
high (elongation zone) or even increased slightly (transi-
tion zone, division zone) at EN compared to ED and was
only slightly decreased at 6hExN. At 14hExN, polysome
loading in the growth zones fell to values similar to or only
marginally higher than in the mature zone. In the division
zone, polysome loading increased again at 24hExN, re-
sembling the pattern seen for Suc, global gene expression,
and elongation growth.

Protein synthesis depends not only on the proportion
of ribosomes loaded into polysomes, but also on total
ribosome abundance. We compared total absorption at
A5, between samples, summing the areas of free ribo-
some and polysome peaks in the fractionation profile (see
“Materials and Methods”). This indicated that ribosome
abundance was up to 2-fold higher in growth zones than
mature tissue. However, there were no major changes in
ribosome abundance in any of the leaf regions during the
C-depletion time course (Supplemental Fig. S9C).

Growth Is Coordinated with C Resources in the
Growth Zones

Figure 6, A and B, compare, for the cell division zone
and mature leaf zone, the temporal changes in Suc
content, polysome loading, the “gene expression pro-
file change” over the time course obtained by corre-
lating expression profiles at each time point against ED
(see Fig. 1E and explanation in legend), and the rate of
whole leaf extension. In each leaf region, the temporal
patterns of polysome loading and global gene ex-
pression were quite similar to each other and follow,
after a short delay, the change of Suc content. All three
parameters change earlier and more dramatically in
mature tissue than the cell division zone. Further, all
three traits show a partial recovery at 24hExN in the
cell division zone. A similar picture is seen for these
processes in the elongation zone, except that the Suc
recovery is not mirrored by a recovery of polysome
loading (Supplemental Fig. S10).

The responses of the whole leaf elongation rate match
the response of polysome loading and gene expression in
the cell division zone and follow, after a short delay, the
change of Suc in the growth zones. There is little relation
between the change of Suc in the mature tissue and the
responses of polysome loading and gene expression in
the growth zones, or the rate of whole leaf elongation. In
the mature leaf zone, Suc content decreases rapidly
during the night, while whole leaf elongation rates re-
main high and polysome loading in the division zone
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Figure 6. Overlay of the responses of different traits to a C starvation
time course in two zones the growing maize leaf blade. The responses of
polysome loading (Fig. 5B), Suc concentration (Fig. 3A), and expression
profile change compared to ED (Fig. 1E) in (A) the cell division zone and
(B) the mature tissue were each normalized to a distribution between
0 (lowest value) and 1 (highest value). These graphs were superimposed
onto the plot of whole-leaf elongation rate over the same time course
(Fig. 5A), allowing a comparison of the patterns. Whole-leaf elongation
patterns for 10 individual replicate leaves measured in parallel are in-
dicated by different tones of gray. Error bars, sb. Time points: ED, end of
day; EN, end of night; EXN 6h/14h/24h, extension of the night by 6 h/14
h/24 h. x axis ticks indicate 2 h intervals.

even rises between ED and EN. Between 14hEXN and
24hExN, Suc remains low in the mature leaf zone and
polysome loading in the division zone and whole leaf
elongation partially recover. Summarizing, processes
required for growth, such as leaf elongation and growth
zone protein synthesis, are linked to C availability in the
growth zones rather than the mature tissue.

Other major C resources, such as the monosaccha-
rides Glc and Fru, did not recover at 24hExN (Fig. 3). A
small number of other metabolites displayed a partial
recovery (shikimate, Suc-6-phosphate), but not as pro-
nounced as Suc (Fig. 2; Supplemental Datafile 52). This
indicates that growth may be driven by the local Suc
level. The Suc signaling metabolite T6P did not show
significant recovery at 24hExN (Fig. 2; Supplemental
Datafile S2, see also discussion of T6P later on).
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Estimation of Starch Dilution by Growth in the Night and
Extended Night

In a growing tissue, the starch content depends not
only on the rates of starch synthesis and degradation,
but also on the rate of dilution by tissue growth. Using
the recorded leaf elongation data, we estimated how
starch would be diluted by growth between successive
time points.

This was estimated for the summed starch content in
the transition and the elongation zones (R2 and R3, i.e.
1.5 cm—4.5 cm above the ligule), since elongation in R1
is presumably lower and inhomogeneous, while elon-
gation in R2 and R3 is can be assumed to be roughly
linear (see Meiri et al., 1992). Elongation in zone R3,
where cells are only elongating, but not dividing, can be
estimated from the cell length profile (Supplemental
Fig. S1B) and comprises approximately 25% of total cell
elongation. Under the assumption that elongation rate
is R2 is similar to R3, we estimate that approximately
50% of whole leaf elongation occurs within the region
covered by R2 and R3. Based on this estimated elon-
gation rate, we estimated for each 5 min interval a no-
tional rate of dilution of starch by growth, assuming
that there was no starch synthesis or degradation, and
compared these notional trajectories with the measured
starch content at the beginning and end of each time
interval (Supplemental Fig. S11). Between ED and EN,
the estimated dilution by growth was almost 3-fold
higher than the actually decrease in starch content per
unit fresh weight. Even if R2 and R3 represent less than
50% of the total leaf elongation or the elongation rate
between R2 and R3 is not quite homogenous, results
change only marginally. For example, if we assume
that R2 + R3 covers only 40% of overall leaf elongation,
the estimated starch decrease by dilution is still more
than twice of the observed starch decrease. Thus, these
calculations indicate that there was no net starch
degradation during the night in zones R2 and R3; on
the contrary, C import and starch synthesis may be
required to maintain starch at the level measured at
the end of the night. During the extended night, starch
levels in these zones decreased faster than expected
through dilution by growth, indicating that the starch
was being degraded. In line with this, there was a
transient rise in the level of the starch degradation
intermediate maltose in the growth zones at 6hExN
(Supplemental Fig. 512).

Modeling of the Relation between C Resources in the Leaf
and C Required for Leaf Growth

We used a C balance model to ask if the local C re-
serves in the growth zones and/or the C reserves in the
mature leaf part are large enough to support the ob-
served growth during night and ExN. To do this, we
compared, for each time interval, the amount of C that
becomes available from remobilization of C reserves in
the mature leaf and in the sampled growth zones with
the amount of C that is required to fuel the observed
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rate of leaf growth (Fig. 7; Supplemental Datafile S3 for
more details).

The net C reserves used during each time interval
were calculated from the difference in sugars (Glc, Fru,
Suc) and starch content between the start and end of
the time interval. For simplicity, resources in the three
growth zones were summed. However, only a small
section of the mature leaf part was sampled. We
therefore used the area containing transitory starch at
the ED, as determined by iodine staining, to interpo-
late the total C in the mature part of the leaf. For the
mature tissue, we also included on the credit side C
that becomes available through the decrease in amino
acids, malate and fumarate over the time course (la-
beled “other C sources mature” in Fig. 7); the contri-
bution of these sources in the growth zones is very
small and was therefore ignored.

