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In angiosperms fruit formation is triggered by fertil-
ization, which occurs in the ovule. As a consequence of 
fertilization, the ovule develops into a seed while the 
ovary differentiates into a fruit (Coombe, 1975). Fruits 
evolved to protect and provide nutrients for the em-
bryos, which grow and differentiate within the seeds 
(Müntz et al., 1978). Once embryos have completed 
their development, fruits contribute to their disper-
sal. To perform these functions, fruits and seeds must 

communicate throughout their development. Coordi-
nation between the mother plant and the developing 
generation is a highly complex process that relies on 
a variety of chemical mediators, such as hormones, 
proteins, peptides, mRNAs, small RNAs, and noncod-
ing RNAs (Lindsey, 2001; Jones-Rhoades et al., 2006; 
Corbesier et al., 2007; Tamaki et al., 2007; Kalantidis 
et al., 2008; McAtee et al., 2013). Moreover, signals de-
rived from pollen (O’Neill, 1997; O’Neill and Nadeau, 
2010), ovules (Gillaspy et al., 1993), or other vegetative 
tissues (Nitsch, 1952) can stimulate fruit development. 
Indeed, the occurrence of seedless fruits, whether par-
thenocarpic (in which case they develop in the absence 
of fertilization) or stenospermocarpic (in which case 
fertilization occurs but seeds abort precociously), in-
dicates that fruit and seed communication can be out-
flanked (Mazzucato et al., 1998; Varoquaux et al., 2000; 
Pandolfini, 2009; Rojas-Gracia et al., 2017).

The fruit of the model plant species Arabidopsis 
(Arabidopsis thaliana), known as the silique, is a dry de-
hiscent fruit that mechanically opens at maturity, re-
leasing the seeds. Siliques develop from a gynoecium 
composed of two fused carpels linked by a central tissue 
named the septum (Rollins, 1993). Fertilization induc-
es a rapid transformation of the gynoecium, leading to 
the development of the silique; this process can be di-
vided into two distinct phases, encompassing growth 
and maturation. The first phase begins immediately 
after fertilization and determines the final size of the 
silique, which is reached at 6 to 7 DPA (Vivian-Smith 
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and Koltunow, 1999). Growth of the silique in length 
and width involves cell division and cell expansion 
(Vivian-Smith and Koltunow, 1999). Once the silique 
has reached its final size, it quickly enters the matura-
tion phase, which leads to the ripening and the subse-
quent senescence of the fruit. The effect of maturation 
is clearly visible by around 12 DPA, when the green 
color of the silique begins to turn yellowish. However, 
this visible phenotype is anticipated by several molec-
ular events, such as the decline in chlorophyll content 
that begins before the yellowing becomes apparent.

The transcriptomic data on Arabidopsis fruit devel-
opment currently available derive from a few surveys 
based on microarray analysis (Wagstaff et al., 2009; 
Carbonell-Bejerano et al., 2010; Jaradat et al., 2014). 
Furthermore, these studies analyzed mutant lines 
(eceriferum) or explored relatively late developmental 
stages (10 and 20 DPA) or siliques including the seeds, 
making it almost impossible to distinguish between 
fruit and seed development at the molecular level.

In our investigation, we have used next-generation 
sequencing to extend our knowledge of the molecu-
lar mechanisms that control the early stages of silique 
formation and the sequence of maturation events. We 
provide a comprehensive transcriptomic analysis of 
Arabidopsis fruits, devoid of seeds, at 3, 6, 9, and 12 
DPA, which allows us to identify genes with potential 
roles in silique formation and maturation. Through a 
reverse genetics approach, we demonstrate that tran-
scription factors, cytoskeletal proteins, and enzymes 

that modulate hormone homeostasis are intimately in-
volved in these processes.

RESULTS

Expression Analysis Identifies Three Classes of 
Differentially Expressed Genes

In order to determine which genes are involved in 
Arabidopsis silique development, siliques at 3, 6, 9, 
and 12 DPA from Columbia-0 (Col-0) plants (Fig. 1A) 
were collected. The first two time points (3 and 6 DPA) 
are representative of the growth stage of the siliques, 
while the other two (9 and 12 DPA) correspond to the 
silique’s maturation phase. Seeds were removed man-
ually, such that the poly(A) RNA extracted and sub-
jected to Illumina sequencing was derived solely from 
maternal fruit tissues. The number of reads for each 
replicate is reported in Supplemental Figure S1A.

Principal component analysis of the sequences sam-
pled at the four time points shows that they are well 
separated along the first component, which explains 
56% of the variability (Supplemental Fig. S1B). Bio-
logical replicates were grouped together, with the sec-
ond and third time points (6 and 9 DPA, respectively) 
showing higher variability than the first and last time 
points (3 and 12 DPA).

Two computational packages were used to identify  
differentially expressed genes, edgeR and Limma, which 

Figure 1. RNA sequencing (RNAseq) strategy used to explore the mechanisms controlling fruit formation and maturation. A, 
Developmental series of Arabidopsis siliques from the flower bud (−1 DPA) to the mature fruit (14 DPA). Numbers below the 
siliques indicate the DPA. The siliques at 3, 6, 9, and 12 DPA, marked with asterisks, were opened and the seeds were removed 
prior to use for RNAseq analysis. The image shown is a composite image. Bar = 1 mm. B, Venn diagram shows the number of 
up-regulated (boldface), down-regulated (underlined), and alternative behavior (italics) genes across all comparisons performed 
using the selected cutoff (fold change of 2.5 and P = 0.001; see “Materials and Methods”). The four pairwise comparisons  
(6 versus 3 DPA, 9 versus 6 DPA, 12 versus 9 DPA, and 12 versus 3 DPA) show only two values, since, by definition, genes can 
only be either up-regulated or down-regulated. The center of the Venn diagram (i.e. the yellow portion) shows the number of dif-
ferentially expressed genes considered in this work: 4,240 up-regulated genes (Supplemental Table S1), 5,813 down-regulated  
genes (Supplemental Table S2), and 581 genes that showed an alternative behavior (Supplemental Table S3–S6).
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have been shown previously to have a Spearman cor-
relation coefficient of 0.9 through the analysis of mouse 
data sets (Seyednasrollah et al., 2015). In our case, the 
two packages also gave very similar results, although 
Limma was more stringent (Supplemental Fig. S2). 
Therefore, we decided to consider the Limma outputs 
for further analyses, even though all the genes ana-
lyzed by reverse genetics in this study were differen-
tially expressed according to both computational tools.

Based on the adopted cutoff (fold change of 2.5 and 
P = 0.001; see “Materials and Methods”), genes were 
grouped into three classes (Fig. 1B). Up-regulated genes 
consistently and significantly increased their transcrip-
tion rate between the two end points in the time 
series; conversely, the expression of down-regulated 
genes diminished steadily from the first time point to  
the last. All genes displaying both up- and down- 
regulated profiles, depending on the time points  
considered, were defined as exhibiting alternative behav-
ior (Fig. 1B). Among the alternative behavior genes, we 
performed a visual inspection of the hierarchical clus-
tering results to identify meaningful subgroups; thus, 
four different clusters were defined (Supplemental Fig. 
S3; see “Materials and Methods”). With this approach, 
we defined 4,240 up-regulated genes (Supplemental 
Table S1), 5,813 down-regulated genes (Supplemen-
tal Table S2), and 581 genes with alternative behav-
iors (Supplemental Table S3–S6). In all, 11,274 genes 
showed no significant change in their expression level 
over the four stages analyzed.

