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Senescence is genetically controlled and activated in mature tissues during aging. However, immature plant tissues also display
senescence-like symptoms when continuously exposed to adverse energy-depleting conditions. We used detached dark-held
immature inflorescences of Arabidopsis (Arabidopsis thaliana) to understand the metabolic reprogramming occurring in
immature tissues transitioning from rapid growth to precocious senescence. Macroscopic growth of the detached
inflorescences rapidly ceased upon placement in water in the dark at 21°C. Inflorescences were completely degreened by 120
h of dark incubation and by 24 h had already lost 24% of their chlorophyll and 34% of their protein content. Comparative
transcriptome profiling at 24 h revealed that inflorescence response at 24 h had a large carbon-deprivation component. Genes
that positively regulate developmental senescence (ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN92) and shade-
avoidance syndrome (PHYTOCHROME INTERACTING FACTOR4 [PIF4] and PIF5) were up-regulated within 24 h. Mutations
in these genes delayed degreening of the inflorescences. Their up-regulation was suppressed in dark-held inflorescences by glucose
treatment, which promoted macroscopic growth and development and inhibited degreening of the inflorescences. Detached
inflorescences held in the dark for 4 d were still able to reinitiate development to produce siliques upon being brought out to
the light, indicating that the transcriptional reprogramming at 24 h was adaptive and reversible. Our results suggest that the
response of detached immature tissues to dark storage involves interactions between carbohydrate status sensing and light
deprivation signaling and that the dark-adaptive response of the tissues appears to utilize some of the same key regulators as

developmental senescence.

Senescence is a genetically controlled program usually
activated to degrade macromolecules and mobilize nu-
trients in an orderly manner from dying parts of the
plant to growing parts (Lim et al., 2007). Although evo-
lutionarily selected for and important for plant fitness,
precocious activation of senescence can compromise the
yield of crop plants and impact the quality of harvested
produce (Nam, 1997; Buchanan-Wollaston et al., 2003).

Many studies on senescence have focused on leaves
and have shown that developmental leaf senescence is
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associated with distinctive structural and biochemical
changes that reflect the transition in mature tissues from
anabolic to catabolic metabolism. Chloroplasts disas-
semble early and well before degreening is seen. The
nucleus and mitochondria remain intact until the final
stages of senescence to provide instructions and energy,
respectively, for completion of the program (Lim et al,,
2007). Leaf senescence is accompanied by a change in a
number of physiological, biochemical, and molecular
markers. These include a decline in chlorophyll, protein,
fatty acid, and RNA content, a decrease in photo-
chemical efficiency, and increases in membrane ion
leakage and certain senescence-associated genes (SAGs;
Lim et al., 2007).

Past studies have also indicated that senescence can be
precociously activated in detached leaf tissues by dark-
ness. This led researchers to try to model natural leaf
senescence in the dark-detached system (Thimann, 1980).
However, its relevance for natural senescence was
questioned when it was found that the senescence pro-
gram induced in dark-held leaves was not identical to
what occurs during natural leaf senescence (Becker and
Apel, 1993; Weaver et al.,, 1998). It is now clear from
transcriptome profiling that the senescence program oc-
curring in developmentally senescing leaves is different
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from that in detached dark-held leaves (Buchanan-
Wollaston et al., 2005; van der Graaff et al., 2006). For
example, only 53% of the 827 senescence-induced genes
identified by Buchanan-Wollaston et al. (2005) were up-
regulated by 3-fold or more in leaves of whole plants
held in the dark, and only 22% of the developmental
senescence-enhanced mRNA transcripts identified by
van der Graaff et al. (2006) were similarly increased by
3-fold or more in detached leaves held in the dark or in
individual leaves induced to senesce by shading.

Despite the significant transcriptome differences in
the development- and dark-induced senescence pro-
grams, genetic loci have been found that regulate the
timing of senescence in both programs (Oh et al,
1997). For example, knockout of the F-box gene
ORESARAY9 (OREY9; Woo et al., 2001), overexpression
of C-REPEAT/DRE BINDING FACTOR2 (CBF2)
(Sharabi-Schwager et al., 2010), and a gain in func-
tion of ORESARA12-1/ARABIDOPSIS HISTIDINE
KINASE3 (AHK3; Kim et al.,, 2006) all affect the
timing of both senescence programs. In addition,
some of the key regulators are themselves SAGs. For
example, the transcription factors Arabidopsis NAC
DOMAIN CONTAINING PROTEIN29/NAC-LIKE
ACTIVATED BY AP3/PI (ANAC029/AtNAP; Guo
and Gan, 2006) and ANAC092/ORE1/AtNAC2 (Kim
et al., 2009) are both up-regulated during develop-
ment- and dark-induced senescence and positively
regulate the timing of both senescence programs.
These findings illustrate that significant cross talk ex-
ists between both senescence programs and that re-
search in dark-detached systems can provide insights
into the biology behind both senescence programs.

Detachment and dark storage also causes premature
senescence of complex immature floral structures that
would normally be rapidly growing and strong sinks for
nutrient influx (Eason et al., 2005; Gapper et al., 2005).
This dramatic cessation of growth and transition to se-
nescence has been studied in a number of harvested
vegetables, such as asparagus (Asparagus officinalis) and
broccoli (Brassica oleracea), because of their commercial
relevance (McKenzie et al., 2004; Chen et al., 2008). It is
now known, for example, that broccoli florets, despite
their structural complexity, undergo many of the same
physiological and biochemical changes seen in devel-
opmentally senescing leaves, such as loss of chlorophyll,
protein, and fatty acids (Page et al., 2001), and that sugar
deprivation may be one of the major stresses in florets of
dark-stored harvested broccoli heads, as the florets lose
approximately 50% of their Suc within 6 h of the head
being detached (Downs et al., 1997). Degreening of the
floral head also appears to be influenced by interorgan
signaling in the complex floret tissue, as the timing was
delayed when the stamens were physically removed
(Tian et al., 1995).

We are interested in understanding the metabolic
reprogramming that occurs in immature floret tissues
when their normal development is suddenly arrested by
harvest and dark storage. We chose Arabidopsis (Arabi-
dopsis thaliana) as our model because of the advantages it
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has over the commercially relevant crop species. These
include its small physical size, the small size of its ge-
nome, the availability of large mutant collections for gene
function screening, and the large number of bio-
informatic tools developed for it.

In this paper, we show that detached dark-held im-
mature inflorescences of Arabidopsis are a valuable re-
search tool for understanding the metabolic program
associated with complex young growing structures as
they developmentally arrest and transition to senes-
cence. We show that despite their apparent complexity,
the detached inflorescences show many similarities in
their transcriptomic response at 24 h to that of attached
leaves of whole plants held in the dark. We show that
this response is adaptive and driven by the interaction of
both carbon-deprivation and light-deprivation signals.

RESULTS

Darkness Causes Developmental Arrest and Degreening of
Detached Immature Inflorescences

The detached immature inflorescences of Arabidopsis
ecotype Landsberg erecta continued to develop like their
attached counterparts if the mﬂorescences were held in a
16-h photoperiod (100 umol m™ 25 at 21°C (Fig. 1A).

However, when the detached inflorescences were held
in the dark, their growth ceased (no pedicel or stem
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Figure 1. Arabidopsis inflorescences developmentally arrest and show
symptoms of senescence when detached and held in the dark. Ecotype
Landsberg erecta inflorescences were harvested from plants grown in a
16-h photoperiod and placed with their cut ends in water at 21°C. A,
Detached inflorescences held in a 16-h photoperiod. B, Detached
inflorescences held in darkness. C, Senescence parameters were
measured for dark-held inflorescences. Chlorophyll (g mg™' fresh
weight) and protein (ug mg™' fresh weight) contents were expressed as
percentages of their initial measurements. DO, Day 0. Error bars in-
dicate the st of three to six biological replicates.
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elongation or floret opening) and the inflorescences
degreened over a 5-d period (Fig. 1B). The timing of in-
florescence degreening was not affected by plant age for
the majority of the life of the plant. However, inflores-
cences from old plants (stage 6.5, when 50% of flowers to
be produced have opened; Boyes et al., 2001) were yel-
lower preharvest and degreened earlier when detached
and held in the dark. Hence, there was a large develop-
mental window from which inflorescences could be har-
vested and show similar timing of degreening. For
consistency, however, we preferentially chose to work on
detached dark-held inflorescences excised from the pri-
mary bolts of plants at stage 6.0.

Degreening Is Associated with Changes in Three
Hallmarks of Senescence

Inflorescence degreening was associated with changes
in chlorophyll content, protein content, and ion leakage
(Fig. 1C). The chlorophyll content of the inflorescences
declined by approximately 20% within 1 d of the inflo-
rescences being placed in the dark and continued to fall
steadily so that by day 5, chlorophyll levels were ap-
proximately 5% of the initial values. Likewise, the sol-
uble protein content of the inflorescences was lower
after 1 d of dark incubation and continued to decline to
be approximately 30% of the original protein content by
day 5. By contrast, membrane permeability of the in-
florescences, as judged by relative electrolyte leakage,
increased over the 5 d examined.