The C required for leaf growth was estimated in the
following way: We used the elongation increment per
time interval (cm) to calculate how much leaf dry
weight has to be synthesized during each interval. As a
basis, we used experimentally determined dry weight/
cm data for EN, adjusted for each time point by the
cumulative change in metabolite and protein content
compared to that at EN (Supplemental Datafile S3). We
used a value of 1.055 g Suc required as C source per g
dry weight (Penning De Vries, 1975) to estimate how
much C is required for the calculated increment in dry
weight. The observed rise in amino acid levels at the
14hExN and 24hExN time point and partial recovery of
Suc in the growth zones at the 24hExN time point were
entered as additional C requirements (Fig. 7: “C for AA
rise and sucrose recovery”). Measurements of the res-
piration rate in the mature leaf area during the night
and extended night was used to account for respiratory
C loss in the mature tissue (Supplemental Datafile S3;
Fig. 7: “respiration (mature)”). Respiration in the growth
zones required to provide energy for biosynthetic pro-
cesses is already accounted for in the C-budget for dry
weight synthesis. We also estimated, based on the rate of
photosynthesis in the light, the net C gain in the light
period preceding the night and ExN. This value was
compared to the amount of C required for the accumu-
lation of the C reserves and the growth observed during
the day (Fig. 7).

Our C balance model leads to several conclusions:
First, in the light leaf 9 assimilates slightly more C than
is required for growth and accumulation of C reserves.
This small discrepancy may be due to assumptions
involved in our calculations, or a small amount of C
might be exported from the leaf during the day. Sec-
ond, during the night, most of the C mobilized within
leaf 9 derives from the mature part of the leaf and
virtually none from the sampled growth zones, while
during the first phase of ExN (EN-6hExN) 3-fold more
C is remobilized from the sampled growth zones than
the mature tissue (Fig. 7; Supplemental Datafile S3).
Third, it seems likely that leaf 9 is not self-sufficient
during the night or ExN. The C remobilized from the
profiled reserves in leaf 9 accounts for only 20% of the

Plant Physiol. Vol. 172, 2016

Downloaded from on August 31, 2017 - Published by www.plantphysiol.org
Copyright © 2016 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/cgi/content/full/pp.16.00994/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00994/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00994/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00994/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00994/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00994/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00994/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00994/DC1
http://www.plantphysiol.org

C Starvation and Growth in Maize Leaves

Carbon requirementsvs. Leaf carbon resources used

60
C requirements (left-side column): C sources (right-side column):
50 m Cfor DW synthesis Photosynthesis
C storage for the night B Carbohydrates mature
£ 40 ®  Respiration (mature tissue) ®  Carbohydrates growth zones
c
= E  Accumulation of sucrose Other C resources mature
3 3p and AAs in ExN
Q
=]
)
Qo
E 20

10

Day ED-EN

0 I- iI_ B_ =

EN-ExN 6h ExN 6h-ExN 14h ExN 14h-ExN24h

Figure 7. Comparison of C requirements for leaf growth and maintenance in the sampled leaf zones with C provided through
depletion of profiled C reserves. This figure compares, for each leaf interval, the amount of C needed to support the measured leaf
growth and respiration in the mature leaf area to the amount of C provided from C reserves in the growth zones and the mature leaf
tissue and, during the day, photosynthesis. C provided from reserves was estimated by calculating the difference in these resources at
the beginning and end of each time interval. Values were summarized for the three growth zones and interpolated for the total mature
area of the leaf based on iodine staining for starch. The middle part of the leaf is not accounted for. “Carbohydrates” refers to starch,
Suc, Glc, and Fru; “other C resources” accounts for malate, fumarate, and amino acids. “Accumulation of sucrose and AAs in ExXN”
refers to the increase in the levels of amino acids (AAs) and Suc in the growth zones toward the end of the extended night time course,
which will represent an additional C requirement at this time. Photosynthesis and respiration of the mature leaf tissue was determined
by gas exchange measurement (Supplemental Fig. S13). For details of the calculations, please refer to the main text and Supplemental
Datafile S3. Time points: ED, end of day; EN, end of night; EXN 6h/14h/24h, extension of the night by 6 h/14 h/24 h.

estimated requirement for C for growth during the night,
about 18% in the interval between EN and 6hExN, 8% in
the interval between 6hExN and 14hExN, and 2% in the
interval between 14hExN and 24hExN. This last con-
clusion is tentative because we did not measure carbo-
hydrate reserves in all of the elongation and maturation
zone; however, iodine staining (Fig. S3) indicated at least
for starch that the content is low and unlikely to explain
this very large deficit of C for growth.

Starch Reserves Are Successively Depleted during Night
and an Extended Night

These calculations indicated that much of the C for
growth of leaf 9 during the night and ExN derives from
outside leaf 9. We therefore investigated C reserves at
a whole-plant level. To do this, we performed iodine
staining in all leaves and in vertical stem sections at
several time points during the C-depletion time course
(Fig. 8). At ED, there were considerable amounts of starch
at the bases of growing leaves, in the mature zones of all
leaves, and in the stem. At the EN, there was much less
starch in the mature leaf areas, especially those of older
leaves, but starch staining was comparable to ED at the
base of young growing leaves and in the stem in the leaf
nodes. During the extended night, starch was succes-
sively depleted in the leaf nodes, first in the oldest and last

Plant Physiol. Vol. 172, 2016

in the youngest. Even 24 h after start of the extended
night, there were still traces of starch left in the youngest
leaf nodes. These results highlight differences in the
temporal pattern of starch depletion during the night
and ExN between different tissue and organs in the
maize shoot and indicate that starch in older leaves
and the stem provides a source of C for younger leaves
during the night and ExN.

Relation between Suc and T6P in Growing and Mature
Leaf Zones

We next investigated the response of T6P in the differ-
ent leaf zones (Fig. 9). T6P has been described as a signal of
Suc status that links C availability with growth and de-
velopment (Lunn et al., 2006, 2014; Yadav et al., 2014). In
whole Arabidopsis seedlings and rosettes, T6P and Suc
vary in parallel, with a ratio of about 0.1 to 0.3 nmol T6/
pmol Suc (Lunn et al., 2014; Yadav et al., 2014). A similar
ratio has been reported in maize seedling leaf tissue
(0.1 nmol T6P/umol Suc; Horst et al., 2010).

At ED, T6P levels in the cell division, transition, and
elongation zone were almost 20-, 10-, and 5-fold higher
than in mature zone (Fig. 9A). As already mentioned, the
Suc level at ED in the cell division zone was marginally
lower and that in the transition and elongation zones was
about 40% and 60% lower, respectively, than in mature
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tissue (Fig. 3A). The T6P:Suc ratio at ED was about 0.04 X
1073 (unitless) in the mature zone and rising to 0.4, 0.5, and
0.9 X 107 in the elongation, transition and cell division
zones, respectively (Fig. 9B). During the night and the
ExN, T6P decreased strongly in all leaf zones. However, in
the growth zones the decrease in T6P was much larger
than the decrease in Suc. This resulted in a decline in the
T6P:Suc ratio in the growth zones during the ExN, so that
by 14hExN the ratios in all growth zones resembled those
in mature tissue at ED and EN. The T6P:Suc ratios in the
mature tissue at time points during ExN could not be
determined, due to the very low Suc levels and pro-
portionally large measurement error at these time
points. There was only a small nonsignificant increase
of T6P at 24hExN, when Suc rose in the growth zones
(Fig. 94, inset).

Identification of Transcripts with Characteristic Temporal
Response Patterns

Transcripts with similar temporal responses to Suc
content, polysome loading, or leaf elongation could
be involved in signaling or mediating downstream

A

Day

B
ExN3h

ExN6h ExN14h

responses to C availability. We used two strategies to
search for such transcripts.