Gene Ontology Analysis Reveals the Functions of the 
Differentially Expressed Genes

Changes in gene expression underlie differences in 
biological functions; using the agriGO software (Du 
et al., 2010), we explored the gene ontologies (GO) that 
were enriched among the previously defined groups 
(up- and down-regulated genes and genes showing 
alternative behaviors; see Supplemental Figs. S4, S5, 
and S6, respectively). Within the group of up-regulated  
genes, we identified GO categories for biological 
processes (GO:0050789/GO:0065007), cell communi-
cation (GO:0007154), regulation of cellular processes 
(GO:0050794), response to stimuli (GO:0050896), to-
gether with some of their child terms, and participa-
tion in secondary metabolism (GO:0019748). Functions 
in secondary metabolism (GO:0019748) also were asso-
ciated with genes assigned to the alternative behavior 
sets. This reflects the fact that siliques are sink organs 
(Robinson and Hill, 1999), in which secondary metab-
olites, like trehalose and ascorbic acid, are produced 
soon after fertilization, whereas others, such as malt-
ose, sorbitol, and galactinol, accumulate during silique 
maturation (Watanabe et al., 2013).

Among the down-regulated genes, GO terms related 
to cellular component organization (GO:0016043), cell 
cycle (GO:0007049), photosynthesis (GO:0015979), and 
carbohydrate metabolic processes (GO:0005975) were 
enriched. The down-regulation of these gene sets reflects 

alterations in cell division and cell expansion rates, 
which are high during the early phases of fruit growth 
and diminish in later stages of fruit development and  
maturation (Vivian-Smith and Koltunow, 1999). Fur-
thermore, chlorophylls are degraded, without being re-
placed, during silique maturation (Wagstaff et al., 2009; 
Jaradat et al., 2014); consequently, photosynthesis- 
related genes are found consistently in this group.

Expression Analysis of Genes with Known Functions 
Proves the Robustness of the Transcriptome Data Set

The expression profiles of genes already known to 
be involved in silique formation and maturation were 
used to verify the quality of our data set (Table 1). For 
instance, the MADS box gene AGAMOUS (AG), which 
encodes a transcription factor that is responsible for 
determining the fate of the fourth whorl of the flower  
and later orchestrates silique shattering (Ferrándiz, 
2002; Dinneny et al., 2005), is highly expressed at all 
of the four time points analyzed. Furthermore, among 
genes known to promote cell expansion, LONGIFOLIA1 
(LNG1), LNG2, ROTUNDIFOLIA3 (ROT3), ANGUS-
TIFOLIA (AN), and ATHB13 (Homeobox-Leu zipper 
protein ATHB-13; Tsuge et al., 1996; Kim et al., 1998, 
1999, 2002, 2005; Hanson et al., 2001; Lee et al., 2006; 
Prasad et al., 2010) are present in our data set. More 
specifically, ROT3 expression increases between 3 and 
6 DPA and then decreases until 12 DPA; therefore, 
ROT3 is found among the alternative behavior genes. 
In contrast, LNG1, LNG2, AN, and ATHB13 are among 
the down-regulated group, since they are strongly ex-
pressed at 3 DPA and their expression decreases with 
the onset of maturation, in agreement with their role 
in promoting cell expansion, which is concluded at 
6 DPA.

Fruit development and maturation are strictly reg-
ulated by hormones (Kumar et al., 2014). In Supple-
mental Table S7, a list of genes involved in hormone 
metabolism, and differentially expressed in our sam-
ples, is provided. Among the five classical hormones, 
ethylene is known to play a key role in silique matu-
ration (Kou et al., 2012). Ethylene is synthesized from 
Met, which is converted into S-adenosylmethionine 
by ACS (1-aminocyclopropane-1-carboxylate synthase)  
enzymes. Of the nine Arabidopsis ACS genes, only a 
few were found to be up-regulated in our data sets 
(Supplemental Table S7), such as ACS2 (Kou et al., 
2012) and ACS7 (Tsuchisaka et al., 2009). ACS6 is 
found in the down-regulated gene set, although it is 
robustly transcribed during all the stages of fruit de-
velopment taken into consideration. The ACC oxidase 
(ACO) enzymes, which are involved in the final step 
of the ethylene biosynthetic pathway, convert 1-amino-
cyclopropane-1-carboxylic acid (ACC) into ethylene. 
Among the five Arabidopsis ACO enzymes, ACO2 
and ACO4 are assigned to the group of up-regulated 
genes, whereas ACO3 transcription increases quickly 
and reaches its maximum at 9 DAP before decreasing 
slightly by 12 DAP. Interestingly, AtNAP (NAC-LIKE, 
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ACTIVATED BY AP3/PI, NAC029), a NAC transcrip-
tion factor whose expression increases over the course 
of silique development and whose product orches-
trates ethylene biosynthesis (Kou et al., 2012), also is 
represented in the list of up-regulated genes. Besides 
AtNAP,41 more NAC-encoding genes are assigned 
to the up-regulated group, 4 NAC genes are listed 
as alternative behavior, and 15 are part of the down- 
regulated gene set (Supplemental Table S8). NAC 
DNA-binding proteins are plant-specific transcription 
factors; in Arabidopsis, the NAC family so far includes 
138 genes whose products play pivotal roles in plant 
development, hormone signal transduction, and stress 
responses (Shao et al., 2015). In agreement with the 
up-regulation of AtNAP, the transcription factor EIN3 
(ETHYLENE INSENSITIVE3), a positive regulator of 
ethylene signal (Kou et al., 2012), also is found among 
the up-regulated genes. AtNAP expression is triggered 
by EIN3 (Kim et al., 2014), which modulates the ex-
pression of several ethylene-responsive factors that 
act in response to ethylene, abscisic acid, and jasmonic 
acid as well as to biotic and abiotic stresses. Indeed, 
several ethylene-responsive factor genes are differen-
tially expressed in our data sets (Supplemental Table 
S8), including ABI4 (ABSCISIC ACID INSENSITIVE4; 
Dong et al., 2016) among the up-regulated genes and 
CYTOKININ RESPONSE FACTOR2 (CRF2) and CRF4 
among the down-regulated genes. ABI4 is an intriguing 
transcription factor, since it antagonizes ethylene pro-
duction (Dong et al., 2016) and is involved in plastid- 
to-nucleus and mitochondrion-to-nucleus retrograde 
signaling (Giraud et al., 2009; León et al., 2013).

The latter phase of silique development also is 
characterized by events relating to dehiscence, which 
together result in seed release upon pod shattering. 
Silique shattering includes the gradual breakdown 
of silique tissues, and this process is tightly regulated  
(for review, see Matilla, 2007). However, since the 
last time point considered here is 12 DPA, before any 

signs of shattering become manifest, we do not expect 
the genes involved in this process to be differentially 
expressed yet. Indeed, all the genes known to be in-
volved in pod shattering are present in our data set,  
but only SHATTERPROOF1 (SHP1) shows a statistically  
significant increase in its expression during silique 
development (Liljegren et al., 2000). SHP1 is a MIKC 
MADS box transcription factor (Masiero et al., 2011), 
and nine other MIKC MADS box genes are included  
in the list of up-regulated genes; among them are 
AGAMOUS-LIKE15 (AGL15), AGL18, and SHORT 
VEGETATIVE PHASE, which might cooperate to slow 
down fruit maturation (Fernandez et al., 2014).