Timing of Degreening Is Altered by Hormonal Treatments
and Regulated by Genes That Control
Developmental Senescence

Treatment of the detached dark-held inflorescences
with the cytokinin 6-benzylaminopurine significantly
delayed their degreening, whereas treatment with
abscisic acid (ABA) significantly accelerated the pro-
cess (Fig. 2; Supplemental Fig. S1). Dark-induced inflo-
rescence degreening was also delayed in four ethyl
methanesulfonate-generated Arabidopsis lines (orel, ore3,
ore9, and ore12-1; Fig. 3) which have defects in ANAC092,
ETHYLENE INSENSITIVE2 (EIN2), MORE AXILLARY
BRANCHES?2 (MAX2) and AHKS3, respectively. These
lines also show delayed developmental senescence
(Woo et al., 2001; Kim et al., 2009). The percentage
chlorophyll retained in all four mutants at day 5 was
not significantly different from that in the control at
day 3, indicating that mutations in each of the genes
delayed degreening by 2 d.

mRNA Abundance of 6.8% of the Inflorescence
Transcriptome Is Changed by 3-Fold or More at 24 h of
Dark Incubation

Microarray profiling revealed the molecular changes
occurring in the detached immature inflorescences
held in the dark for 24 h. The time point of 24 h was
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Figure 2. The timing of inflorescence degreening is altered by hor-
mone application. Landsberg erecta (Ler-0) inflorescences were de-
tached and placed in the dark for 3 d with their cut ends in water or in
solutions containing 100 um 6-benzylaminopurine (BAP) or 100 um
ABA. Mean chlorophyll levels (as a percentage of day 0 [DO]) are
shown for five replicates at day 3. Error bars are 95% confidence in-
tervals for the mean. ***Treatments were significantly different from
the Landsberg erecta untreated control (P < 0.001).

chosen to provide insight into the transcriptional
reprogramming occurring when physiological symp-
toms of senescence were starting to manifest and
to minimize circadian effects on transcript abundance.
For simplicity, the terms induction/repression, or up/
down-regulation, are used for comparing changes in the
mRNA abundance measured by the microarray from
0 to 24 h, although it is acknowledged that mRNA
abundance can be altered by regulatory mechanisms
other than changes in gene promoter activity.

Of the 22,810 normalized genes (Supplemental Table
S1) represented in the averaged microarray data, ap-
proximately 11%, or 2,096 genes, showed a significant
(P = 0.05) 1.8-fold or more change in the inflorescences
at 24 h (Supplemental Table S2). However, in line with
other senescence-related microarray studies (Buchanan-
Wollaston et al., 2005; van der Graaff et al., 2006), we
used a conservative 3-fold change in transcript abun-
dance as the cutoff to further reduce the number of false
positives /negatives identified in the array. The mRNA
abundance of 1,499 genes (6.8% of the transcriptome)
changed 3-fold or more in the inflorescences in response
to the 24-h dark treatment. Of the 1,499 genes, 51% (758)
showed increased mRNA abundance (Supplemental
Table S3) and 49% (741) showed decreased mRNA
abundance (Supplemental Table S4).

Organ-Specific Transcriptome Response Is Identified in the
Dark-Detached Inflorescences

Heat-map comparison of the 758 up-regulated and
741 down-regulated gene sets using Genevestigator V3
(Hruz et al., 2008; https://www.genevestigator.com)
revealed that a pollen-specific gene set could be sepa-
rated from the larger, more complex transcriptome
response at 24 h (Fig. 4). This was despite macroscopic
growth of the inflorescences having ceased (Fig. 1B).
Their association with normal stamen/pollen devel-
opment was strengthened by finding that methyl
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Figure 3. Inflorescence degreening is controlled by genes that regulate
the timing of developmental leaf senescence. Detached inflorescences
were held in the dark for 0, 3, and 5 d, and chlorophyll content was
determined and expressed as a percentage of initial content at day 0
(D0). CS859988 (ANAC092 T-DNA insertion line). Mean chlorophyll
levels (as a percentage of day 0) are shown for four to seven inflo-
rescences for six lines at days 3 and 5 (D3 and D5). Error bars are 95%
confidence intervals for the mean. All lines on both days 3 and 5 were
significantly different from the ecotype Columbia (Col-0) line (P <
0.001), except for C$859988 on day 3, which was significantly dif-
ferent at P = 0.01.

jasmonate was necessary for stamen/pollen develop-
ment and that 12-oxo-phytodienoic acid (OPDA; a pre-
cursor of jasmonic acid) up-regulated these genes and
restored fertility in the opda reductase3 (opr3) mutant
(Stintzi and Browse, 2000; Mandaokar et al., 2006; Fig. 4).

Inflorescence up-regulated

Pollen TN R
Juvenile leaf

Adult leaf

Senescent leaf L1l |
MelJa late

OPDA late

Low CO,

Inflorescence Transcriptome Changes Are Similar to Those
Occurring in Leaves Senescing Developmentally or
Exposed to an Extended Night

Transcript abundance changes in the gene sets were
most similar to those in attached leaves of whole plants
held in a 24- to 48-h extended night and in leaves de-
velopmentally senescing (Fig. 4). According to the data
set of Breeze et al. (2011), their up- and down-regulation
in leaves occurs early in leaf development, well before
leaf chlorophyll content is lost (Supplemental Fig. S2;
Supplemental Tables S5 and S6). The regulation of the
inflorescence gene sets was also similar to that in attached
light-held leaves prevented from carbon fixing because of
incubation in low CO, and was opposite to that in leaves
of light-held Glc-starved seedlings fed 3% Glc for 4 h.
These two treatments (i.e. the 4-h low-CO, treatment and
the Glc-addition treatment) were used in this study as a
measure of tissue carbohydrate status response.

The data behind the heat maps of Figure 4 revealed
the numerical connections between the inflorescence
responses and the above treatments. The 205 up-
regulated pollen/stamen-associated genes were fil-
tered out prior to analysis (Table I; Supplemental Table
S7). The remaining 553 up-regulated and 741 down-
regulated transcript abundance changes were mostly
similar (69% and 63%, respectively) to those occurring
in leaves of whole plants exposed to an extended night.
The down-regulated gene set had more transcript a-
bundance changes in common with developmental leaf
senescence (57%) than did the up-regulated gene set
(37%), which had more transcript abundance changes in
common with the carbohydrate-affecting treatments
Glc addition (57% versus 28%) and low CO, (59%

Inflorescence down-regulated
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Figure 4. Inflorescence transcriptome changes are similar to those in Arabidopsis leaves developmentally senescing or given
treatments that alter their carbohydrate status. Meta-analysis was performed in Genevestigator V3 on the sets of 758 up-
regulated and 741-down-regulated inflorescence genes. Treatments that responded most similarly with the gene sets are shown.
Individual genes are represented by colored vertical lines. Blue lines indicate increased transcript abundance and were
obtained for pollen and the leaf developmental series using the Anatomy Tool. Red and green lines indicate increased and
decreased transcript abundance, respectively, and were obtained using the Stimulus Tool. For full details of treatments and
tissues used, see “Materials and Methods.” MeJa Late and OPDA Late indicate responses in stamens of opr3 mutants after
treatment with either 0.03% methyl jasmonate or 0.03% OPDA for 22 h. Low CO, indicates the response in leaves of whole
rosettes illuminated at the end of the night for 4 h at 50 uL L™ [CO,] compared with ambient 350 uL L~' [CO,]. Glucose 4 h
indicates the response in seedlings grown in liquid medium containing 0.5% Glc for 7 d, then in medium lacking Glc for 24 h,
then in medium containing 3% Glc for 4 h. EX indicates the response in leaves of whole rosettes held after their 14-h dark cycle

for extended periods in the dark.
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Table 1. Inflorescence transcriptome changes are similar to those in developing stamen/pollen, in developmentally senescing leaves, and in tissues
whose carbohydrate status is altered

The 758 up-regulated and 741 down-regulated genes were compared with data sets from hundreds of transcriptome studies using Genevestigator
V3. The data sets whose transcript profiles most closely matched the changes in the detached dark-held inflorescences are shown. The pollen set was
derived from gene transcripts whose accumulation in pollen was 2-fold or more greater than in mature leaf tissue and that showed less than 2-fold
change in response to carbohydrate- or senescence-related signaling. Ext, Leaves of whole rosettes held for extended periods (as indicated) in the
dark; Sen, developmentally senescing leaves; Glc, seedlings grown in liquid medium containing 0.5% Glc for 7 d, then in medium lacking Glc for 24
h, and then in medium containing 3% Glc for 4 h; CO,, intact rosette leaves illuminated at the end of night for 4 h at 50 uL L™ versus 350 uL L™
[CO,]; Light, intact rosette leaves held at 50 uL L™' [CO,] in light versus 50 uL L~ [CO,] in dark for 4 h at the end of the night. The percentage of
inflorescence genes showing similarity in transcript accumulation with each specified data set is given in parentheses. Percentages for the up-
regulated genes were calculated from the set of 553 non-pollen-associated genes, except for the pollen-associated genes (calculated from 758
genes).