Strategy 1 employed stepwise filtering (see “Materials
and Methods”) to identify transcripts with a qualitatively
similar recovery response to that of Suc and the growth
traits (i.e. unidirectional change until 14hExN and partial
recovery at 24hExN; see Fig. 6A). We identified tran-
scripts with this pattern in each leaf zone (Fig. 10A; see
Supplemental Datafile S4: “patterns” for lists of probe-
sets). However, many more transcripts show this “re-
covery pattern” in growth zones than mature tissue (Fig.
10A). There is a highly significant overlap between tran-
scripts showing the recovery pattern in the division and
elongation zones (Fisher’s exact test; P value < 107 but
no significant overlap between these sets and transcripts
showing the recovery pattern in mature tissue. For ex-
ample, ZmHXK1, ZmHXK5, ZmGDH1/3, and ZmKIN10/
11 transcripts (see above) were identified as showing the
recovery pattern in the growth zones but not in mature
tissue.

Strategy 2 employed correlation analysis. We first
identified all probe sets that changed significantly over
the time course (ANOVA, Benjamini-Hochberg corrected

ExN24h

Re-lllumination 3h

Figure 8. Shoot-wide localization of starch reserves in maize plants sampled over the C starvation time course. A, Starch staining
of all leaves of a 3.5-week-old plant (from left: oldest, to right: youngest) sampled at different time points over a C starvation time
course. B, Starch staining of vertical stem sections from plants sampled at different time points over a C starvation time course.
Stained sections from two different plants are shown at each time point. Blue boxes indicate starch retained into the extended
night at the bases of young leaves (A) and the successive depletion of starch in the leaf nodes from bottom (nodes of oldest leaves)
to top (youngest) during the extended night (B). Time points: Day, 4 h before the end of the day; ED, end of day; EN, end of night;
ExN 3h/6h/14h/24h, extension of the night by 3 h/6 h/14 h/24 h; Reillumination 3 h, after 24 h of extended night, the plants were

reilluminated and samples taken 3 h into the day.
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Figure 9. The response of T6P levels and T6P:Suc ratio in four zones of
the growing maize leaf to a C starvation time course A, T6P was de-
termined in the leaf zones indicated in Figure 1A by liquid chroma-
tography-mass spectrometry triple quad analysis (Lunn et al., 2006).
Values are averages of three biological replicates; error bars: sp. Inset:
Different y axis scale is used, so that small changes over the last three
time points are visible. B, The ratio of T6P to Suc (Suc: Fig. 3A) was
calculated for the biological replicates for each leaf region and time
point (typically 3) individually. Mean and sp of these values are shown.
ED, End of day; EN, end of night; EXN 6h/14h/24h, extension of the night
by 6 h/14 h/24 h. x axis ticks indicate 2 h intervals. N.d., Ratio not
determinable due to very low input values and high error.

P value < 0.001) and then calculated the Spearman rank
correlation between each transcript and Suc content,
polysome loading, or the rate of leaf elongation. Spear-
man correlation was used because it is suited to detect
nonlinear relationships. This approach was not well
suited to test relationships for each leaf zone individually,
due to limitations of statistical power of the Spearman
method with only five data points. For this reason, anal-
yses were performed over (1) all three leaf zones and (2)
the two growth zones. Correlations were calculated using
raw measured values for all traits or after z-score nor-
malizing values for each leaf zone individually and
combining them to aid identification of transcript pairs
that correlate in each of the tested leaf zones but whose
ratio differs between zones. We assembled, for each target
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trait, a merged list of transcripts that correlated to the trait
significantly at R > 0.9 or < —0.9 in one or more of the
correlation approaches. The results are summarized in
Figure 10B, and the probesets are listed in Supplemental
Datafile S4. This approach distinguished between tran-
scripts that correlate more strongly with Suc and whose
change precedes the change in growth and transcripts
that change in parallel with growth. Transcripts that
correlate with Suc may represent early regulatory re-
sponses that link the C status to later responses of growth
and metabolism.

In line with the visualization in Figure 6, more tran-
scripts correlate with elongation rate and polysome load-
ing (417 and 568 transcripts, respectively) than Suc content
(128 transcripts). There was strong overlap between the
transcripts that correlated to elongation rate and to poly-
some loading (Fisher test, P value < 107'%) and extremely
small overlap of these two sets with the transcripts that
correlated to Suc (P values < = 84*10 > for underrepre-
sentation; Fig. 10B). ZmHXK5, GDH1/3, and MIOX1 are
in the set that are negatively correlated to Suc, while
ZmHXKT1 is negatively correlated to polysome loading.

We next tested for over-/underrepresentation of func-
tional classes (Mapman bins) in the gene sets identified by
both strategies (Fig. 10C), doing this separately for tran-
scripts that changed in the same (“positive,” light green in
Fig. 10A) or opposite (“negative,” dark green in Fig. 10A)
direction the target traits. The analysis was performed
with Pageman (Usadel et al., 2006), using Fisher statistics
and multiple testing corrections by the Benjamini-
Hochberg algorithm (Benjamini and Hochberg, 1995).
Different functional categories were overrepresented in
different leaf zones (Fig. 10C). Functional classes related
to DNA synthesis and chromatin structure were over-
represented among transcripts showing a positive re-
covery pattern in the division zone, classes related to
lipid metabolism and amino acid degradation were
overrepresented in the set showing a negative recovery
pattern in the elongation zone, while classes related to the
synthesis of eukaryotic (cytosolic) ribosomes were over-
represented among the transcripts with a positive re-
covery pattern in mature tissue. Functional classes
related to protein synthesis, particularly the synthesis
of eukaryotic ribosomal proteins, were overrepresented
among the transcripts positively correlated to polysome
loading and leaf elongation. Functional classes related
to the ubiquitin pathway (particularly E3 ligases of the
RING type) were overrepresented among the transcripts
negatively correlated to polysome loading and leaf elon-
gation and transcripts related to protein degradation by
the ubiquitin pathway were underrepresented in the set of
transcripts that were positively correlated to polysome
loading. Thus, expression of genes involved in protein
synthesis and protein degradation changes inversely and
in parallel, respectively, with growth. The set of transcripts
negatively correlated to Suc concentration shows over-
representation for amino acid degradation.

We individually reviewed the genes identified by both
strategies, particularly those from strategy 2 that corre-
lated with Suc, and prioritizing genes whose annotation
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Figure 10. Transcripts identified based on defined pattern over the time course or correlation to target traits. A, Transcripts
showing high similarity to the defined “recovery” patterns (see text) in the cell division zone (R1), elongation zone (R3), and
mature tissue (R4). The transcripts showing a response pattern similar in orientation to the change in Suc and growth traits (termed
“positive”) are colored light green, and those showing inverse pattern (“negative”) are colored dark green. The Venn diagram
shows the overlap between the transcripts showing the recovery pattern in the three leaf regions. B, Transcripts correlated at R >
0.9 or R < —0.9 to Suc level, polysome loading, or whole-leaf elongation rate over the C starvation time course in any of the
correlation approaches described in the text (merged sets). There is thus only one merged set of correlating transcripts per target
trait. Here, pattern of the transcripts of these sets are plotted for in each leaf zone, underlining that the identified correlations are
mainly driven by the growth zones. The Venn diagram shows the overlap between the merged sets of transcripts correlated to Suc,
elongation rate, and polysome loading. C, For the transcripts identified by the recovery pattern or by correlation to target traits (see
A, B, and text) ORA for functional classes was conducted with the software Pageman (Usadel et al., 2006), using Fisher test
statistics and Benjamini-Hochberg (Benjamini and Hochberg, 1995) multiple testing correction. ORA was separately tested for
transcripts displaying positive and negative correlation/pattern. Blue, Overrepresentation; red, underrepresentation.