To further assess the reliability of the RNAseq data 
set, the expression profiles of 202 nuclear genes known 
to be involved in chloroplast-related functions, such as 
photosynthesis (42 genes), tetrapyrrole biosynthesis 
(26 genes), plastid protein translation (31 genes), RNA 
metabolism (13 genes), chlorophyll degradation (nine 
genes), plastid protein chaperone and degradation 
(35 genes), plastid protein import (20 genes), plastid 
membrane metabolism (five genes), nucleus-to-plastid  
anterograde signaling (seven genes), and plastid-to- 
nucleus retrograde signaling (14 genes), were inves-
tigated (Fig. 2A; Supplemental Fig. S7; Supplemental 
Table S8). As expected, the expression profiles of genes 
coding for components of the photosynthetic machin-
ery, including PSI and PSII, the light-harvesting com-
plexes a (Lhca) and b (Lhcb), cytochrome b6f, the small 
subunit of Rubisco (RbcS), and subunits of ATP syn-
thase, showed no significant change between 3 and 6 
DPA before exhibiting a marked decrease at 9 and 12 
DPA. The tetrapyrrole biosynthesis pathway, includ-
ing its chlorophyll and heme branches, followed a 
similar general trend, with a slight decrease between 3 
and 6 DPA and a marked reduction at 9 and 12 DPA. A 
similar expression pattern also was exhibited by genes 
encoding proteins involved in plastid gene expression, 
such as plastid ribosomes and plastid factors with a 

Table 1. Expression of genes known from the literature to be involved in fruit formation or maturation

AtG Code Name Acronym 3 DAP 6 DAP 9 DAP 12 DAP Group

AT5G15580 LONGIFOLIA1 LNG1 6.385 3.924 1.427 −0.115 Down
AT3G02170 LONGIFOLIA2 LNG2 6.329 3.373 2.947 3.794 Down
AT4G36380 ROTUNDIFOLIA3 ROT3 4.098 5.461 4.864 3.525 Alternative
AT1G01510 ANGUSTIFOLIA AN 5.622 5.192 4.414 4.099 Down
AT1G69780 ATHB13 ATHB13 5.629 4.127 3.247 1.261 Down
AT4G18960 AGAMOUS AG 5.511 5.126 5.213 5.274
AT5G67110 ALCATRAZ ALC 6.802 6.989 7.099 5.845
AT5G60910 FRUITFULL FUL 7.216 6.413 7.079 7.079
AT4G00120 INDEHISCENT IND 3.698 3.950 4.413 3.982
AT2G45190 FILAMENTOUS FLOWER FIL 3.439 3.864 3.822 2.664
AT1G68480 JAGGED JAG −1.461 −0.659 −4.440 −4.592 Down
AT5G02030 REPLUMLESS RPL 5.176 5.458 5.825 6.368
AT4G09960 SEEDSTICK STK 6.365 5.582 6.691 6.001
AT2G42830 SHATTERPROOF2 SHP2 4.358 5.042 4.400 3.565
AT3G58780 SHATTERPROOF1 SHP1 6.315 5.088 5.933 7.010 Up
AT4G00180 YABBY3 YAB3 1.451 2.668 2.796 1.663
AT1G69490 NAC-LIKE, ACTIVATED BY 

AP3/PI
AtNAP −0.021 2.244 3.231 4.413 Up

AT1G04580 ALDEHYDE OXIDASES4 AAO4 3.422 8.012 9.495 9.552 Up
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role in RNA metabolism. In particular, the expression 
of nuclear genes coding for plastid ribosomal proteins, 
for plastid RNA helicases of the DEAD/DEAH box 
family, and for plastid pentatricopeptide repeat pro-
teins displayed a general decrease over the sampling 
time frame from 3 to 12 DPA. Conversely, the expres-
sion profiles of genes involved in chlorophyll degrada-
tion were characterized by a continuous increase from 
3 to 12 DPA, in accordance with the marked structural 
alterations that chloroplasts undergo in the course of 
their metamorphosis into gerontoplasts during fruit 
maturation. Chloroplasts as well as the other plastid 
types, such as gerontoplasts and chromoplasts, need 
to communicate with the nucleus to modulate and 
harmonize the expression of the nuclear and plastid 
genomes. Our data show that the expression of nu-
clear genes involved in nucleus-to-chloroplast com-
munication (i.e. anterograde signaling), including the  
nucleus-encoded RNA polymerase and the RNA poly-
merase Sigma factors (SigA–SigF), was down-regulated 
once chloroplasts were committed to turn into geron-
toplasts, the only exception being SigE, whose expres-
sion doubled from 3 to 12 DPA (Supplemental Fig. S7; 
Supplemental Table S8). In contrast, the expression of 
genes involved in chloroplast-to-nucleus communi-
cation (i.e. retrograde signaling pathway) remained 
rather stable during fruit aging, and only small differ-
ences in the expression of STN7 (up-regulated by 33%  
from 3 to 12 DPA) and PRIN2 (down-regulated by 
31% from 3 to 12 DPA) could be detected. The transition 
from chloroplast to gerontoplast also is accomplished 
through modifications of plastid membranes and the 
plastid proteome. As expected, nuclear genes encod-
ing the CURT proteins, involved in the maintenance  
of thylakoid membrane ultrastructure, were down- 
regulated, whereas the expression of the VIPP1 gene, 
encoding VESICLE-INDUCING PROTEIN IN PLAS-
TIDS1, remained constant. In general, genes for the 
plastid import apparatus (i.e. TIC and TOC proteins) 
were slightly down-regulated from 3 to 12 DPA. Only 
in a few cases were larger changes in gene expression 
observed, such as for TIC20-IV (up-regulated by about 
4-fold from 3 to 12 DPA) and TIC62 (down-regulated 
by 4-fold). In contrast, no major changes in expression 
were observed among genes encoding plastid chaper-
ones or proteases, indicating that the plastid proteome 
also is controlled at the posttranscriptional level.