. Ext Early Ext Mid Ext Late .
Regulation Pollen 2 and 4 h) (6 and 8 h) (24 and 48 h) Sen Glc co, Light
Up-regulated 205 (27) 191 (35) 305 (55) 380 (69) 205 (37) 313 (57) 329 (59) 31(6)
Down-regulated 78 (11) 327 (44) 464 (63) 422 (57) 206 (28) 282 (38) 54(7)

versus 38%). The inflorescences showed few transcript
changes in common with rosette leaves illuminated at
the end of the night in low CO, (Table I; Supplemental
Table S9).

Specific Biological Processes Are Affected in the
Dark-Detached Inflorescences

MapMan (http:/ /mapman.gabipd.org/) and DAVID
(http:/ /david.abce.nciferf.gov/) provided complemen-
tary statistical views into the enrichment of pathways,
gene function, and organelle associations based on
Gene Ontology and other functional annotation data.
The detached dark-held inflorescences showed signifi-
cant up-regulation of transcription factors, ethylene and
ABA response, and amino acid-, lipid-, and ubiquitin-
mediated protein degradation pathways and significant
down-regulation of starch synthesis, glycolysis, amino
acid synthesis, nucleotide metabolism, cytosolic ribo-
somal proteins, protein folding, photosynthesis (light
reactions, Calvin cycle), chlorophyll synthesis, and his-
tone synthesis (Tables II-IV; Supplemental Tables S10-
512). These categories were very similar to those

identified in leaves of plants given an extended night
(Usadel et al., 2008).

The most enriched annotation cluster (cluster enrich-
ment score of 21.95) identified by DAVID analysis was
associated with chloroplast function and was found in
the down-regulated gene set (Table 1V; Supplemental
Table S12). The term “chloroplast” contained 248 genes,
which was by far the greatest number of genes found for
any up- or down-regulated term (Table IV). Of the 248
genes, the protein products of 147 were able to be assigned
to a particular chloroplast compartment using the com-
prehensive chloroplast proteome database AT_CHLORO
(http:/ /www .grenoble.prabi.fr/at_chloro/). Their loca-
tions and functions are shown in Supplemental Figure S3
and Supplemental Table S12.

Many Inflorescence Genes Up-Regulated in Common with
Developmental Senescence Are Tissue Carbohydrate
Status Responsive

Seventy-four percent (410 of 553) of the up-regulated
genes and 43% (320 of 741) of the down-regulated genes
were affected by at least one of the carbohydrate-

Table Il. Assignment of the inflorescence transcriptome changes to functional categories using MapMan

The 1,294 genes that changed 3-fold or more and that did not include the stamen/pollen-associated
gene set were characterized. Functional categories showing a significant change (P = 0.05) after cor-
rection for multiple testing by the Benjamini-Hochberg (BH) method are shown. Percentage indicates the
number of up- or down-regulated genes expressed as a percentage of the total number of genes in each
BIN. The complete list of genes for each category can be found in Supplemental Table S10.

BIN Functional Category Percentage  BH-Adjusted P Value

Up-regulated gene functions

27 RNA 66 4.21E-3

27.3 RNA regulation of transcription 77 4.21E-3

29.5 Protein degradation 73 1.76E-3

29.5.11 Protein degradation, ubiquitin 96 2.58E-8

29.5.11.4 Protein degradation, ubiquitin E3 96 9.71E-8

29.5.11.4.2 Protein degradation, ubiquitin E3 RING 93 9.67E-4

29.5.11.4.3.2  Protein degradation, ubiquitin E3 SCF F-box 100 1.36E-2
Down-regulated gene functions

1 Photosynthesis 93 1.38E-2

28.1.3 DNA synthesis, chromatin structure histone 100 7.78E-3

Plant Physiol. Vol. 160, 2012
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Figure 5. Transcript abundance of the majority of the senescence up-
regulated genes is affected by tissue carbohydrate status. A, Treatments
that affect the transcript abundance of the up-regulated gene set. B,
Treatments that affect the transcript abundance of the down-regulated
gene set. A 2-fold cutoff was used for transcript abundance response
for the senescence, extended night, and carbohydrate-responding
treatments. Full details of the treatments are presented in “Materials
and Methods.” CO2UGLC, Transcript changes in common with leaves
of rosettes illuminated at the end of the night for 4 h at 50 uL L [CO,]
combined with transcript changes that changed oppositely in response
to the addition of 3% Glc for 4 h to Glc-starved seedlings; EXT, tran-
script changes in leaves of whole plants exposed to a combined 24-
and 48-h extended night; INF, inflorescence; SEN, transcript changes
in developmentally senescent leaf.

altering treatments (Fig. 5; Supplemental Tables S7 and
S8). The higher proportion of genes associated with
carbohydrate response in the up-regulated gene set was
reflected in the higher proportion of the carbohydrate-
responsive genes being responsible for the enrichment of
the biological themes seen in Table III. In contrast, the
proportion of carbohydrate-responsive genes responsi-
ble for enrichment of the categories in the down-
regulated gene set was less and more variable (Table IV).

Many of the senescence-responsive genes in the up-
regulated gene set were commonly regulated by at
least one of the carbohydrate-altering treatments (72%;
[122 + 25] of 205; Fig. 5A). By contrast, the majority of
the senescence down-regulated genes had more in
common with the transcript changes in leaves of plants
given the 24- to 48-h extended night (80%; [190 + 149]

of 422) than they did with the carbohydrate-altering
treatments (44%; [149 + 35] of 422; Fig. 5B). Again, this
was reflected in the enrichment of the biological themes,
where, for instance, of the 177 chloroplast-associated
genes regulated in common with developmental senes-
cence (Supplemental Table S12), 92% (162 of 177) were
similarly down-regulated in leaves of plants given a 24-
to 48-h extended night, whereas only 30% (53 of 177)
were commonly regulated by the carbohydrate-affecting
treatments (Supplemental Table S12).

Quantitative Real-Time-PCR Confirms a Meta-Analysis
View of the Effect of Tissue Carbohydrate Status on
SAG Expression

To provide confidence that the carbohydrate-mediated
regulation suggested by the meta-analysis was true for
the detached dark-held inflorescences, we performed
quantitative real-time (qRT)-PCR on genes of the de-
tached inflorescences held in water in light for 24 h, in
dark for 24 h, or in dark for 24 h in water supplemented
with 3% Gle. Prior to qRT-PCR, we tested the efficacy of
Glc uptake by the inflorescences. Holding detached in-
florescences in the dark for 24 h significantly reduced
their Glc content by 45% (P < 0.05; Fig. 6). Treatment of
the inflorescences with 3% Glc for 24 h prevented this
decline and actually elevated their Glc content approxi-
mately 3-fold compared with that at harvest. When in-
florescences were held in continuous light for 24 h, they
also showed higher content of Glc (approximately 2.2-
fold), presumably because the freshly detached inflo-
rescences had been detached for analysis 11 h into their
16-h light cycle. The Glc content of the light-held and
dark + Glc-held inflorescences at 24 h was not signifi-
cantly different (P = 0.63).

The effect of darkness, Glc supplementation, and light
treatments on transcript accumulation of 13 dark-induced
genes in the detached inflorescences was determined. The
genes included ANAC029, ANAC092, RECEPTOR-LIKE
PROTEIN KINASE1 (RPK1), and G-BOX BINDING
FACTOR1 (GBF1), which drive developmental leaf se-
nescence; GLUTAMATE DEHYDROGENASE?2 (GDH?2),

Table IlI. Assignment of transcripts whose abundance increased 3-fold or more to functional categories using DAVID

The 553 non-pollen-associated gene transcripts that increased in abundance 3-fold or more were characterized. Cluster enrichment scores (CES)
for selected significantly enriched functional clusters are shown together with the term(s) most representative of each cluster. Only significantly
enriched clusters that contained terms showing a significant change (P = 0.05) after correction for multiple testing by the Benjamini-Hochberg (BH)
method are shown, and only significantly changed terms in the cluster are shown. Category, gene count, fold enrichment (FE), and BH values are for
the term indicated by the asterisk. The list of genes associated with the most represented terms is shown in Supplemental Table S11. %C is the
percentage of transcripts affected by at least one treatment that affects tissue carbohydrate status.