indicated a regulatory function, such as transcriptional
regulation (transcription factors), posttranslational
modification, specific protein degradation, signaling,
and developmental regulators, as well as C metabo-
lism and transport, and filtered further by examining
the reliability of the annotations. The resulting short
list (Supplemental Datafile S5) included several pro-
tein kinases, among them a MAP pathway kinase
(GRMZM2G400470), two Leu-rich repeat protein
kinases (GRMZM2G161664, GRMZM5G897958), the
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SnRK2 family protein kinase GRMZM2G110908, the
protein kinase GRMZM?2G172900, which is the ortholog
of AtNEKS5 that functions in the regulation of cell ex-
pansion via microtubule destabilization (Motose et al.,
2012), and GRMZM5G897958, which is orthologous to
AtHERKI1, a brassinosteroid responsive receptor kinase
required for cell elongation during vegetative growth
(Guo et al., 2009a, 2009b), the F-BOX type ubiquitin E3
ligase GRMZM2G151536, orthologous to AtCOI1, which
mediates jasmonate responsive protein degradation
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(Yan et al.,, 2009) and the transcription factors ZmWRKY71,
ZmALF6, ZmEREB182, ZmMYB148, ZmOrphanl51,
ZmHB58, ZmGBP12, and ZmbZIP111 (nomenclature
according to www.grassius.org). ZmHB58 is orthologous
to ATRev, which regulates lateral meristem initiation
(Otsuga et al., 2001) and has been linked to shade
avoidance (Brandt et al., 2012). ZmbZIP111 is the
maize ortholog of Arabidopsis BZIP63, which is part
of the Suc responsive BZIP signaling network (Kang
et al.,, 2010) indicating conservation of this sugar re-
sponsive network.

Genes with Contrasting Expression Responses between
Leaf Regions

We also searched for transcripts that show opposing
temporal responses in different leaf zones. To do this,
we first identified transcripts with a significant inter-
action effect and significant time course effects in the
individual leaf regions (ANOVA, multiple testing
corrected P value < 0.001) and then calculated, for
each gene, the Pearson correlation scores between each
pair of leaf zones (Supplemental Datafile S4). Over-/
underrepresentation analysis (ORA) for functional
classes within the sets of transcripts showing a negative
correlation (below —0.7, —0.8, or —0.9) between leaf zones
did not yield any significant results, indicating a diverse
array of transcripts. Manual inspection of these transcripts
revealed a short list of 16 candidates (Supplemental
Datafile S5). These include several transcription factors, a
RING-type E3 ligase, a protein prenyltransferase alpha
subunit, whose ortholog AtFTA is required for meristem
maintenance in Arabidopsis (Running et al., 2004), and a
WNK-type Ser/Thr-protein kinase. We also identified
some genes involved in C transport and metabolism. The
Suc transporter ZmSUT2/GRMZM2G145107 is initially
highest expressed in the growth zones, in line with the
observed localization of AtSUT2 and LeSUT2 protein in
sink tissues (Meyer et al., 2004; Hackel et al., 2006; Ayre,
2011). During ExN, expression decreases in the growth
zones and increases in mature tissue, which exhibits
the highest transcript levels at 14hExN. Transcript for
GRMZM?2G150796/Isoamylase3 is initially higher in
mature tissue but decreases rapidly after onset of the
ExN, while it shows a moderate increase from 14hEXN
in growth zones. GRMZM?2G040843 (encoding a neu-
tral invertase) is down-regulated in ExN in mature
tissue, but up-regulated in the growth zones. These
responses point to a readjustment of carbohydrate
metabolism and transport in ExN.

DISCUSSION

Marked Gradients of Metabolism and Gene Expression in
the Developing Maize Leaf

We have subjected maize to a C starvation treatment,
performed metabolite and transcript profiling in the
growth and mature zones of leaf 9, and integrated this
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data with information about growth. In total, we studied
64 metabolites, 11 enzymes, and 3583 transcripts at dusk,
at the end of the night and 6, 14, and 24 h into an ex-
tended night and related them to whole-leaf elongation
and polysome loading, as a proxy for protein synthesis.

There are pronounced differences in metabolic traits
(Fig. 2) and expression profiles (Fig. 4) between the leaf
zones, with particularly large differences between the
growth zones and mature tissue. These developmental
gradients affected the majority of the metabolites (Fig. 2)
and the vast majority of the transcripts (Supplemental
Fig. 55). Our results at dusk are in agreement with pre-
vious studies of the transcriptome (Li et al., 2010; Wang
et al, 2014), proteome (Majeran et al, 2010), and
metabolome (Pick et al., 2011; Wang et al., 2014) of de-
veloping maize leaves. While cell division, cell growth,
cell expansion, and Suc mobilization, respiration, and
anabolic metabolism are predominant at the base of the
leaf, there is a gradual but coordinated increase in pro-
teins and metabolites required for the Calvin-Benson
cycle and the C4 pathway for CO, concentration as the
leaf matures. The high levels of malate in the expansion
zone have been noted previously by Wang et al. (2014),
who proposed that in immature maize leaf tissues, ma-
late acts as a C store or osmoticum, in addition to its role
as an intermediate in C4 photosynthesis.

Temporal Response of Carbohydrates, Metabolism, and
Gene Expression to Progressive C Depletion Differs
between Mature Tissue and Growth Zones

The majority of the metabolites (Fig. 3) and tran-
scripts (Supplemental Fig. S5) showed marked changes
during the night and extended night. Although we term
this treatment a C-depletion time course, it will include
changes due to the circadian clock and the prolonged
absence of light; nevertheless, detailed analyses of a
similar data series in Arabidopsis showed that C was
the major contributor to the changes in global transcript
abundance (Blasing et al., 2005; Usadel et al., 2008).

Analysis of the response of metabolites and tran-
scripts in maize leaves reveals that some general
trends are conserved between the leaf zones, such as
down-regulation of anabolic processes, up-regulation
of catabolism, particularly protein and amino acid
degradation, and up-regulation of transcripts for specific
protein degradation via the ubiquitin pathway (Figs. 2
and 4). These conserved responses resemble C starvation
response in Arabidopsis seedlings and rosettes (Price
etal., 2004; Thimm et al., 2004; Osuna et al., 2007; Usadel
et al., 2008) and maize roots (Brouquisse et al., 1998).
Maize orthologs of several previously described C star-
vation responsive Arabidopsis genes (GDH1, MIOX1,
DIN10) showed a comparable response in our dataset.
While a gene encoding Asn synthetase and assigned as
the best maize ortholog of AtAsnl, a well-described C
starvation marker in Arabidopsis (Lam et al., 1994, 1998;
Fujiki et al.,, 2001; Hanson et al., 2008) does not show
significant expression change over our time course in
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any leaf region, there was a strong accumulation of Asn
at 24hExN, indicating that the maize protein is post-
transcriptionally activated or that its function is taken
over by other orthologs in maize.

Nevertheless, despite some shared trends, maize leaf
zones differed considerably in their response during the
C-depletion time course. First, the timing and severity of
the changes differed between leaf zones, with earlier and
more pronounced responses of metabolic traits and
transcript abundance in mature tissue than growth zones.
Second, Suc (Fig. 3A), other metabolites (Fig. 1, B and C),
and many transcripts (Fig. 1, D and E) showed a partial
recovery between 14 and 24 h into the extended night in
growth zones, but not in mature tissue. Thus, the C
starvation response is initiated later, more weakly, and in
part transiently in growth zones.