To verify the collinearity between transcript levels 
and photosynthesis-related protein accumulation, as  
shown previously for the Calvin cycle and amino acid 
biosynthesis pathways in the chloroplast (Piechulla  
et al., 1985; Kleffmann et al., 2004), immunoblot analyses 
were performed (Fig. 2B). Using Lhca2- and Lhcb3- 
specific antibodies, we measured the accumulation of 
the proteins that harvest the light energy and transfer it 
to the photosystems. In agreement with the transcrip-
tomic data, Lhc accumulation decreased in old siliques 
at 9 and 12 DPA. The same behavior was observed for 
PsbO, a subunit of the oxygen-evolving complex and 
part of the PSII (Suorsa et al., 2016), and for the plastid 

ribosomal proteins of both the small (30S) and large  
(50S) subunits (PRPS1 [PLASTID RIBOSOMAL PRO-
TEIN SMALL1] and PRPL4 [PLASTID RIBOSOMAL 
PROTEIN LARGE4]; Romani et al., 2012). Furthermore, 
Coomassie Brilliant Blue staining of total protein ex-
tracts demonstrated that, at 12 DAP, both the large and 
small subunits of Rubisco accumulate poorly (Fig. 2B), 
in agreement with a previous observation in leaves, 
where the degradation of Rubisco was proposed at  
the basis of senescence (Breeze et al., 2011). In contrast,  
proteins with a key role in senescence-associated changes 
accumulate in large amounts in fruits at 12 DAP, such 
as the enzyme PHEOPHORBIDE A OXYGENASE 
(PAO), which catalyzes the key reaction of chlorophyll 
catabolism (Ghandchi et al., 2016). A small amount of 
PAO mRNA is present at 3 DPA but a lot is accumu-
lated at 12 DPA, showing a perfect collinearity with 
the enzyme amount. Filters also were immunodecorated  
with an anti-H3 antibody, as a control for loading (Chen 
et al., 2016).

RNAseq Data Validation through Promoter Expression 
Analysis

To further validate the RNAseq data, the silique tran-
scriptome data sets were analyzed using promoter-driven  
GUS assays. In particular, we analyzed the promoter 
activity of the FLOWERING LOCUS T (pFT), LIPOX-
YGENASE3 (pLOX3), and LOX4 (pLOX4) genes from 
the up-regulated group, ABA INSENSITIVE5 (pABI5) 
from the alternative behavior group, and RESPONSE 
REGULATOR15 (pARR15) and LOX2 (pLOX2) genes as 
representative of the down-regulated gene set (Fig. 3; 
Supplemental Table S9). The putative promoter regions 
of these genes were cloned upstream of the GUS reporter 
gene, and the siliques of the corresponding transgenic  
lines were analyzed at 3, 6, 9, and 12 DPA, the same 
time points used for the RNAseq analysis (Fig. 3). These 
genes were selected because they display high levels 
of expression or pronounced variations among at least 
three of the four different time points, facilitating the ob-
servation and quantification of the differences.

In fruits at 3 and 6 DPA, the enzymatic activity of the 
GUS protein expressed under the control of pFT is de-
tected in the replum, in the septum, and in the pedicel, 
while at 9 and 12 DPA, the blue staining also is visible 
in the valves, thus confirming the transcriptome data, 
which show a consistent increase of FT transcripts 
during the development of the silique.

For pLOX3 and pLOX4, the signal at 3, 6, and 9 DPA 
is restricted to the basal part of the siliques, in the pedi-
cel for pLOX4 and in the abscission zone for pLOX3. At 
12 DPA, pLOX3 also drives GUS activity in the valves, 
in the replum, in the septum, and in the pedicel, while 
the signal of pLOX4 is visible only in some areas of 
the valves. The expression of pLOX3 and pLOX4 in the 
two early stages and at 12 DPA confirm the transcrip-
tome data. Nevertheless, we could not detect any GUS 
activity at 9 DPA, although the transcriptome data set 
indicates that both genes are expressed strongly at this 
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Figure 2. Expression patterns of genes involved in chloroplast-related functions. A, Expression of genes involved in photosyn-
thesis (i.e. encoding subunits of the thylakoid electron transport chain, tetrapyrrole biosynthesis, plastid ribosomal protein, RNA 
metabolism, and chlorophyll degradation). Each line describes the expression pattern of a single gene; the core values for each 
cluster are plotted in black. The percentage of expression was defined as the ratio between expression values at every single 
time point and the sum of the values of all the time points, given as 100%. The expression values of all the genes are reported in 
Supplemental Table S9. B, Immunoblot analyses of total protein extracts from 3-, 6-, 9-, and 12-DPA developing Col-0 siliques, 
whose seeds have been removed manually. Total protein extracts obtained from identical silique fresh weight were fractionated 
by SDS-PAGE (12% polyacrylamide) and transferred on polyvinylidene difluoride filters. Filters were then immunodecorated 
using antibodies specific for LhcA2, LhcB3, PsbO, PRPS1, PRPL4, PAO, and Histone H3 proteins. A replicate SDS-PAGE gel 
stained with Coomassie Brilliant Blue (C.B.B.) is shown as a loading control. One out of three immunoblots for each antibody 
is shown.
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stage, suggesting the lack of important regulatory ele-
ments in the cloned DNA fragments.

By contrast, in pABI5::GUS fruits at 3 DPA, the en-
zymatic activity of the GUS protein is detected in the 
valves, in the style, and in the pedicel. After this stage, 
the signal dropped off drastically, remaining only in 
the pedicel, in the apical part of the valve tissue, in 

the style, and in some funiculi. These data confirm the 
trend of transcriptome levels detected by RNAseq be-
tween 3 and 6 DPA, while at 9 and 12 DPA, the GUS 
assay failed to reveal the ABI5 transcript increase.

In the case of pLOX2, GUS activity is detected in 
the whole silique and in the pedicel from 3 to 12 
DPA, in agreement with the high level of transcript 

Figure 3. Promoter-driven GUS expression analysis to validate RNAseq data. The expression of the promoters of FT, LOX3, 
LOX4, ABI5, LOX2, and ARR15 fused to the GUS reporter gene was evaluated on the basis of UidA enzymatic activity. Si-
lique images are representative of analyses performed on 10 siliques for each stage and transgenic line. At right, the level of 
expression of each gene (according to the RNAseq data reported in Supplemental Table S10) is shown. The images shown are 
composite images. Bars = 1 mm.
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accumulation observed by RNAseq, although the en-
zyme assay failed to reveal the decrease in LOX2 tran-
script observed in the transcriptome data set, possibly 
due to the lower sensitivity of the GUS staining.

On the other hand, ARR15 promoter activity is ob-
served in the entire silique and in the pedicel at 3 DPA, 
but its expression is restricted to the apical part of the 
silique and the pedicel at 6 DPA and persists only in 
the pedicel at 9 and 12 DPA, which is consonant with 
the transcriptome data.

Novel Genes Involved in Fruit Development and 
Maturation

Our data set indicates that more than 10,000 genes are 
differentially expressed among the four time points we 
chose, and the extent of the differences confirms the notion 
that our samples represent four different developmental 
stages. Furthermore, the robustness of our RNAseq-based 
silique transcriptome could be confirmed by several in-
dependent approaches, as detailed above, prompting 
us to query the data set for novel genes with key roles 
in fruit formation. To this end, we selected a few genes 
whose expression levels change substantially among the 
selected time points. These genes (Table 2) were chosen 
from all three classes of differentially expressed genes 
and are associated with different GO classes, includ-
ing transcription factors (AGL15, SPL15, NAC058, and 
AT3G60670), hormone signaling (AT2G30810), metabolic  
processes (UGT73C1), histone modification (HDA3), 
housekeeping roles (TUB6), and genes of unknown func-
tion (AT5G10625 and AT3G01323).