CES Category Term FE Gene Count BH %C
4.35 GOTERM_BP_FAT Transcription factor activity 1.9 68 6.7E-5 69
4.18 GOTERM_BP_FAT Response to abiotic stimulus*, response to salt stress, 1.8 46 1.8E-2 78
response to osmotic stress, response to ABA stimulus
4.16 GOTERM_BP_FAT Response to hormone stimulus 2.3 46 8.1E-5 78
2.02 GOTERM_BP_FAT Response to ethylene stimulus 3.4 19 2.2E-3 84
2.01 SMART RING 2.0 24 4.3E-2 79
1.75 GOTERM_BP_FAT Cellular amino acid catabolic process 7.3 7 2.4E-2 100
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Table IV. Assignment of transcripts whose abundance decreased 3-fold or more to functional categories using DAVID

The 741 gene transcripts that declined in abundance 3-fold or more were characterized. Selected significantly enriched functional clusters are
shown together with the term(s) most representative of each cluster. Only those term(s) showing a significant change (P = 0.05) after correction for
multiple testing by the Benjamini-Hochberg (BH) method are shown. Category, gene count, fold enrichment (FE), and BH values are for the term in
the cluster indicated by the asterisk. For genes in each cluster, see Supplemental Table S12. %C is the percentage of transcripts in the term rep-
resentative of the cluster that were affected by at least one of the treatments affecting tissue carbohydrate status.

CES Category Term FE Gene Count BH %C
21.95 GOTERM_CC_FAT Chloroplast 1.9 248 9.9E-26 37
7.27 GOTERM_BP_FAT Protein folding*, chaperone 3.5 30 3.5E-6 63
7.02 GOTERM_CC_FAT Ribosomal protein 3.9 38 4.0E-10 71
6.83 SP_PIR_KEYWORDS Amino acid biosynthesis 4.1 17¢ 2.3E-3 53
5.56 GOTERM_CC_FAT Cell wall 2.2 56 7.2E-7 57
4.99 GOTERM_CC_FAT Thylakoid 2.4 50 1.8E-7 20
5.01 SP_PIR_KEYWORDS Nucleosome core*, histone core, DNA packaging 11 14 9.7E-9 79
4.06 GOTERM_BP_FAT Starch biosynthetic process 11 6 5.3E-3 33
3.62 GOTERM_BP_FAT Carbohydrate catabolic process, glycolysis* 4.9 13 5E-4 46
3.25 GOTERM_BP_FAT Microtubule 5.1 13 1.8E-4 31
2.83 GOTERM_BP_FAT Glucan catabolic process 6.8 9 1.4E-3 44
2.46 GOTERM_BP_FAT Fatty acid metabolic process 2.6 19 8.7E-3 53
2.43 INTERPRO Glycoside hydrolase*, subgroup, catalytic core 3.5 17 9.0E-3 35
2.40 GOTERM_MF_FAT Transaminase activity 5.0 9 4.8E-2 56
2.33 SP_PIR_KEYWORDS Chlorophyll biosynthesis 8.2 6 2.2E-2 0
1.91 GOTERM_MF_FAT Flavoprotein*, FAD binding 3.2 10 2.7E-2 40
1.87 SP_PIR_KEYWORDS Cell wall biogenesis/degradation 2.3 17 2.6E-2 41
1.83 GOTERM_CC_FAT Mitochondrial matrix 3.3 10 1.5E-2 80
1.80 SP_PIR_KEYWORDS Isomerase 3.9 19 4.9E-5 19
1.78 GOTERM_BP_FAT DNA replication 3.8 16 6.2E-4 81

“Eleven genes identified by DAVID and a further six identified by MapMan were included.

which promotes the survival of whole plants under
carbon-limiting conditions; HOMOLOG OF YEAST
AUTOPHAGY18G (ATG18g) and ATGSE, which are
involved in autophagy; and PHYTOCHROME INTER-
ACTING FACTOR4 (PIF4) and PIF5, which mediate
light-deprivation signaling. In addition, the Glc respon-
siveness of 15 down-regulated genes associated with the
Calvin cycle, photorespiration, or jasmonate response was
tested, since the meta-analysis had suggested that 66% of
the down-regulated genes were unresponsive to changes
in tissue carbohydrate status.

Overall, there was good agreement between the
meta-analysis and qRT-PCR (Table V; Supplemental
Table S13). Apart from SAG12, which we could not get
reliable fold data for because its transcript abundance
in the freshly harvested inflorescence was too low, the
increase in transcript abundance of all other dark-
induced genes was suppressed by the Glc treatment.
Interestingly, the accumulation of PIF4 and PIF5,
which the meta-analysis had not shown to be Glc re-
sponsive, was also suppressed by the Glc treatment.
This presumably is because the Glc-addition treatment
used in the meta-analysis was performed on light-held
leaves, and signals in light-held tissues have a stronger
regulatory effect on PIF transcript accumulation than
tissue carbohydrate status.

Of the 14 down-regulated genes tested, transcript
abundance of 13 was not significantly altered by the
Glc treatment, which was again consistent with the
results from the meta-analysis.

Plant Physiol. Vol. 160, 2012

The light treatment of the detached inflorescences
provided a greater suppression of transcript accumu-
lation for all the up-regulated genes than did the Glc
treatment. For some genes, such as RPK1, GBF1, PIF4,
and PIF5, their transcript abundance was now less
than 2-fold higher than that detected in the freshly
harvested inflorescences. However, the transcript
abundance of others, such as ANAC029 and -92, was
still 5-fold higher in the light-held inflorescences at 24
h. The light treatment prevented the decline in 13 of
the 14 down-regulated genes.
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Figure 6. Treatment of detached dark-held inflorescences (D) with
3% Glc (G) prevents the loss of Glc content at 24 h. *0- and 24-h
dark significantly different at P < 0.05; "™24-h dark + Glc not
significantly different from 24-h light (L). Data are means * st of
five pooled Landsberg erecta inflorescences of three biological
replicates. FW, Fresh weight.
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Table V. Validation of the Glc-deprivation response of the detached dark-held inflorescences

Detached Landsberg erecta inflorescences were held in water in the dark for 24 h, in water supplemented with 3% Glc in the dark for 24 h, or in
water in the light for 24 h. P value indicates moderated Student’s t test results for significance of the microarray change; MA indicates fold change in
transcript abundance in microarray. *24 h Dark and 24 h Dark + Glc are significantly different (based on Lsp test); *24 h Dark + Glc and 24 h Light are
significantly different (based on Lsp test). Data are means of pooled five to six inflorescences from three independent biological experiments.
Measurements were normalized to ACTINZ2. The results from the individual qRT-PCR experiments and how the transcript abundance of each gene

changes in aging leaves are presented in Supplemental Table S13.

Arabidopsis Genome

24 h Dark

Name Initiative No. PValue MA 24 h Dark + Gle 24 h Light
Reference
ACT2/actin2 At3g18780 0.40 1.34 1.00 1.00 1.00
SKP1/E3 ubiquitin ligase At1g75950 0.79 1.14 1.66 1.15 1.12
UBQ14/ubiquitin At4g02890 0.58 0.82 1.45 1.16 0.84
Up-regulated
ANAC029/ATNAP/transcription factor At1g69490 0.06 90.46  45.93 15.29* 9.43
ANAC092/ORE1/transcription factor At5g39610 0.03 29.62 27.90 13.76* 5.01
ERF/RAP2.3/ethylene response transcription factor At3g16770 0.03 7.59  26.99 11.42% 5.10
GBF1/G-box-binding transcription factor At4g36730 0.03 10.82 10.14 4.34* 1.55%
RPK1/Leu-rich receptor-like kinase At1g69270 0.04 4.93 4.81 2.70* 1.77
SEN4/xyloglucan endotransglucosylase At4g30270 0.08 19.20 10.70 5.09* 4.90
SAG12/Cys protease At5g45890 0.75 0.91 5.56 24.56 54.55
ATG18G/autophagy18G At1g03380 0.04 4.52 5.15 3.76 1.40
ATG8E/autophagy 8E At2g45170 0.04 17.92 14.77 5.66* 3.33
ATG13/autophagy 13 At3g49590 0.03 5.62 8.11 4.07 2.36
GDH2, Glu dehydrogenase At5g07440 0.03 8.51 7.01 2.56*% 1.37
PIF5/PIL6/phytochrome-interacting factor 5 At3g59060 0.03 8.61 5.93 2.86*% 1.79
PIF4/phytochrome-interacting factor 4 At2g43010 0.03 3.31 6.69 2.85 1.38
Down-regulated
NDF4/subunit of the chloroplast NAD(P)H dehydrogenase At3g16250 0.03 0.06 0.05 0.13 0.72*
complex
CPN60B/chaperonin 60B At1g55490 0.03 0.21 0.24 0.37 0.42
CPN60A/chaperonin 60A At2g28000 0.03 0.16 0.29 0.40* 0.33
GAPB/glyceraldehyde-3-phosphate dehydrogenase B subunit At1g42970 0.03 0.12 0.16 0.20 0.97*
GAPA-2/glyceraldehyde-3-phosphate dehydrogenase A subunit 2 At1g12900 0.03 0.38 0.26 0.28 0.54
Phosphoglycerate kinase At1g56190 0.03 0.19 0.28 0.36 0.78*
SBPASE/sedoheptulose-bisphosphatase At3g55800 0.03 0.16 0.15 0.20 1.05*
Transketolase At3g60750 0.03 0.29 0.38 0.42 0.91*
ATFBA5/Fru-bisP aldolase 5 At4g26530 0.03 0.04 0.11 0.13 2.88"
ATFBA2/Fru-bisP aldolase 2 At4g38970 0.03 0.21 0.24 0.22 0.80"
GLDP1/Gly decarboxylase At4g33010 0.03 0.11 0.14 0.13 1.67°
SHM1/Ser hydroxymethyltransferase 1 At4g37930 0.03 0.21 0.27 0.22 1.85*
FD-GOGAT/Glu synthase At5g04140 0.03 0.24 0.32 0.29 1.55%
DCT/dicarboxylate transport 2.1 At5g64290 0.04 0.30 0.52 0.48 0.64"
ATCLH1/CORI1/chlorophyllase At1g19670 0.04 0.1 0.19 0.31 0.71*