In an Extended Night, Maize Leaf Growth Continues for
Several Hours Before It Is Inhibited, and Later Shows a
Partial Recovery

When Arabidopsis is subjected to an extended night,
polysome loading decreases and growth is inhibited in
1 to 2 h, coinciding with the exhaustion of starch and the
onset of C starvation (Gibon et al., 2004b; Yazdanbakhsh
et al., 2011; Pal et al., 2013). In contrast, leaf 9 of maize
maintained extension growth at the same rate as in the
night for 6 h into the extended night (Fig. 5A). The pro-
tein content in the growth zones remained unaltered
(Supplemental Fig. S2), showing that extension growth
was accompanied by protein synthesis. In agreement,
polysome loading in the growth zones remained high for
the first 6 h of the extended night (Fig. 5B). Extension
growth decreased by about 70% between 6 and 14 h into
the extended night, and polysome loading also de-
creased to low values. It should be noted that polysome
loading provides a qualitative proxy for protein syn-
thesis but may overestimate protein synthesis rates
when polysome loading is low (Pal et al., 2013). From
14 h onwards, there was a small but reproducible in-
crease in the rate of leaf extension. This was accompa-
nied by a slight increase in polysome loading in the cell
division but not the extension zone and a decrease in
protein content in the growth zones. These observations
indicate that extension growth and protein synthesis are
synchronously regulated in the first part of the extended
night but uncoupled during the partial recovery of
growth between 14hEXN and 24hEXN. This may indi-
cate adjustment to C starvation, as protein synthesis is a
very costly process (Penning De Vries, 1975). It may also
reflect preferential stimulation of cell expansion com-
pared to protein synthesis in darkness.

Leaf Growth Largely Mirrors the Suc Content in the
Growth Zones

In the growth zones, the temporal responses of global
transcript abundance and polysome loading tracked,
with a slight delay, the change in Suc content and
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showed a similar temporal pattern to whole-leaf elon-
gation rate (Fig. 6A). This contrasts with mature leaf
tissues, where Suc and other C metabolites were largely
depleted by the end of the night and were unrelated to
whole-leaf growth and to Suc levels and polysome
loading in the growth zones (Fig. 6B). This indicates
that growth is regulated by local C status in the growth
zone, rather than by the C status in mature tissue. This
underscores the limitations of studies that attempt to
relate growth responses to metabolic traits in mature
plant tissue or whole rosettes.

The temporal response of whole-leaf elongation and
polysome loading is more closely related to Suc content
than to the levels of other C metabolites like reducing
sugars or organic acids, which do not recover toward
the end of the extended night treatment. T6P has been
described as a signal of Suc status (Lunn et al., 2006,
2014; Paul et al., 2008; Smeekens et al., 2010; Lastdrager
et al., 2014; Yadav et al., 2014). Lunn et al. (2014) pro-
posed a bidirectional relationship in which Suc regu-
lates the level of T6P, and T6P regulates some but
probably but not all of pathways that produce and
utilize Suc. Interestingly, T6P and Suc showed differing
spatial and temporal responses during the C-depletion
time course in maize leaves. First, during the undis-
turbed diurnal cycle (i.e. at dusk and dawn) the T6P:Suc
ratio was up to 25-fold higher in the growth zones than
in the mature leaf. Second, during the extended night
treatment the T6P:Suc ratio in growth zones decreased
to a level similar to that in mature tissue. Third, the
partial recovery of Suc at after 24 h extended night was
not accompanied by an increase in T6P (Figs. 2 and 9).
These results extend earlier reports of a high T6P:Suc
ratio in tissues with a large demand for Suc including
Arabidopsis shoot apical meristems (Wahl et al., 2013)
and maize leaf tumors induced by the biotrophic fun-
gus Ustilago maydis (Horst et al., 2010). They are con-
sistent with a recent report that T6P correlates with Suc
content during the diurnal cycle, but not over a 48 h
dark treatment in the mature leaf 3 of maize seedlings
(Henry et al., 2014). While it is not known how Suc acts
to regulate T6P levels, and how this relationship is de-
velopmentally modified in growing tissues, it appears
plausible that a high T6P:Suc ratio in growing tissues
may promote utilization of Suc, driving Suc levels
down and promoting Suc import.

Contrasting Regulation of Starch Reserves in Growth and
Mature Zones

The maintenance of Suc levels and continuation of
growth of maize leaves during an extended night points
to different management of C reserves in maize and the
fast-growing dicot weed Arabidopsis. This includes dif-
ferences in the regulation of starch turnover in growing
and mature leaf zones and at the whole-plant scale.

There are striking differences in the management of C
reserves in the mature and growth zones of a growing
maize leaf. In the mature maize leaf, starch is largely
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turned over during the light-dark cycle, with about 20%
remaining at dawn (Fig. 3B). This is striking, as the maize
plants were grown in a relatively long 14 h photoperiod,
which is close to the limit at which Arabidopsis does not
completely turn over its starch. The near-complete turn-
over of starch is in agreement with previous reports for
mature maize leaves (Kalt-Torres et al., 1987). In Arabi-
dopsis rosettes, starch degradation is paced by the circa-
dian clock (Graf et al., 2010). A similar mechanism might
operate in mature maize leaf tissue. In contrast, starch is
not actively degraded during the night in growth zones of
maize leaves (Figs. 3B and 8; Supplemental Fig. S3); in-
deed, continued synthesis may be required to explain
how high levels of starch are retained despite dilution by
growth (Supplemental Fig. S11). Starch is not degraded in
the growth zones until the light-dark cycle is perturbed by
extending the night. Further, analyses in whole plants
revealed that while the base of older mature leaves con-
tains relatively small amounts of starch, young leaves
contain high starch. This starch was also not degraded
during the night (Fig. 8). Thus, starch in the growth zones
of maize does not function as transitory store to provide C
at night, but instead provides a midterm buffer against
perturbations that lead to a shortfall of C.

This implies that the clock-based mechanism that
couples starch metabolism to the diurnal cycle in ma-
ture tissues is either absent or is modified by other
factors in the growth zone of a maize leaf. One possi-
bility is that the relatively high levels of Suc in growth
zones during the night (Fig. 3A) feedback inhibit starch
degradation, and that this inhibition is relieved when
Suc levels fall in the extended night. The feedback in-
hibition might be linked to the very high levels of T6P in
the growth zones (Fig. 9A). It was recently shown in
Arabidopsis that starch degradation is inhibited by T6P
(Martins et al., 2013). It has been proposed that the clock
sets the maximal rate of starch degradation, while T6P
levels signal the demand for C; when demand is low,
Suc and T6P rise and starch breakdown is slowed down
(Martins et al., 2013; Lunn et al., 2014). In accordance
with this idea, the division zone, which had high T6P
level until 14 h into the extended night, also degraded its
starch most slowly (compare Figs. 9A and 3B). It is also
possible that the clock or clock outputs are modified in
growing tissues. For example, the diurnal amplitude of
core clock gene transcript levels and the number of clock
output genes showing diurnal cycling were strongly
reduced in growing maize cobs (Hayes et al., 2010). High
Suc levels such were shown to override the clock in
Arabidopsis roots (James et al., 2008), and the shoot and
root circadian clocks have different rhythmic properties
and respond differently to light quality and intensity
(Bordage et al., 2016). Support for a potentially decreased
role of the clock in the growth zones of monocot leaves
comes from the finding that whereas leaf growth is un-
der circadian control in dicots, this is less apparent in
monocots (Poiré et al., 2010).