The expression profile of each of the selected  
genes was first validated by reverse transcription 

quantitative PCR (RT-qPCR) analysis (Fig. 4). However,  
the most common reference genes used for normal-
ization in Arabidopsis, such as ACTIN2/ACT2, ACT7, 
ACT8, ELONGATION FACTOR 1α/EF1α, EUKARYOTIC  
TRANSLATION INITIATION FACTOR4A-1/eIF4A,  
TUBULIN2/TUB2, TUB6, TUB9, UBIQUITIN4/UBQ4,  
UBQ5, UBQ10, UBQ11, and GLYCERALDEHYDE-3- 
PHOSPHATE DEHYDROGENASE/GAPDH (Czechowski 
et al., 2005; Gutierrez et al., 2008), showed quite vari-
able and stage-dependent expression in our data set 
(Supplemental Table S11). For instance, ACT2, TUB2, 
and TUB6 were in the group of down-regulated genes. 
Therefore, stably expressed genes that could be used 
as internal reference genes first had to be identified. 
In particular, we selected UBC9 and PP2A as internal 
reference genes (already suggested by Czechowski  
et al. [2005] as two of the best housekeeping genes 
for developmental series), which are highly and sta-
bly expressed at all four time points considered in our 
transcriptome analysis (Supplemental Table S10). The 
RT-qPCR results (Fig. 4) support our transcriptome 
data, with the sole exception of UGT73C1 at the 12-
DPA stage. This gene belongs to a multigene family 
encoding UDP-glycosyltransferases, whose members 
share a high degree of similarity (Li et al., 2001), which 
complicates the expression analyses. Insertion mutant 
lines for the selected genes also were isolated, and the 
transcript levels in mutant and Col-0 siliques were 
compared by RT-qPCR. The sampling time points for 
RT-qPCR analysis were chosen based on the gene ex-
pression patterns (Fig. 4) in order to detect the gene 
expression peak; thus, the down-regulated genes were 
analyzed at 3 DPA while all the up-regulated genes 
and NAC058 were examined at 9 DPA. As shown 
in Figure 5A, nine T-DNA insertion lines exhibited 

Table 2. Expression of selected genes analyzed in this study

AtG Code Name Acronym 3 DAP 6 DAP 9 DAP 12 DAP References

Cluster: up-regulated
 AT5G13790 AGAMOUS-LIKE15 AGL15 1,607 3,617 4,514 3,233 Fang and Fernandez 

(2002)
 AT2G36750 UDP-GLUCOSYL TRANS-

FERASE73C1
UGT73C1 1,752 1,005 2,022 3,629 Hou et al. (2004)

 AT3G60670 PLATZ transcription factor 
family gene

−3,388 1,290 2,847 4,129

 AT5G10625 Unknown function −2,349 −1,859 2,712 7,879
Cluster: down-regulated
 AT3G44750 HISTONE DEACETY-

LASE2A/HISTONE 
DEACETYLASE3

HDA2A/HDA3 4,790 4,728 2,935 3,370 Wu et al. (2000)

 AT5G12250 BETA-6 TUBULIN TUB6 8,886 8,821 6,727 4,167 Czechowski et al. 
(2005); Gutierrez  

et al. (2008)
 AT3G57920 SQUAMOSA PROMOT-

ER BINDING PRO-
TEIN-LIKE15

SPL15 2,635 0,085 −0,857 −1,661 Schwarz et al. (2008)

 AT2G30810 GA-regulated family gene 7,416 2,513 −2,858 −3,818
 AT3G01323 Unknown function 4,008 −0,564 −1,851 −4,592
Cluster: alternative behavior
 AT3G18400 NAC DOMAIN CONTAIN-

ING PROTEIN58
NAC058 −4,691 −3,143 4,759 1,802 Coego et al. (2014)
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marked reductions in transcript abundance relative to 
Col-0, while the T-DNA insertion into the AT2G30810 
gene caused an overaccumulation of the correspond-
ing transcripts.

The length and width of Col-0 and mutant siliques 
were then measured to deduce possible roles for the 
corresponding gene products in fruit growth (Fig. 5, B 
and C). Forty siliques for each genotype were measured 
in two different biological replicates, and interestingly, 
the siliques of agl15, hda3, tub6, spl15, at5g10625, and 
at3g01323 were reduced significantly in length with 
respect to Col-0, whereas reductions in silique width 
were observed in hda3 and at5g10625 mutant lines. 
Thus, HDA3 and AT5G10625 appear to be involved in 
the silique growth program in terms of both length and 
width, while AGL15, TUB6, SPL15, and AT3G01323 
seem to be involved in functions that affect only one of 
these dimensions.

We also considered silique maturation, and this trait 
was evaluated by three different approaches that are 
used routinely to detect leaf senescence: (1) Trypan 
Blue assay (van Wees, 2008); (2) measurements of the 
quantum efficiency of PSII electron transport (Wingler 
et al., 2004); and (3) visual assessment of yellowing, 
combined with chlorophyll a and b measurements, 
during silique senescence (Ougham et al., 2008).

The viability of the silique cells was explored using 
the Trypan Blue dye-exclusion method (Fig. 6A; Sup-
plemental Figs. S8 and S9), which allows one to visu-
alize dead and dying cells (van Wees, 2008). In Col-0 
siliques, we detected cell death in the stigma and in 
the gynophore, starting from 3 DPA and continuing to 
12 DPA (Fig. 6A). Moreover, at later stages (9 and 12 
DPA), portions of the funiculi and septum were found 
to be positive for Trypan Blue staining. A similar stain-
ing pattern was observed in eight of the 10 mutants 
analyzed, the exceptions being hda3 and at2g30810. 
More specifically, in hda3 fruits at 12 DPA, most of 
the funiculi and the septum displayed a markedly 
intense coloration, indicating widespread cell death 
in these regions. In contrast, in at2g30810, portions of 
the valves were already blue at 6 DPA, suggesting pre-
mature senescence of the silique; moreover, the blue 
cells are grouped in spots with a typical pattern (Fig. 
6A; Supplemental Fig. S8). The precise quantification 
of the blue area (Supplemental Fig. S9) revealed that 
hda3 differs from Col-0 siliques only at 12 DPA, while 
at2g30810 siliques already show differences at 3 DPA 
and in all the other considered time points.

In order to monitor fruit senescence, we also mea-
sured the photosynthetic performance of PSII in the 
siliques with a Dual-PAM chlorophyll fluorometer 
(Wingler et al., 2004; Brooks and Niyogi, 2011; Scarpeci 
et al., 2017). Before analyzing the selected mutants with 
respect to the quantum efficiency of PSII, we conducted 
a preliminary experiment to exclude any contribution 
to PSII photosynthetic performance from embryo chlo-
roplasts, as proplastids differentiate into photosynthet-
ically active chloroplasts during embryo development 
in Arabidopsis (Mansfield and Briarty, 1991). To this 