KIN10 Regulates Genes That Change in Transcript
Abundance at 24 h of Dark Incubation

KIN10, an Arabidopsis Snfl-Related Kinase (SnRK),
helps plants survive adverse energy-depleting condi-
tions resulting from dark incubation/sugar depriva-
tion by mediating transcriptional reprogramming
in the cells (Baena-Gonzalez et al., 2007). Of the
281 genes considered to be reliably coactivated by
KIN10, induced by sugar starvation, and antago-
nized by increased sugar availability, 124 (44%)
were up-regulated 3-fold or more in the inflores-
cences (Supplemental Table S14). Of the 322 genes
reliably cosuppressed by KIN10, 71 (22%) were present
in the set of 741 down-regulated genes (Supplemental
Table S14).
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Glc Treatment Inhibits the Dark-Induced Developmental
Arrest and Delays Degreening

The macroscopic developmental arrest of the dark-
held inflorescences was inhibited when they were held
in 3% Glc (Fig. 7) and even more so in 6% Glc (data
not shown). Treatment with 3% Glc or 3% Suc also
delayed the degreening of the central, but not the
outermost, floret whorls of the inflorescences (Fig. &;
Supplemental Fig. S4). Lower concentrations of Glc
(0.27%; 15 mm) or Suc (0.27%; 7.9 mm) did not affect the
timing of degreening (Supplemental Fig. S4). In con-
trast to its effect in the dark, Glc treatment of inflo-
rescences held in the light accelerated their degreening
and led to reddening of their cotyledons and siliques

(Fig. 9).
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Figure 7. Glc treatment promotes inflorescence development in the
dark. Detached Landsberg erecta inflorescences were held in the dark at
21°C for 5 d in water with or without 3% Glc. Two biological replicates
are shown. [See online article for color version of this figure.]

The developmentally arrested inflorescences could
tolerate 4 d of darkness and still reinitiate development
(i.e. floret opening, self-pollination, fertilization, and silique
development upon re-exposure to light; Supplemental
Fig. S5). However, by 5 d of dark incubation, this ability
was lost. ANAC(092 expression was partly responsible for
the inability of the dark-held inflorescences to reinitiate
development, as ANACO092 loss-of-function mutants
were still able to reinitiate macroscopic development af-
ter 5 d of dark stress (Fig. 10; Supplemental Fig. S6).

Degreening Is Controlled by Transcription Factors
Involved in Light-Deprivation Signaling

Detached dark-held inflorescences of plants defec-
tive in PIF expression showed delayed degreening,
and the delay was greatest in the quadruple PIF mu-
tant compared with the triple or double PIF mutants
(Fig. 11; Supplemental Fig. S7).

DISCUSSION

We have developed a detached dark-held immature
Arabidopsis inflorescence system to model physiological
and molecular responses occurring in immature tissues
as they transition to senescence. Unlike leaves, which
require careful developmental staging, the immature
inflorescences were easily staged and could be contin-
ually collected from plants over many days for analysis.
Inflorescences taken from anywhere on the plant re-
producibly senesced in the dark over a 5-d period at
21°C to 22°C as judged by three hallmarks of senescence:
chlorophyll loss, protein loss, and electrolyte leakage.
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Senescence of the inflorescences was accelerated by ex-
posure to ABA and delayed by treatment with the cy-
tokinin 6-benzylaminopurine, confirming that hormonal
regulation of detached inflorescence senescence shares
similarities with that documented for leaves (Schippers
et al., 2007). We used microarray profiling to identify the
metabolic reprogramming at 24 h and found that it had
a large carbon-deprivation component and most closely
resembled the program in attached developmentally
arresting leaves, which is centered on adapting to heter-
otrophic growth (Weaver and Amasino, 2001; Usadel
et al., 2008). We also identified up-regulated genes within
the transcriptome response at 24 h associated with de-
velopmental senescence and light-deprivation signaling.
These genes were found to accelerate the timing of in-
florescence degreening and were themselves regulated by
the carbohydrate status of the inflorescence tissue. This
highlights the importance of tissue carbohydrate status in
controlling both light deprivation- and senescence-related
transcript responses of dark-held tissue.

Carbon Deprivation Is Responsible for the Dark-Mediated
Arrest of Macroscopic Growth of the Inflorescences

Detached immature inflorescences continued in de-
velopment to produce siliques when held in the light
(Fig. 1A; Supplemental Fig. S5). This suggested that the
photosynthetic machinery of the pedicels and sepals
was capable of supplying sufficient photosynthate to
support floret opening and silique development and
that the import of leaf-derived carbohydrate and
growth substances was unnecessary. Seeds were also
produced in the siliques, but their viability was not
tested. When the inflorescences were held in the dark,
their macroscopic growth ceased. This developmental
arrest was likely caused by carbon starvation, as car-
bohydrate stores become rapidly depleted in tissues
held for extended periods in the dark, because starch
made during the day is tuned to match the expected
metabolic requirements for the oncoming dark period
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Figure 8. Treatment of detached dark-held inflorescences with Glc
delays degreening. Inflorescences were held in the dark for 4 d. Data
are means of four inflorescences. Significance was determined for
comparison with values in Landsberg erecta (Ler-0) water. Error bars
are 95% confidence intervals for the mean. ***P < 0.001.
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Figure 9. Glc treatment in light causes precocious senescence. Inflo-
rescences were held in a 16-h photoperiod for 4 d. [See online article
for color version of this figure.]

(Smith and Stitt, 2007; Usadel et al., 2008). The inflo-
rescences used in this study were harvested 11 h into a
16-h day period and so would likely not have accu-
mulated enough photosynthate in their sepals to sup-
port the metabolism for their oncoming 8-h dark period,
let alone the additional 16-h extended dark period.

Transcriptome Response at 24 h Is Carbon Deprivation
Driven and Centered on Cellular Preservation

Meta-analysis indicated that a large component of the
inflorescence transcriptome response at 24 h was driven
by carbon deprivation, and the majority of these tran-
script abundance changes were similar to what was seen
in leaves of whole plants given a 24- to 48-h extended
night (Fig. 5). This was further reflected in the enriched
functional categories of the inflorescences at 24 h being
very similar to those in leaves of plants given an ex-
tended 24- to 48-h night (Usadel et al., 2008). The cate-
gories included induction of processes that mobilize
carbon from alternative sources and repression of bio-
synthetic pathways, protein synthesis, and cellular
growth programs. The alterations in these processes at
24 h are likely to be adaptive, because inflorescences
could be held in the dark for as long as 4 d and still
regreen and initiate development to produce siliques if
reexposed to light. This is also consistent with the
findings of Weaver and Amasino (2001), who showed
that leaves of whole plants held in the dark for 48 h and
subsequently reexposed to light had delayed senescence
compared with leaves of plants that did not experience
the extended dark period. Similarly, Parlitz et al. (2011)
showed that leaves shaded for up to 48 h (but not lon-
ger) regreened when reilluminated. The down-regulated
transcriptome changes of the inflorescences also high-
lighted the decline in chloroplast function as one of the
major adaptive metabolic responses to the dark stress
(Table IV). This supports the view that chloroplasts,
which house approximately 70% of the cell’s protein
(Lim et al., 2007), are an important early and reversible
source of energy for tissue experiencing heterotrophic
conditions (van Doorn, 2005).
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Metabolic reprogramming to help plants survive ad-
verse energy-depleting conditions has been attributed to
the activity of SnRK1 (Baena-Gonzalez et al., 2007;
Halford and Hey, 2009; Smeekens et al., 2010; Coello
et al., 2011). Overexpression of the catalytic subunit of
SnRK1 (AKIN10) in long-day-held Arabidopsis plants
causes a delay in flowering and subsequent whole plant
senescence, which has been proposed to be analogous to
life span extension by caloric restriction in animals
(Baena-Gonziélez et al., 2007). This is consistent with the
view that SnRK1 helps plants cope with carbohydrate
deprivation by promoting catabolic activities and
inhibiting  ATP-consuming anabolic activities. It does
this by directly modulating enzyme activities and by
affecting global transcriptional reprogramming. More
than 40% of the genes shown by Baena-Gonzalez et al.
(2007) to be reliably induced by SnRK1 activity and to
respond to changes in added or endogenous sugars
were up-regulated in the detached dark-held inflores-
cences (Supplemental Table S14), indicating that SnRK1
activity might also have a prominent role in the initial
transcriptional reprogramming in the inflorescences.
Consistent with their constitutive expression in plant
tissues (https://www.genevestigator.com), we found
that SnRK1 (AKIN10 catalytic subunit) transcript abun-
dance in the inflorescences was unchanged in response
to the dark incubation. However, transcripts of AKINS1
(At5g21170), which encodes one of the putative regula-
tory subunits of the SnRK1 proteins, was one of the
more highly up-regulated transcripts in the inflores-
cences (31.5-fold). The role of AKINB1 in dark (energy
deprivation) responses rather than senescence was
supported by the finding that its transcript abundance
was carbohydrate status responsive but not develop-
mental senescence responsive (Supplemental Table S7).
The role of AKINP1 is still unclear, although it has been
suggested that it may target SnRK1 to different sub-
strates (Halford and Hey, 2009).