While starch reserves at the base of a growing leaf
provide an internal C reserve, our calculations indicate
that it covers only a small proportion of the total C that
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is required for leaf growth during the first 24 h of an
extended night (Fig. 7). Furthermore, starch at the base of
leaf 9 was largely exhausted by 14 h into the extended
night, but Suc levels rose and growth recommenced
between 14 and 24 h (compare Fig, 3, Fig. 5A, and
Supplemental Fig. S9). This partial recovery presumably
depends on C reserves outside leaf 9. While we did not
undertake a quantitative analysis, our results indicate
that there are considerable reserves of starch in the stem
tissue, older leaves, and leaf nodes of old and young
leaves, which are remobilized to support the growth of
young leaves during an extended night (Fig. 8). The leaf
nodes adjacent to the youngest leaves retained starch for
longest into the extended night, indicating that very
young leaves are prioritized in C starvation.

Midterm C reserves could have several functions.
They may buffer maize against perturbations in the
environment that lead to a shortfall in C and distur-
bance of growth. By facilitating a partial recovery of leaf
growth and in particular extension growth in extended
darkness, they may also support a growth response to
extreme shading. Starch reserves in the leaf bases and
stems may also support rapid regrowth after grazing;
while this may not be a major consideration for field-
grown maize, it may be more relevant for related wild
species. It is also possible that the higher rate of pho-
tosynthesis in the C4 species maize and the relatively
long photoperiod used in our experiments provide
more C for growth than was available in many of the
studies of starch turnover in dicots. Indeed, C reserves
also accumulate in Arabidopsis when it is grown in
high irradiance and long photoperiods (Hédrich et al.,
2011; Lauxmann et al., 2016; Pilkington et al., 2015).

Identification of Candidate Genes Based on the Temporal
Expression Pattern or Contrasting Expression Pattern in
Growing and Mature Leaf Zones

The overall spatiotemporal changes in gene expression
in the growth zones over the C-starvation time course
shows a similar pattern to that of the Suc content and
polysome loading in the growth zones, and the whole-
leaf elongation rate (Fig. 6). This indicates that many of
the changes in expression occur in a coordinated manner
with the changes in growth and could be directly or in-
directly related to changes in Suc levels. We used two
strategies to identify functional classes and individual
genes with a similar response to that of Suc and growth.
In one, we filtered for genes with a qualitatively similar
response patterns, in particular the partial recovery be-
tween 14ExN and 24hExN. Overrepresentation analysis
of transcripts showing the recovery pattern revealed
overenrichment for DNA-synthesis-related transcripts in
the cell division zone, and for protein-synthesis-related
transcripts in the mature tissue. In the second, we searched
for transcripts whose abundance correlated to Suc, leaf
elongation, or polysome loading. Since there is a temporal
shift between the changes of Suc and the growth traits, this
approach distinguished between early (Suc coregulated)
and late (growth traits coregulated) responding transcripts.
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Overrepresentation analysis revealed a correlation be-
tween Suc depletion and the induction of amino acid
degradation, while protein synthesis and degradation
correlated more closely with growth traits. We also used
the individual transcripts identified by both approaches to
assemble a shortlist of candidate genes that may have key
regulatory functions (Supplemental Datafile S5). This list
contains several protein kinases and transcription factors,
some orthologous on the protein level to Arabidopsis
proteins that have been previously characterized in the
context of cell expansion growth, meristematic function,
and/or phytohormone signaling, while others have not
been closely characterized so far (see results chapter,
Supplemental Datafile S5). ZmBZIP111 is an ortholog of
AtBZIP63, which is involved in C signaling in Arabidopsis,
indicating conservation in C signaling pathways. Others
have not or so far only have indirectly been implicated in C
signaling. We also searched for transcripts with strongly
contrasting transcriptional responses in growth zones and
mature tissue (Supplemental Datafile S5). While we did not
find any overrepresented functional classes, we identified
several potential regulatory proteins, and some genes in-
volved in carbohydrate transport and metabolism, which
may have a role in readjusting C distribution and usage
within the leaf under C starvation.

In summary, young maize plants contain significant C
reserves, including starch at the leaf base and in the ad-
joining stem. Starch is nearly exhausted by the end of the
night in mature leaf tissue, and an extension of the night
leads to C starvation, as seen in Arabidopsis. However, in
growth zones, reserves buffer metabolism, gene expres-
sion, and growth against a temporary shortfall in C and
allow partial recovery of Suc levels and resumption of
growth in extended darkness. Growth, monitored as
polysome loading in individual zones or whole-leaf
extension, correlates strongly with Suc levels in the cell
division and extension zones, but not with Suc or starch
reserves in the mature leaf tissue. This emphasizes that
spatially resolved analyses of metabolism and gene ex-
pression are vital for studies of the molecular basis of
growth and for understanding varying strategies for re-
source allocation and use among species, organs, and de-
velopmental stages. Deeper elucidation of the mechanisms
how plants, particularly crop species, deal with C limitation
on the spatiotemporal level will be important for further
crop improvement. Future studies will need to take into
account additional factors, including the balance between
different cell types within the leaf regions (Stitt and Heldt,
1985; Pollock et al., 2003; Majeran et al., 2005) and subcel-
lular compartmentation of metabolism (Sweetlove and
Fernie, 2013; Tiessen and Padilla-Chacon, 2013).

MATERIALS AND METHODS
Chemicals

Chemicals and enzymes were obtained from Merck, Sigma, and Roche, and
from other established providers of substances for laboratory use. Cyclohexi-
mide, chloramphenicol, and heparin were obtained from Carl Roth GmbH. If not
otherwise stated, all solutions were prepared with purified deionized water
(PureLab plus; ELGA LabWater).
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Plant Growth

Maize (Zea mays) genotype SL (KWS Saatgut AG) was grown in a walk-in
growth chamber at the MPI-MP Golm. Plants were grown at 700 uE photo-
synthetically active radiation, 14 h light/10 h dark cycles, temperature settings
25°C/22°C (the effective day temperature at the plant level is ~29°C), 70% air
humidity. At the switches between light and dark periods, the light batteries of
the chamber were successively turned on/off during a 30/40 min dawn/dusk
period. This measure is necessary to allow a stable behavior of the temperature
and air humidity controls in the chamber (the lamps cause significant amounts
of heat and water evaporation, and the chamber has a large air volume). To
further stabilize air humidity during the light period, water-soaked fleece tissue
was spread across parts of the chamber floor. Three-centimeter-thick Styrofoam
plates were put below plant pots to isolate them against heating of the metallic
chamber floor in the light.

Sampling

Plants were grown to approximately 3.5 weeks of age, when leaf 9 was in the
stage of rapid blade elongation and the mature (dark green) leaf tip was sufficiently
exposed for connecting it to the elongation measurement apparatus (typically the
third day after leaf emergence from the whirl). Four zones of the leaf (see Fig. 1A)
were sampled at five time points before and during an extended night. Zone
1 was taken directly above the preligula band and zones 2 and 3 directly next to
zone 1, each 1.5 cm length. Zone 4 (mature tissue) was taken 5 cm inward from
the leaf tip. Samples were instantly frozen in liquid nitrogen. For each time point
and leaf region, three replicates were sampled successively, each replicate pooled
from five leaves. For sampling in the dark, a green lamp that emits no photo-
synthetically active radiation was used. Dissection at the last time point (24hExN)
confirmed that the sampled leaves were still at the stage of rapid blade elongation
up to the end of the time course. Frozen leaf material was ground to a fine powder
at —60°C using a cryogenic grinding robot (Labman) available at the MPI-MP.