end, we chose arf8-4 plants, which can develop par-
thenocarpic fruits if the anthers are removed manually 
(Vivian-Smith et al., 2001; Goetz et al., 2006). Measure-
ments of the quantum efficiency of PSII at 3 and 6 DPA 
were performed on the Landsberg erecta (Ler) ecotype 
and compared with the data for self-pollinated and 
emasculated arf8-4 flowers, respectively. Moreover, to 
exclude the possibility that the removal of all of the flo-
ral organs surrounding the carpel in the emasculated 
arf8-4 siliques might affect the photosynthetic efficiency 
of the mutant, we also removed all the floral organs 
prior to manual pollination of Ler and arf8-4 pistils (we 
called these samples Ler naked and arf8-4 naked). In-
terestingly, measurements of the quantum efficiency 
of PSII did not reveal any differences among the mu-
tants and the control, supporting the notion that the 
measured PSII efficiency refers to silique chloroplasts 
and does not include any contribution from the chloro-
phyll in embryos (Supplemental Fig. S10A). To further 
validate this observation, we used PRPL28/prpl28 het-
erozygotes (Romani et al., 2012), in which one-fourth 
of the embryos that develop inside the siliques are al-
binos. Once again, we failed to detect any differences 
in photosynthetic efficiency between the mutant and 
Col-0 siliques (Supplemental Fig. S10B). The analysis 
of the photosynthetic ability of the mutant siliques re-
vealed several degrees of phenotype (Fig. 7): in agl15, 
ugt73c1, tub6, and spl15, photosynthetic efficiency 
was identical to that in the Col-0 siliques, while hda3, 
at5g10625, at2g30810, and at3g01323 displayed a slight 
reduction in photosynthetic ability with respect to Col-
0. at3g60670 and nac058 mutants instead presented a 
marked reduction in photosynthetic efficiency at 12 
DPA, which also was observed at 9 DPA in the case of 
nac058 (Fig. 7) and in agreement with the precocious  
senescence phenotype shown in Figure 6B, while visual  
assessment of yellowing during silique senescence 
failed to uncover any differences between Col-0 and 
at3g60670. To further validate the precocious yellow-
ing observed in nac058, we extracted and quantified 
the total chlorophyll content in the valves of Col-0 and 
nac058 (Fig. 6C). This analysis confirmed that nac058 
contains half of the chlorophyll present in Col-0 valves 
at 12 DPA, suggesting the premature breakdown of 
chloroplasts in this mutant.

DISCUSSION

Time-Course Transcriptome Profiling of Developing 
Seedless Fruits

Fruits are essential for humans, as an integrative 
part of our diet, and they also are an essential element 
in the plant life cycle, serving first to protect seeds and  
then facilitating their dispersal (Van der Pijl, 1982; 
Seymour et al., 2013). Beyond their role in the protec-
tion of the offspring, fruits also contain active chloro-
plasts that contribute to plant fitness (Blanke and Lenz, 
1989; Raghavan, 2003; Gnan et al., 2017).
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Figure 4. Expression patterns of selected genes by RT-qPCR analysis and RNAseq. The x axis indicates the four selected time 
points, while the y axis shows the mRNA levels: the scale at left indicates gene expression level based on RT-qPCR, and the 
scale at right is based on RNAseq. The blue lines correspond to RT-qPCR and the orange ones to RNAseq. RT-qPCR was per-
formed on cDNA extracted from Col-0 siliques devoid of seeds and collected at the same time points chosen for RNAseq. 
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To analyze the molecular networks responsible for 
mediating and coordinating fruit growth and matura-
tion in Arabidopsis, we have carried out a transcrip-
tomic analysis of Col-0 valve tissues. We decided to 
manually remove the seeds to exclude any embryo/
seed contribution to our data set, in order to increase 
the probability of pinpointing genes involved spe-
cifically in fruit development and maturation. Fruit 
growth is controlled by signals, most probably pro-
duced by the female gametophyte, aimed to commu-
nicate that fertilization has occurred successfully and 
to promote ovule conversion into seeds and pistils into 
fruits (Dorcey et al., 2009). As a matter of fact, in the ab-
sence of fertilization, pistils undergo senescence after 
a few days (Carbonell-Bejerano et al., 2010). Further-
more, fruit growth relies on seed development, and  
some evidence pinpoints that hormones are at the  
basis of seed-fruit communication. Because of that, 
the siliques used for our analyses were the result of 
natural, and not of manual, fertilization, to avoid flower 
organ removal and, as a consequence, hormone ho-
meostasis perturbation.

We have identified thousands of genes differentially 
expressed among the four chosen time points. Based 
on previously published microarray data (de Folter  
et al., 2004; Wagstaff et al., 2009; Carbonell-Bejerano  
et al., 2010; Jaradat et al., 2014), RNAseq appears to 
be a more powerful strategy, since almost 7,000 genes 
annotated in the TAIR10 genome are not represented  
on the Affymetrix ATH1 microarray platform (Giorgi  
et al., 2013). Thus, RNAseq can probe portions of tran-
scripts never analyzed before. For instance, AT3G01323, 
AT3G60670, and AT5G10625 are not present in the 
ATH1 platform, while our analyses pinpoint that they 
are differentially expressed and that their disruption 
affects fruit photosynthetic efficiency.

In our experimental design, we set the zero time 
point to coincide with flower anthesis, and we collected  
the material at 3, 6, 9, and 12 DPA in order to cover 
both the growing and the maturation phases. These 
time points also allow us to explore events that occur in 
the phase immediately following fertilization, which is 
characterized by rapid changes in the silique structure, 
since fruit size increases 5-fold within a few days (Fig. 
1A; Kleindt et al., 2010). Indeed, at least three out of the 
four selected time points are included in the classical 
stage 17 of silique formation (Ferrándiz et al., 1999). 
However, our four data sets are clearly different from 
each other, suggesting that fruits normally annotated 
as stage 17 are undergoing highly dynamic develop-
ment or that development is quite asynchronous. Our 
results support the idea that stage 17 should be dis-
assembled into several different classes, in agreement 
with the data reported in some previous publications 

(Kleindt et al., 2010; He et al., 2018). In total, we have 
been able to detect 21,908 protein-coding genes, while 
25,706 differentially expressed genes were reported by 
Klepikova et al. (2016), where RNAseq data of 79 Ara-
bidopsis samples, including organs at different devel-
opmental stages, were analyzed, thus supporting the 
robustness of our approach. According to our analyses, 
4,240 genes are consistently up-regulated and 5,813 
genes are consistently down-regulated in Arabidopsis 
siliques from the first time point to the last, while 581 
exhibit alternative behaviors (i.e. transient changes in 
expression within the period examined; Supplemental 
Tables S1–S6). Interestingly, 11,274 genes do not change 
their expression significantly, although we cannot ex-
clude the possibility that some of these genes code for 
regulators of fruit development and maturation, since 
posttranscriptional regulation also plays an important 
role in generating rapid responses to environmental 
and intracellular signals.