Positive Regulators of Senescence Are Up-Regulated in the
Inflorescences at 24 h

The up-regulated gene set of the detached dark-held
inflorescences contained SAGs such as ANACO029,
ANAC092, and RPK1, which promote the progression

Col-0 anac092 Col-0

anac092

D5 dark to light

D4 dark to light

Figure 10. ANACO092 activity limits the ability of detached inflores-
cences to cope with dark stress. Ecotype Columbia (Col-0) and
anac092 (orel) inflorescences were held in darkness for 4 or 5 d (D4
and D5) and transferred to continuous light. The photograph was taken
on day 10. For the full replicated figure, see Supplemental Figure S6.
[See online article for color version of this figure.]
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Figure 11. Loss of PIF function delays degreening of detached dark-held
inflorescences. Inflorescences were held in the dark for 3 d. Data are
means of five to six inflorescences. Significance was determined for
comparison with values in ecotype Columbia (Col-0). Error bars are 95%
confidence intervals for the mean. *P < 0.05, ***P < 0.001. For a visual
representation of the delay, see Supplemental Figure S7. DO, Day 0.

of developmental leaf senescence (Guo and Gan, 2006;
Balazadeh et al., 2010; Lee et al., 2011). ANAC092 ex-
pression also promotes inflorescence senescence, be-
cause plants defective in this transcription factor showed
delayed degreening (Fig. 3). In leaves, these three genes
appear to control senescence timing at least in part
through modulating tissue response to ABA (Kim et al.,
2009, 2011; Lee et al., 2011; Zhang and Gan, 2012). This
hormone also accelerated degreening of the detached
inflorescences (Fig. 2), and the ABA response was sig-
nificantly enriched for in the inflorescences (Table III),
indicating that the hormone may have a natural role in
the degreening of the detached dark-held inflorescences.
ore3, ore9, and orel2 plants defective in EIN2, MAX2, and
AHKS3, respectively, also showed delayed inflorescence
senescence (Fig. 3). These genes have been shown to
delay the timing of development- and dark-induced leaf
senescence (Oh et al., 1997; Woo et al., 2001; Kim et al,,
2006), which illustrates the regulatory similarities be-
tween inflorescence degreening and both artificially and
developmentally induced leaf senescence programs.

Carbon Deprivation Affects Both Light Signaling and
Senescence Signaling Responses

The strong influence of tissue carbohydrate status on
the transcriptional reprogramming in the inflores-
cences prompted us to determine whether the ex-
pression of the senescence-up-regulated genes was
controlled by tissue carbohydrate status. The meta-
analysis suggested that many of the senescence-
responsive genes in the up-regulated gene set were
suppressed by Glc treatment and/or induced by
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carbon deprivation (Fig. 5A). This included the SAGs
ANACO029, ANAC092, and RPKI1. We were able to
confirm that their increased transcript abundance was
dependent in part on the dark-mediated decline in tis-
sue Glc content (Table V). The exact role of these se-
nescence regulators in the inflorescence at 24 h is
unclear, although their presence does not indicate a
commitment of the tissue to senescence at this time
point, as the inflorescences reinitiate development if
reexposed to light (Supplemental Fig. S5). However, the
expression of ANAC092 does eventually drive the tissue
to senesce and does eventually limit the time in the dark
that the inflorescences are able tolerate and still be able
to reinitiate growth upon reexposure to light (Fig. 10).
This would suggest that ANAC092 does not function to
help the inflorescences tolerate dark-induced stress;
rather, it functions as it does in developmental leaf se-
nescence, to drive the complete dismantling of the tis-
sue and remobilization of its constituents at a rate that
apparently is faster than is necessary for heterotrophic
survival of the dark-held inflorescences.

Although we found little evidence from the tran-
scriptome profiling for light signaling responses, tran-
script abundance of PIF4 and -5 did significantly
increase in the dark-held inflorescences at 24 h (Table V).
We also subsequently found that mutants defective in
PIF expression showed delayed inflorescence degreen-
ing (Fig. 11), suggesting that PIF activity was responsible
in part for the chlorophyll loss. PIF4 and -5 are basic
helix-loop-helix transcription factors that are stabilized
in tissue by shade and function in the shade-avoidance
syndrome by negatively regulating the active form of
phytochrome B (Lorrain et al., 2008; Hornitschek et al.,
2009; Leivar and Quail, 2011). In the dark, they function
redundantly with PIF1 and -3 to repress photomor-
phogenesis and promote skotomorphogenesis of etio-
lated seedlings (Leivar and Quail, 2011). Moreover,
dark-grown quadruple PIF mutant seedlings, which
are defective in PIF1, -3, -4, and -5 expression, show a
constitutive photomorphogenesis-like phenotype (Leivar
et al., 2008; Leivar and Quail, 2011). We found that Glc
suppressed the dark-induced transcript accumulation
of PIF4 and -5 in the Arabidopsis inflorescences (Table
V), which suggests that tissue carbohydrate reduction
in addition to light-deprivation signaling regulates PIF
transcript accumulation and chlorophyll loss.

Developmental Arrest Is Inhibited and Degreening Is
Delayed by 3% Glc Treatment

Because the transcriptome response had suggested
that Glc deprivation was a major driver of the meta-
bolic reprogramming occurring in the inflorescences,
we tested whether resupplying Glc would affect the
growth and degreening of the inflorescences. Supply-
ing 3% Glc to the dark-held inflorescences caused them
to develop as they would in the light. This suggested
that physiologically relevant levels of Glc were
taken up by the inflorescences, enabling growth-based
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programs including silique development to proceed
normally. The ability of carbohydrate supply to reini-
tiate pod development suggests that the system may be
useful for advancing the understanding of other aspects
of plant development, such as pod abortion, a process
that has been linked to carbohydrate flux in other spe-
cies (Liu et al., 2004).

The Glc treatment delayed degreening of the central
immature florets of the inflorescences, which is consis-
tent with the delayed degreening seen for detached
dark-held oat (Avena sativa) leaves floated on 100 to 300
mM Glc (Thimann et al., 1977). The Glc treatment did not
delay degreening of the sepals in the outer florets of the
inflorescences, presumably because the sepal constitu-
ents were dismantled to provide essential elements/
metabolites to the developing siliques. Senescence
caused by remobilization of nitrogen from source tissue
to developing sink tissues such as seeds is well docu-
mented (Gan and Amasino, 1997). We also found that
Glc treatment accelerated sepal yellowing of the inflo-
rescences held in the light and promoted anthocyanin
accumulation, both of which have been documented for
Glc-treated light-held leaves of Arabidopsis (Wingler
et al., 2006).

Glc application did not completely prevent degreen-
ing, and this was consistent with it not being able to
completely abolish the up-regulation of genes such as
ANAC092, ANAC029, SENESCENCE4 (SEN4), and RE-
LATED TO AP2.3 (RAP2.3) despite the inflorescence Glc
content of the Glc-treated dark-held inflorescences being
as high as that of the light-held inflorescences. For these
genes, developmental cues may be important, because
the 24-h light treatment also did not fully suppress the
increase in their transcript abundance (Table V) and their
transcripts have been shown to accumulate early in the
development of leaves (Breeze et al., 2011; Supplemental
Table S13). The light treatment, however, was always
better than Glc at suppressing the dark-induced increase
in transcript abundance for the genes tested (Table V).
As mentioned above, this was not because the light-held
tissue contained more carbohydrate (Fig. 6). Moreover,
Thimann et al. (1977) showed that light does not delay
chlorophyll loss through affecting sugar formation. The
meta-analysis also suggested that the majority of the
down-regulated genes associated with chloroplast
function were not affected by tissue carbohydrate status
(Supplemental Table S12). We subsequently confirmed
this unresponsiveness on a subset of these genes (Table
V). The decline in transcript abundance of many of these
genes, however, was abolished in the detached inflo-
rescences by light, indicating again a large light-
deprivation, but carbon status-unrelated, component
to the reduction in chloroplast function.

Model of Inflorescence Response to Darkness

The detached immature inflorescences can be thought
of as an autonomous developmental unit, which, if
provided with sufficient water and light, can carry
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out its function of growth and development largely
independent of the rest of the plant. In that respect, it
differs from detached leaves, which cannot regreen
after being held in the dark for 2 d (Weaver and
Amasino, 2001), probably because the leaves are un-
able to import cytokinins like their attached coun-
terparts (van Doorn, 2005).