Maize Leaf Cell Length Profile and Determination of
Percent Dividing Nuclei across the Leaf

Celllength profile determination and cell division analyses were based on the
methodology described by Rymen et al. (2010) and Nelissen et al. (2013) with a
few modifications indicated below. Plants were grown as stated above and
sampled during the day (early afternoon). For cell length profile determination,
samples were taken from the preligular band up to 10 cm above. Samples were
initially fixed in ethanol then cleared in lactic acid and then washed with
phosphate-buffered saline and stained by propidium iodine, which stains plant
cell walls (2 h-o/n). Samples were then cut into two halves (each 5 cm long) and
from each half, the midvein was removed, and one side of the leaf was em-
bedded in lactic acid for microscopy. From each microscopic slide, an area
covering the whole length of the sample and, in width, at least two to three
complete intervein sections, was recoding at 20X magnification using a Spin-
ning Disk Confocal UltraView VoX Axio Observer microscope with autostich
feature. Both the DIC transmitted light channel and red fluorescent channel
(which visualized propidium iodine) were recorded at three z-positions to
ensure a good focus on the epidermal layer across the sample. For cell length
evaluation, Fiji software was used (Schindelin et al., 2012). At positions ap-
proximately every 4 mm along the leaf, typically 20 to 40 cells were measured
from at least four separate cell files. Cell files next to stomatal rows were
measured. In the R statistical environment, median cell length at each position
was calculated, and the cumulative datapoints from 4four replicate leaves were
used to fit a second-degree polynomial function by the locpoly function from
the R package (R Development Core Team, 2011) KernSmooth (Wand and
Jones, 1995). The x intercepts of the first derivative of this function indicate the
start and end of the cell elongation zone. For visualization of dividing nuclei,
samples were fixed in 3:1 EtOH:acetic acid, washed in phosphate-buffered sa-
line, and stained by 4’,6-diamino-phenylindole (2-3 min). At 3 mm intervals,
percent of dividing nuclei in relation to all nuclei in the epidermal cell layer was
determined within a predefined area, which typically covered 300 to 700 nuclei.

Leaf Elongation Measurement
Leaf 9 (or in the replicate experiment, leaf 8) at the stage of rapid blade
elongation was measured once the leaf tip was sufficiently exposed (see above).

Elongation measurement for leaf 8 was performed during the same experiment
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when samples were taken for 10 randomly chosen plants of the same culture. The
principle of the RRT-based measurement of elongation rate is visualized and
explained in Supplemental Figure S9A.

Determination of Metabolite Level, Enzyme Activity,
Polysome Loading, and Expression Profiles

Starch, Glc, Fru, Suc, malate, fumarate, Gle-6-phosphate, nitrate, chlorophyll a
and b, total amino acid content, and total protein content were determined from
ethanolic extracts of approximately 20 mg of leaf powder or from the precipitate
of this extraction (starch, protein) by previously described assays using an
established, semirobotized determination platform (Cross et al., 2006). Enzyme
activity measurements were conducted as previously described by Gibon et al.
(2004a) and Sulpice et al. (2010) using an established semirobotized 96-well
microtiter plate platform. Gas chromatography-mass spectrometry metabolite
measurements were conducted as described (Tohge et al., 2011). Liquid chro-
matography-mass spectrometry-based metabolite measurement, including
measurement of T6P, was conducted as described by Lunn et al. (2006).

Polysome loading was determined as described by Piques et al. (2009). Other
than in Piques et al. (2009), we only differentiated in evaluation between the
nonpolysome peak (i.e. free ribosomes) and the polysome peak (i.e. transcripts
loaded with ribosomes). Instead of 100 mg of plant tissue fresh weight, only
40 mg were used, since the sampled material from the carbon starvation ex-
periments was limited.

For transcript profiling, total RNA from maize leaf tissue was extracted with
the RNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s manual.
Instead of B-mercaptoethanol, dithiothreitol was used in the extraction buffer.
RNA concentration and quality were determined with a Nanodrop Micro-
volume UV-Vis spectrometer (Thermo-Fisher Scientific) and with the Agilent
Bioanalyzer using the “RNA Nano chip” (Agilent). Based on the concentrations
determined by the Nanodrop, each sample was diluted to a concentration of
350 ug RNA/mL. Three hundred microliters of this dilution was sent to ATLAS
Biolabs for Affymetrix maize gene chip gene expression array hybridization.

Iodine Staining

Samples for iodine staining stored in 100% ethanol at —20°C until further
processing. Samples were then destained in 100% ethanol at 95°C for approx-
imately 2 h until all chlorophyll was removed and the samples were pale yel-
low. Ethanol was exchanged in between. Subsequently, the samples were
resuspended in deionized water for 10 min at room temperature and then
stained with Lugol’s solution (8 mm 12, 300 mm KI) for 5 min (light protected),
washed in water two times, and then arranged for photographing.

Gas Exchange Measurement

Gas exchange was measured with the “portable photosynthesis system
HCM-1000" apparatus from Heinz Waltz GmbH using a cuvette that covered
2 cm? of mature leaf area. Gas exchange was measured for a single plant from
the same culture during the extended night time course. Measurement points
were recorded every 10 min. For each measurement point, the net photosyn-
thesis rate (umol CO, m ™2 s™") was calculated by the system-specific software
(version 1.01). A total area of 14.5 cm? mature leaf tissue was assumed based on
iodine staining. To convert umol CO, to mg Glc equivalent units, the values
were divided by 6 (6 carbon units per Glc) and then multiplied by the molar
weight of Glc/1000. Calculations: Supplemental Datafile S3.

Calculations, Statistical Analyses, and Plotting

The statistical environment R, version 3.0.1, Sigma Plot 12.5 (Systat Software)
or MS Excel 2010 (Microsoft) were used for analyses and plotting of figures,
unless otherwise stated.

Normalization of Metabolomic Dataset and Calculation of
Mean Metabolic Change Relative to ED

For visualization of the metabolomic dataset by PCA, calculation of mean
metabolic change relative to ED, and hierarchical clustering of metabolic
traits, the measured metabolite values for each trait were converted to
z-scores. To do this, the following formula was applied, for each trait i, leaf
region /, time point t,:
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trait_zscore;;; = (trait_raw;-mean(trait_raw;))/standard_deviation(trait_raw;)

This conversion adjusts the distribution of measured values for each trait so that
the mean of all measured values is zero and the sp is 1, therefore giving equal
weight to all metabolic traits in the subsequent analyses. Mean metabolic
change to ED for each leaf region I and time point t was calculated as follows:

Mean_Change_to_EDy = Y] Abs(trait_zscore; | -trait_zscore;  gp ) /1

n, number of all metabolic traits; ED, end of day time point.