New Genes Involved in Silique Growth and Maturation

Given the large numbers of genes differentially ex-
pressed in developing siliques, the main question is 
whether one can readily uncover information about 
new regulatory networks and genes involved in silique 
formation and maturation. Therefore, we selected 10 
genes based on the following criteria: (1) their expres-
sion changes substantially among the selected time 
points; (2) they cover each of the three classes of dif-
ferentially expressed genes; and (3) they are associated 
with different GO terms. The selected genes encode 
transcription factors (AGL15, SPL15, NAC058, and 
AT3G60670), proteins with a role in hormone signal-
ing (AT2G30810), in metabolic processes (UGT73C1), 
in histone modification (HDA3), and in housekeep-
ing functions (TUB6), and proteins of unknown func-
tion (AT5G10625 and AT3G01323). The corresponding 
T-DNA insertional mutants were isolated, and their 
involvement in determining fruit size and maturation 
was investigated. In particular, the disruption of two 
of the four genes encoding transcription factors affected  
fruit size or maturation, indicating that our transcrip-
tome data sets allow the identification of master reg-
ulators of important developmental cascades. For 
instance, the agl15 knockout mutant develops shorter 
siliques but fruit maturation seems unaffected. Pre-
vious studies indicate that AGL15 overexpression  
(Fernandez et al., 2000; Fang and Fernandez, 2002) 
delays sepal and petal falls and that AGL15 is responsible, 
together with AGL18, for organ senescence (Adamczyk 
et al., 2007). Indeed, AGL18 also is included in the 
up-regulated gene data set and probably compensates 
for the absence of AGL15, thus explaining why agl15 

RT-qPCR was conducted in triplicate using PP2A and UBC9 as internal reference genes (Supplemental Table S11). The graphs 
depict the results obtained using PP2A as the internal reference gene; identical results were obtained using UBC9 as the internal 
reference gene. Error bars represent the propagated sd value using three biological replicates.

Figure 4. (Continued.)
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Figure 5. Molecular and morphological characterization of the phenotypic effects of the selected mutations on silique forma-
tion. A, RT-qPCR analysis to verify transcript accumulation in the mutant lines examined (Supplemental Table S12). RT-qPCR 
was conducted in triplicate using PP2A and UBC9 as internal reference genes (Supplemental Table S11). The graphs depict the 
results obtained using PP2A as the internal reference gene; identical results were obtained using UBC9 as the internal reference 
gene. Error bars represent the propagated sd value using three replicates. B and C, Measurements of the length (B) and width 
(C) of the siliques produced by the selected lines. The length and width of the mature siliques were evaluated by measuring 
40 siliques for each genotype in two different biological replicates. Boxes indicate means plus se, while error bars indicate sd. 
One-way ANOVA combined with Dunnett’s comparison test indicated that the mutants marked with asterisks were significantly 
different from the Col-0 control (P < 0.05; n = 40).
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siliques are not positive to the Trypan Blue staining 
and show wild-type-like photosynthetic performance 
(Fig. 7; Supplemental Figs. S8 and S9). Also in the case 
of the spl15 mutant, siliques were shorter, implying 
that silique length is a rather complex trait controlled 
by multiple regulatory pathways. SPL15 is a transcrip-
tion factor that belongs to the SQUAMOSA Promoter 
Binding Protein (SBP) family. Four more SBP genes 
are found to be down-regulated in our data sets, while 
only two genes are included in the group of up-regulated  
genes, and no SBP gene is listed in the alternative 
behavior group. SBP genes are involved in organ for-
mation (Wang et al., 2008; Usami et al., 2009), nutri-
tional changes (Jung et al., 2011), copper metabolism 
(Yamasaki et al., 2009), and GA response (Zhang et al., 
2007). On the other hand, the nac58 mutant displayed 
a reduced photosynthetic performance in fruits at 9 
DPA, but no alteration in silique growth was observed. 

Many more NAC genes, 60 out of the 138, are differ-
entially expressed in our data sets. Previous works 
(Breeze et al., 2011; Kim et al., 2014, 2016) pinpointed  
a pivotal role for the NAC genes in leaf aging, and 
several NAC-encoding genes have been found to 
be differentially expressed in aging leaves at different 
time points (Balazadeh et al., 2008; Breeze et al., 2011; 
Christiansen and Gregersen, 2014).

Overall, seven out of the 10 selected mutants showed 
either altered morphology in silique length and silique  
width or precocious senescence of mature siliques. 
These findings, together with the fact that several oth-
er transcription factors, such as the Auxin-Responsive 
Factor and the Ethylene-Responsive Factor families 
(Supplemental Table S8), and many genes already 
known to have a role in silique growth, like CKX5 (cy-
tokinin oxidase/dehydrogenase), are present in our 
list of differentially regulated genes (Bartrina et al., 

Figure 6. Phenotypic effects of the selected mutations on silique maturation. A, The Trypan Blue dye-exclusion method allows 
the detection of cell death. A complete analysis is reported in Supplemental Figure S8. Trypan Blue also was quantified, and 
the quantification is reported in Supplemental Figure S9. The image shown is a composite image. B, Visual evaluation of the 
yellowing of Col-0 and nac058 siliques at 12 DPA. C, Measurements of chlorophyll content in Col-0 and nac058. Error bars 
represent sd of three independent measurements. FW, Fresh weight. Bars in A and B = 1 mm.
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Figure 7. Photosynthetic efficiency (ΦPSII) of wild-type and mutant siliques. Three measurements for each stage were performed 
(using five siliques for each developmental stage for a single measurement), and three biological replicates were used. Mean 
values ± sd are reported.
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2011) or are among the genes expressed at high levels 
in all the analyzed stages, such as FATA2 (Wang et al., 
2013), strongly indicate that our data set can be consid-
ered a reservoir from which genes with a role in fruit 
formation can be drawn.

Coordination of Chloroplast and Nuclear Gene  
Expression Is Fundamental during Fruit Development  
and Maturation

The unifying theory, based on the observation of a 
Jurassic plant with free central placentation, suggests 
that carpels are composed of an ovule-bearing shoot 
(the placenta) and its enclosing foliar structure (Wang, 
2010). Cytological and molecular observations also 
confirm the ontogenic relationship between leaves and 
fruits (Gillaspy et al., 1993). However, unlike leaves, 
silique maturation is strictly regulated by seed forma-
tion and strictly controlled by the progression of em-
bryogenesis.

Chlorophyll breakdown is the clearest marker of 
both leaf senescence and fruit ripening, but the path-
ways that control these processes differ between the 
two organs. For instance, the disruption of PHEOPH-
YTINASE causes a stay-green phenotype in leaves, 
although greening of seeds and fruits is not affected 
(Guyer et al., 2014; Zhang et al., 2014; Chen et al., 2017). 
By contrast, AtNAP plays a pivotal role during leaf 
natural and dark-induced senescence, since it mod-
ulates the transcription of several genes, including 
PAO (Yang et al., 2014), whose accumulation at later 
stages of silique development and maturation was 
confirmed by our RNAseq data sets and by immuno-
blot analysis. Indeed, the AtNAP transcription factor 
couples plastid physiological status to hormone me-
tabolism, since it modulates ethylene metabolism in 
both senescing leaves and maturating siliques (Kou et 
al., 2012) and abscisic acid in senescing leaves (Yang 
et al., 2014). In particular, ethylene promotes or inhib-
its growth and senescence processes depending on its 
concentration and the timing of its production or ap-
plication. Therefore, leaf senescence and silique senes-
cence might vary in relation to the growth conditions. 
For instance, differences might be expected between 
plants grown in greenhouses as opposed to growth 
chambers. Under the latter conditions, the small vol-
umes of the growth chambers might facilitate ethylene 
accumulation, which, in turn, might accelerate senes-
cence mechanisms. Therefore, chlorophyll accumula-
tion in Arabidopsis might reach its peak on different 
DPAs, depending on the precise growth conditions. In 
different studies, chlorophyll accumulation in the si-
liques has been reported to reach its maximum level 
between 6 and 8 DPA (Wagstaff et al., 2009; Kou et al., 
2012). In this respect, our data set is extremely useful, 
since it contains specific genes, such as NAC058 and 
AT2G30810, that can be used as reliable molecular 
markers for the accurate staging of fruit maturation in 
place of chlorophyll amount. For instance, the tomato 
(Solanum lycopersicum) mutants lutescent1 and lutescent2 

display a precocious loss of chlorophyll in leaves and 
fruits (Barry et al., 2012), but the onset of fruit ripen-
ing is delayed by approximately 1 week, indicating a 
major role for the chloroplast in mediating the onset of 
fruit ripening.