We have outlined the response of immature tissues
to dark-detached stress in a simple model (Fig. 12).
Upon transfer of the usually rapidly developing

Days in
darkness
Darkness
1| . / 1 \
w®
& F-- Glc --4 PIFs
( Transcription factors
Presenescence Ethylene response
. ABA response
v (adaptlve) Degradation
-amino acid
T -lipid
2 -ubiquitin-mediated
v Starch synthesis
Amino acid synthesis
Glycolysis
3 Ribosomal proteins
v Protein folding
Photosynthesis
Chiorophyll synthesis
4 \ Histone synthesis
v
5
v

Senescent
(irreversible)

Figure 12. A model illustrating the detached immature inflorescence
response to darkness. In light, detached immature inflorescences held in
water continue development to produce siliques containing seeds.
However, inflorescences exposed to 24 h of darkness cease growth and
their Glc content declines (indicated by gray). Reduced Glc content re-
leases suppression on the transcript accumulation of senescence- and
light deprivation-related genes, leading to their increased transcript
abundance. Light deprivation signaling further enhances their accu-
mulation. A proportion of genes are up- and down-regulated indepen-
dent of tissue carbohydrate status. The transcriptome response at 24 h is
adaptive, readily reversible, and centered on mobilizing carbon from
alternative sources and the repression of biosynthetic pathways, protein
synthesis, and cellular growth programs. Inflorescences can cope with
an additional 3 d of darkness before their heterotrophic metabolism has
passed the point of no return. This is controlled, in part, by continued
expression of genes such as ANAC092 and PIFs, which were induced
initially in the inflorescences during their reversible adaptive period.
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immature inflorescences to darkness, macroscopic
growth ceases as their carbohydrate stores are rapidly
depleted. The decline in tissue Glc content removes the
Glc-based suppression of transcript accumulation of
genes associated with light-deprivation signaling (e.g.
PIFs) and senescence regulation (e.g. ANAC092). Light-
deprivation signaling further enhances the transcript
accumulation of these and other genes associated with
processes that mobilize carbon from alternative sources.
Light-deprivation signaling conversely suppresses the
accumulation of gene transcripts associated with bio-
synthetic pathways, protein synthesis, and cellular
growth programs. The reduced carbohydrate status of
the tissue is less responsible for the reduced transcript
abundance of these genes. At 24 h of darkness, the tis-
sue is surviving by reducing chloroplast function and
utilizing the energy stored within the organelle. The
metabolism is adaptive and readily reversible. For the
next 3 d, chloroplasts are methodically dismantled, as
shown by chlorophyll and protein loss, but they
maintain enough integrity to be able to regreen upon
reexposure to light. By day 5 of darkness, the chloro-
plasts have been dismantled to the “point of no return,”
and this in part has been caused by the action of genes
such as ANAC092 and PIFs in conjunction with ABA
and ethylene hormone response pathways, all of which
were initially induced in the inflorescences within as
little as 24 h of darkness.

In summary, we have shown that detached dark-
held Arabidopsis inflorescences are a convenient and
informative model system for understanding tissue
response to energy- and nutrient-deprivation stress.
The system revealed that carbohydrate deprivation
drives the initial response and regulates the transcript
accumulation of key genes such as ANAC092, which
control degreening. Translation of these findings using
Targeted Induced Local Lesions in Genomes (Slade and
Knauf, 2005) or targeted editing technologies (Wood
et al., 2011) into commercially relevant vegetables such
as the closely related broccoli (Town et al., 2006) has the
potential for reducing the external energy requirements
necessary for maintaining their quality postharvest. In
addition, the inflorescence system would be expected
to have wider value as a research tool for investigations
into plant adaptation to stress and senescence, given
the strong similarity in the molecular response of the
inflorescence system with that reported for detached
and attached leaves.

MATERIALS AND METHODS
Plant Materials and Treatments

Seeds of Arabidopsis (Arabidopsis thaliana) ecotype Landsberg erecta or
Columbia were germinated and grown in a temperature-regulated growth
chamber (20°C-22°C, 16-h-light/8-h-dark cycle beginning at 4 am, 100 wmol
m2 57! white light, and 60% relative humidity) unless otherwise stated. In-
florescences (growth stages 6.00-6.10; Boyes et al., 2001) from the primary
bolts of 5-week-old Arabidopsis plants were typically used for the experi-
ments. Inflorescences were harvested by excising at the junction between the
peduncle and the pedicel of the lowest unopened floret at the base of the
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inflorescence. The detached inflorescences were treated with plant hormones
by placing their cut ends in wells of a 96-well microtiter plate containing the
hormone dissolved to the appropriate concentration in water. The plant hor-
mones used were 6-benzylaminopurine (B3408; Sigma) and cis-(*)-ABA
(A1049; Sigma). Landsberg erecta detached inflorescences for use in the
microarray analysis were harvested at 3 pm (11 h into the day period) and
either immediately snap frozen in liquid nitrogen and stored at —80°C or
placed at 21°C on blotting paper moistened with 50 mL of nanopure water
inside a 2-L black plastic container. Ten inflorescences from 10 independent
plants were pooled for each time point (0 or 24 h). The whole experiment was
subsequently repeated and the results combined.

The oresara mutants orel (ANAC092/At5g39610), ore3 (EIN2/At5g03280),
ore9 (MAX2/At2g42620), and orel2-1 (AHK3/At1g27320) were kindly pro-
vided by Dr. Hong Gil Nam (Plant Systems Bio-Dynamics Laboratory,
POSTECH). The T-DNA insertion mutants CS859988 (ANAC092), CS66043
(pif3-7/pif4&-2), CS66048 (pif3-7/pif4-2/pil6-1), CS66049 (pifl-1/pif3-7/pif4-2/
pil6-1), and CS66047 (pifl-1/pif3-7/pil6-1) were purchased from The Arabi-
dopsis Information Resource (http://www.arabidopsis.org).

Chlorophyll, Protein Content, and Ion
Leakage Quantification

Chlorophyll was extracted from single inflorescences by incubating in 96% (v/v)
ethanol (10 mg of tissue per 10 uL of ethanol) for 4 d in the dark at 4°C. The
chlorophyll content was then determined from 2 uL of the supernatant by mea-
suring the absorbance at wavelengths 649 and 665 nm with a Nanodrop ND-1000
spectrophotometer and performing calculations as described by Wintermans
and De Mots (1965). To determine the significance in the fold changes in chlo-
rophyll content, the data were log transformed and analyzed using regression
with line and day as factors. The chlorophyll data were log transformed and
analyzed using regression with line (or treatment) and day as factors. The
change in chlorophyll content from day 0 to the other days for each line (or
treatment; Fig. 2) was compared with that of line ecotype Columbia or Lands-
berg erecta (untreated) by Student’s ¢ tests of the regression parameter estimates.

Soluble sugars were extracted from inflorescence tissue (3040 mg; frozen and
ground in liquid N,) using 200 uL of methanol (62.5%, v/v) at 60°C for 15 min.
Extracts were centrifuged at 19,350¢ for 10 min, and sugars were analyzed by
HPLC using a Dionex 3000 UltiMate solvent delivery system (Dionex Softron)
fitted with a Prevail Carbohydrate ES column (250 X 4.6 mm; Grace Davison)
operating in 75% (v/v) acetonitrile at a flow rate of 1 mL min . Sugars were
detected using evaporative light scattering (model PL-ELS; Polymer Laborato-
ries) and quantified against Glc standards in the range 0.2 to 1 mg mL ™.

Soluble proteins were extracted according to the method of Coupe et al. (2003).
In brief, 50 mg of tissue was ground in 500 uL of extraction buffer (100 mm Tris-
HCI, pH 7.6, 10 mm MgSO,, and 10 mm dithiothreitol) incubated on ice for 1 h
with intermittent vortexing, and the cellular debris was pelleted by centrifugation
at 10,000g for 10 min at 4°C. Soluble protein was then determined from the su-
pernatant using the Coomassie dye-binding assay (Bio-Rad Laboratories) with
bovine serum albumin as the standard. Relative electrolyte leakage was deter-
mined according to the method of Jing et al. (2002). Ten inflorescences (approx-
imately 90 mg) at each time point were placed in a 50-mL tube containing 10 mL
of deionized water and incubated at 25°C for 30 min on an orbital shaker (200
rpm). The initial conductivity of the fluid was measured with a Konduktometer
model E527 (Metrohm Herisau). The total conductivity was then determined after
boiling the sample for 10 min, and the relative electrolyte leakage was expressed
as the percentage of the initial conductivity versus total conductivity.