Calculation of Starch Dilution by Growth

The term “starch dilution by growth” refers to the theoretical change in
starch content in the growth zones due to tissue elongation, under the as-
sumptions that starch is neither synthesized nor degraded during an interval
and is equally distributed over the tissue during elongation. We estimated this
for the summed starch content in the transition and the elongation zones (R2
and R3, i.e. 1.5 cm—4.5 cm above the ligule), since no elongation was observed in
the cell division zone R1 (the first 1.5 cm of the leaf; see Supplemental Fig. S1B).
Based on our cell length profile across the leaf (Supplemental Fig. S1B), the
assumption that this region accounts for 50% of whole-leaf elongation occurs
was used. The following formula was used to estimate starch dilution by
growth at 5 min resolution (the resolution of the elongation data):

Starchy = Starchyy X lengthy,; ied srowth zone / (lengthsampled growth zone

+ 0.5 X elongation,,_,;
t0/t1, time point 0/1; details of this calculation are also given in Supplemental
Datafile S3. An explanatory visualization is provided in Supplemental Figure
S11A.

Calculation of the Balance between Carbon Requirements
for Growth and Available Leaf Carbon Resources

We calculated the required amount of C substrate for the observed leaf
elongation growth during the C starvation experiment based on the calculation by
Penning De Vries (1975) that 1.055 g of Suc are needed as carbon source for the
synthesis of 1 g mixed organic matter (dry weight). 1.055 g of Suc corresponds to
1.11 g of Glc units based on the M, of two Glc molecules (or one Glc and one Fru
molecule) compared to Suc. The M, of one Glc molecule was equally used to
convert the carbohydrate content in the sampled 4.5 cm of the growth zone (sum
of Glc, Fru, Suc, and starch as umol Glc units) into grams. Leaf elongation growth
per time interval was calculated from our leaf elongation measurements. Based
on dry weight determination of the sampled growth regions at the end of the
night, we calculate how much dry weight has to be synthesized for a certain
length of leaf elongation. When calculating reduction of carbon reserves between
two subsequent time points, carbohydrate reserves (starch, Suc, Glc, Fru) and
other C sources (malate, fumarate, amino acids) were separately accounted for.
To calculate C release from carbon reserves in the mature leaf part, the sampled
zone of the mature leaf was used to extrapolate to the assumed total area of
mature leaf tissue based on iodine staining. We also calculated the estimated
amount of carbon respired during the time interval in the mature leaf area based
on gas exchange. All calculations are given in Supplemental Datafile S3.

Processing of Affymetrix Expression Dataset

Affymetrix gene expression values were normalized by the Robust multi-
arrays average algorithm using the software Robin (Lohse et al., 2010). Three
samples (one replicate from leaf region 3 time point 1, one replicate from region
4 time point 1, and one replicate from region 4 time point 3) were excluded from
further analysis based on atypical behavior in the Robin quality controls.

The dataset was filtered to retain only probesets where at least nine of 11 probes
match, with maximum of two mismatches per maize gene model (genome release
ZmB73_5b) and which match only to one gene model. In cases where two or more
probesets matched to the same gene model, only the highest expressed was retained.
Only 3583 passed these filters. For these probesets, a new Mapman (Thimm et al.,
2004) based on Mercator (Lohse et al., 2014) mapping for the maize genome release
Zm_B73_5b was assembled. In some cases (transcripts discussed in the text), an-
notation was manually checked and improved. Annotation for the 3583 retained
probesets is contained in Supplemental Datafile 54.
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Strategies to Identify Transcripts with Characteristic
Response Patterns over the Time Course or Contrasting
Response between the Leaf Regions and Selection

of Shortlists

Identification of transcripts that display a characteristic response pattern over
the carbon starvation time course was conducted by using an R-script that
applies consecutive filtering steps upon the transcripts (mean values of three
Affymetrix arrays), so that in the end only transcripts that fulfill all requirements
are retained. Filters used were (1) significant expression change over the time
course (ANOVA, Benjamini-Hochberg corrected P value < 0.01), (2) significant
difference in transcript abundance between ED and 14hEXN time points =70%
of maximum difference between any time points, and (3) significant difference
in transcript abundance between 14hExN and 24hEXN time points =15% of
maximum difference between any time points. Direction of change has to be
reversed between the ED-14hExN interval and the 14hEXN-24hEXN. Patterns
with strong outliers or circadian-type patterns were excluded.

Correlations between transcript patterns and Suc level, leaf elongation rate,
and polysome loading were determined by Spearman correlation, multiple
testing correction by the Benjamini-Hochberg method. Either (a) a vector of the
unmodified expression values in division+elongation zone or all three leaf zones
was correlated against a vector of the trait values in the same zones, or (b) the
expression or trait values in each individual zone were first normalized to their
mean and SD (z-score), and these normalized values for each zone were used as a
basis to build up vectors for the correlation tests as described for approach (a).

Transcripts with contrasting expression pattern between leaf zones were
identified by Pearson correlation between expression vectors of two zones (e.g.
division zone versus mature zone expression values) and selecting those with
highly negative correlation between zones.

Accession Numbers

Affymetrix Probeset IDs and GRMZM maize gene model identifiers for all
analyzed transcripts are given in Supplemental Datafile S4.

Supplemental Data

The following supplemental materials are available:

Supplemental Figure S1. Identification of cell division and cell expansion
zones by analysis of nucleus size and microscopic analysis of the per-
centage of dividing cells and cell length.

Supplemental Figure S2. Measurement of total protein concentration in
four leaf zones at five time points over the ExN time course.

Supplemental Figure S3. Starch staining of maize leaves sampled over the
carbon starvation time course.

Supplemental Figure S4. Comparison of the overall pattern of change in
gene expression over the C starvation time course between division
zone, elongation zone, and mature tissue of the growing maize leaf
blade.

Supplemental Figure S5. Venn diagram of transcripts that show signifi-
cant expression changes between the maize leaf developmental zones
and/or upon carbon starvation.

Supplemental Figure S6. Gene expression differences between three zones
of the growing maize leaf blade at five time points of a C starvation time
course—ORA for functional classes.

Supplemental Figure S7. Comparison of gene expression responses and
metabolic/enzymatic responses for Glu dehydrogenase and myoinosi-
tol/myoinositol oxygenase.

Supplemental Figure S8. Expression of genes of interest in three leaf zones
of the growing maize leaf blade across the C starvation time course—C
signaling and orthologs of described C starvation markers.

Supplemental Figure S9. Determination of growth-related traits over the C
starvation time course.

Supplemental Figure S10. Overlay of the responses of different traits to a
C starvation time course in the elongation zone of the growing maize
leaf blade.
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Supplemental Figure S11. Starch dilution by growth.

Supplemental Figure S12. Changes in maltose level over the C starvation
time course.

Supplemental Figure S13. Gas exchange measurement.

Supplemental Datafile S1. Data table with mean and sp for all metabolic
traits.

Supplemental Datafile S2. Plots for all individual metabolic traits.

Supplemental Datafile S3. Dilution of starch by growth and relation be-
tween C reserves and C requirements of growth in leaf 9: calculations
and data (fresh weight, dry weight, metabolites, photosynthesis, respi-
ration).

Supplemental Datafile S4. Robust multiarrays average normalized gene
expression data for all probesets of the filtered Affymetrix dataset, an-
notation, results of pattern classification, correlation to Suc, elongation
rate, polysome loading, and correlation of expression values between
leaf regions for each probeset.

Supplemental Datafile S5. Shortlist of genes of interest selected based on
their transcript abundance over the time course or contrasting transcript
pattern between leaf zones, in combination with annotation and litera-
ture on orthologs in other species.
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