Microarray Analysis

Total RNA was isolated from the inflorescences using Trizol reagent
(Invitrogen) according to the manufacturer’s instructions, cleaned using an
RNeasy Mini RNA isolation kit (Qiagen), eluted in nuclease-free water,
quantified using a Nanodrop ND-1000 spectrophotometer, and then submit-
ted to quality assessment by capillary electrophoresis using an Agilent Bio-
analyzer 2100. The rRNA ratios (28S/18S) obtained for samples were between
1.1 and 1.2. Labeling of each sample was performed using the Affymetrix one-
cycle kit and hybridization to the chips measured with an Affymetrix 7G
Scanner. The microarray results were averages of two independent temporally
separated biological experiments. The results were analyzed using ArrayStar
software, version 3 (DNASTAR), as described below. Analyses were based on
two biological replicates per treatment (0 versus 24 h). Probe intensity data
from the GeneChips were processed in a three-stage procedure using Robust

1369


http://www.arabidopsis.org

Trivellini et al.

Multichip Average (RMA) and the algorithms of Bolstad (2004). For this
analysis, a preprocessing RMA background correction method, a quantile
normalization (Irizarry et al., 2003), and RMA’s median polish summarization
methods were used. Expression levels are based on log, values. Differentially
regulated genes were selected based on the criteria log,(fold change) > 3 and
P < 0.05 with moderated Student’s t test (Smyth, 2004) corrected for multiple
testing (Benjamini and Hochberg, 1995).

qRT-PCR Analysis

Total RNA (1 ug) was treated with DNase (Invitrogen) and used as a
template for cDNA synthesis. cDNA was synthesized from the RNA using
SuperScript III (Invitrogen) and the reverse-strand primer KS-DT (listed in
Supplemental Table S15). After synthesis, the cDNA was diluted 20-fold for
use in quantitative PCR. qRT-PCR was performed in 10-uL reactions using a
LightCycler 480 SYBR Green 1 Master PCR labeling kit (Roche) and Rotor-
Gene 3000 Real Time PCR machine (Corbett Research). The primers were
designed using PrimerQuest (http://eu.idtdna.com/Scitools/Applications/
Primerquest/), PrimerSelect (DNASTAR), or QuantPrime (www.quantprime.
de/) and are listed in Supplemental Table S15. PCR was performed on three
biological replicates of five to six pooled inflorescences. Analysis was carried
out using the method of “comparative quantification” present in the Corbett
Rotor-Gene 6000 Application Software (McCurdy et al., 2008). The reliability
of the data was checked by normalizing to three reference genes, ACT2
(At3g18780), SKP1 (At1g75950), and UBQ14 (At4g02890). The three reference
genes showed similar changes in transcript abundance in the treatments ex-
amined, and results normalized to ACT2 are shown (Supplemental Table S13).

Bioinformatic Analyses

Data sets used in Genevestigator V3 to create Figures 5 and 6 were as follows:
(1) juvenile leaf (10-d-old plant, 1 cm long); (2) adult leaf (three leaves fully
expanded; 12 leaves visible); (3) senescent leaf (35-d-old plant). These three data
sets came from AtGenExpress: Expression Development baseline II courtesy of
the Weigel laboratory available in The Arabidopsis Information Resource re-
pository; (4) pollen (E-MEXP-285: gene family analysis of the Arabidopsis pollen
transcriptome; Pina et al.,, 2005); (5) methyl jasmonate late and OPDA late
(GSE4733: transcriptional regulators of stamen development in Arabidopsis
identified by transcriptional profiling), stamens of opr3 mutants were treated
with 0.03% methyl jasmonate or OPDA and stamens were harvested 22 h after
treatment (Mandaokar et al., 2006); (6) light signaling (GSE3423), rosettes grown
in a 12-h-light/12-h-dark cycle and at the end of night treated under light or
continued darkness (control) for 4 h at low (50 uL L™ [CO,] (Blasing et al.,
2005); (7) low CO,, rosettes grown in a 12-h-light/12-h-dark cycle and at the end
of night treated under light for 4 h either with low (50 uL L™ or normal (350 uL
LY [CO,] (Blasing et al., 2005); (8) Glc 4 h (E-MEXP-475), seedlings grown in
liquid culture for 7 d on Murashige and Skoog medium containing 0.5% Glc,
medium replaced with Glec-free medium for 24 h, then to medium containing 3%
Glc for 4 h (Li et al., 2006); (9) extended night (GSE10016: expression data of
Arabidopsis rosettes in an extended night), whole rosettes were grown in a
14-h-light/10-h-dark cycle and exposed to a 2- and 4-h (early), 6- and 8-h (in-
termediate), or 24- and 48-h (late) extended night (Usadel et al., 2008). Venn
diagrams and general manipulations of data sets were carried out using the
research tools at http://bar.utoronto.ca/welcome.htm.

Enrichment of pathways, gene functions, and organelle associations based on
Gene Ontology and other functional annotation data were identified using
MapMan 3.5.1 (http://mapman.gabipd.org/) and DAVID (http://david.abcc.
ncifcrf.gov/). MapMan 3.5.1 categorized all 1,294 genes (i.e. 1,499 genes minus
pollen-associated genes) that changed 3-fold or more into BINs based on
redundancy-reduced MapMan ontologies (Usadel et al., 2009). MapMan BINs
that changed significantly (P = 0.05) were determined using the Wilcoxon rank
test and corrected for multiple testing using the Benjamini-Hochberg procedure
in the MapMan program. The DAVID bioinformatics tool was also used to ex-
amine the biological significance of the transcriptome changes in the inflores-
cences, as it provided a different statistical and therefore complementary view to
that of MapMan (Huang et al., 2009; Usadel et al.,, 2009). DAVID analysis
identifies significantly enriched biological themes by examining for enrichment
in over 40 different publicly available annotation categories. Unlike in MapMan,
the DAVID algorithm analyzes the up- and down-regulated sets separately.
Significance was determined using a modified Fisher’s exact statistic (EASE
score), and the significantly enriched biological themes were identified as clus-
ters of annotated terms and KEGG_PATHWAYs (Huang et al., 2009). A cluster
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enrichment score of 1.3 for an annotation cluster is equivalent to nonlog scale
0.05, and therefore scores of 1.3 or greater are considered enriched (Huang et al.,
2009). In some instances, a cluster could be significantly enriched yet consist
entirely of terms that themselves did not meet the 0.05 level of significance after
correction for multiple testing using the Benjamini-Hochberg procedure. These
clusters were omitted. Fold enrichment scores were also used to indicate the
magnitude of enrichment for individual terms and KEGG_PATHWAYs, and
fold enrichment scores greater than 1.4 are suggestive of an informative change
(Huang et al., 2009).

Sequence data from this article can be found in the Gene Expression
Omnibus database under accession numbers GSE41099, GSM1008526,
GSM1008527, GSM1008528, and GSM1008529.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Hormones alter the timing of degreening of de-
tached dark-held inflorescences.

Supplemental Figure S2. The majority of genes in up- and down-regulated
inflorescence gene sets are correspondingly up- and down-regulated in
naturally aging leaves well before chlorophyll loss occurs.

Supplemental Figure S3. Genes associated with chloroplast function are
significantly down-regulated in the inflorescences by 24 h.

Supplemental Figure S4. Inflorescence degreening is delayed by treatment
with 3% Glc or Suc.

Supplemental Figure S5. Development is reinitiated when dark-held in-
florescences are brought back out to the light.

Supplemental Figure S6. ANAC092 activity limits the ability of detached
inflorescences to cope with dark stress.

Supplemental Figure S7. Knockout of PIF transcription factors delays
degreening of detached dark-held inflorescences.

Supplemental Table S1. Expression values of 22,810 normalized genes on
the ATH1 Arabidopsis GeneChip microarray (raw data) from two inde-
pendent ATH1 experiments.

Supplemental Table S2. Expression values of significantly regulated genes
(2,096) at the 95% confidence level in dark-detached Arabidopsis inflo-
rescences.

Supplemental Table S3. Expression values of significantly regulated genes
showing at least 3-fold up-regulation in dark-detached inflorescences.

Supplemental Table S4. Expression values of significantly regulated genes
showing at least 3-fold down-regulation in dark-detached inflorescences.

Supplemental Table S5. Developmental leaf senescence gradient data for
inflorescence up-regulated genes (data from Breeze et al., 2011).

Supplemental Table S6. Developmental leaf senescence gradient data for
inflorescence down-regulated genes (data from Breeze et al., 2011).

Supplemental Table S7. Meta-analysis of 758 inflorescence up-regulated
genes.

Supplemental Table S8. Meta-analysis of 741 inflorescence down-
regulated genes.

Supplemental Table S9. Transcript accumulation changes of inflorescence
genes in light treatment (data from Blésing et al., 2005).

Supplemental Table S10. MapMan functional groupings of genes summa-
rized in Table II whose mRNA abundance changed 3-fold or more.

Supplemental Table S11. List of genes behind the overrepresented up-
regulated clusters of Table III (553-gene set).

Supplemental Table S12. List of genes behind the overrepresented down-
regulated clusters of Table IV.

Supplemental Table S13. Validation of the effect of carbohydrate status on
inflorescence gene expression.
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Supplemental Table S14. Table from Baena-Gonzilez et al. (2007) on
KIN10-activated genes with inflorescence data added.

Supplemental Table S15. Primers used in qRT-PCR.
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