Furthermore, it was demonstrated recently that the 
chloroplast transcriptome, but not the mitochondrial 
transcriptome, undergoes major changes during leaf 
aging, which are accompanied by a largely unchanged 
expression pattern of nuclear genes coding for plastid- 
targeted proteins (Woo et al., 2016). Thus, unlike animal 
aging, leaf senescence proceeds with tight temporal and 
distinct interorganellar coordination of various tran-
scriptomes, which presumably are critical for the highly 
regulated degeneration process and the recycling of nu-
trients, which contributes to plant fitness and produc-
tivity. This is in agreement with the observation that the 
cellular degeneration process during leaf aging begins 
with the decay of chloroplasts, while nuclei and mito-
chondria remain intact until the end of the leaf’s lifespan 
(Lim et al., 2007). The expression pattern of nuclear genes 
encoding plastid proteins involved in photosynthesis, 
protein translation, tetrapyrrole biosynthesis, RNA me-
tabolism, and chlorophyll degradation (Fig. 2) observed 
in our data set resembles the behavior of these genes 
during the leaf senescence process, indicating that fruit 
maturation and leaf senescence have several features in 
common and pointing to a major role of the chloroplast 
in both processes. Furthermore, the strong linear cor-
relation between the physiological state of chloroplasts 
and plastid-associated nuclear gene expression implies, 
also in the case of fruits, the need for chloroplast-nucleus  
retrograde and anterograde signaling to coordinate 
the activities of the two genomes (Pesaresi et al., 2014). 
Nevertheless, the importance of photosynthesis in fruit  
metabolism is still under debate and deserves fur-
ther investigation (Piechulla et al., 1987; Wanner and 
Gruissem, 1991; Schaffer and Petreikov, 1997; Carrari 
et al., 2006; Steinhauser et al., 2010). For instance, sev-
eral studies used tomato cultivars carrying the uniform 
ripening (u) light green fruit phenotype (Powell et al., 
2012). The U gene encodes a transcription factor named 
GOLDEN2-LIKE, which belongs to the AP2 family. 
The u mutants produce fewer chloroplasts, which are 
abnormal and whose thylakoid grana are reduced. Fur-
thermore, u fruits are paler than normal and they have 
less sugars and lycopene, but they have normal size 
and ripen normally, suggesting that photosynthesis is 
not essential for fruit formation. On the other hand, ex-
periments on Brassica napus plants shaded or defoliated  
soon after fertilization suggest a close relationship  
among leaf area, pod number, and seed per pod number 
(Pechan and Morgan, 1985). 14C-labeling experiments 
indicated that the fruit photosynthates are transported 
to the developing seeds; thus, the photosynthetic ability 
of the siliques strongly contributes to B. napus seed oil 
content (Hua et al., 2012).

Overall, the analysis of our RNAseq data clearly  
justifies our decision to monitor transcript accu-
mulation in siliques devoid of seeds at four different  
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developmental stages. This is shown by the fact that 
several genes known to have a role in fruit develop-
ment and maturation are represented in our data set. 
Moreover, by exploring the consequences of the disrup-
tion of a few of the genes contained in our data set, we 
have detected significant alterations in fruit develop-
ment and maturation, proving that our transcriptomic  
data sets are highly enriched in genes with specific 
roles in fruit formation and, therefore, should be very 
useful in the elucidation of the molecular mechanisms 
controlling fruit growth and maturation in Arabidopsis.

MATERIALS AND METHODS

Plant Growth

Arabidopsis (Arabidopsis thaliana) wild-type (Col-0 and Ler) and mutant 
plants were grown under controlled growth chamber conditions at 22°C with 
16 h of light and 8 h of darkness, as described previously (Mizzotti et al., 2012). 
For RNAseq, RT-qPCR, and all the characterization analyses, plants were in-
spected daily, and flowers at anthesis (time zero) were marked. Fruits were 
then collected 4 h after the lights were turned on at 3, 6, 9, and 12 DPA. For 
RNAseq and RT-qPCR, seeds were removed manually: siliques were opened 
along the dehiscence zone using a needle attached to a syringe that also was 
used to remove the seeds.

All mutants described in this article are in the Col-0 ecotype, except for 
arf8-4 (Goetz et al., 2006), which is in the Ler background. Mutant alleles were 
identified by searching the T-DNA Express database (http://signal.salk.edu/
cgi-bin/tdnaexpress), and mutant lines were obtained from the SALK (Alonso 
et al., 2003) and GABI-KAT collections (Rosso et al., 2003; Supplemental Table 
S12). T-DNA insertions were confirmed by sequencing PCR products obtained 
using gene- and T-DNA-specific primers (Supplemental Table S13).

Nucleic Acid Isolation, cDNA Library Preparation, 
RNAseq, and RT-qPCR Analysis

For RNAseq analysis, total RNA was extracted from Col-0 siliques at 3, 6, 
9, and 12 DPA from three biological replicates using the NucleoSpin RNA kit 
(Macherey Nagel), according to the supplier’s instructions. RNA concentrations 
and integrity were determined using the 2100 Bioanalyzer (Agilent Technolo-
gies). For each biological replicate, we grew together five different Col-0 plants, 
and we collected the material from at least 10 siliques deprived of seeds.

Sequencing libraries were prepared using the TruSeq RNA Sample Prep kit 
(Illumina), according to the manufacturer’s instructions, and sequenced on an 
Illumina HiSeq2000 (50-bp single read). The processing of fluorescent images 
into sequences, base calling, and quality value calculations were performed 
using the Illumina data-processing pipeline (version 1.8).

For RT-qPCR analyses, 0.5-μg samples of total RNA were used for first-
strand cDNA synthesis with the ImProm-II Reverse Transcription System, 
as already described by Mizzotti et al. (2017). RT-qPCR profiling was carried 
out using the iQ SYBR Green Supermix (Bio-Rad) and the Bio-Rad iCycler 
iQ Optical System (software version 3.0a), with the primers listed in Supple-
mental Table S13. UBC9 and PP2A transcripts were used as internal standards 
(Czechowski et al., 2005). Data from two biological and three technical repli-
cates were analyzed as reported previously by Mizzotti et al. (2014). For each 
biological replicate, we grew at the same time five different plants (Col-0 or 
mutant), and we collected the material from at least 10 siliques deprived of 
seeds. Briefly, the normalized expression of a gene corresponds to 2−ΔCt, which 
is calculated as the difference between the cycle threshold of the gene and the 
cycle threshold of the internal standard.

RNAseq Analysis and Identification of Differentially 
Expressed Genes

Raw reads were preprocessed for quality using FastQC (Andrews, 2010) 
version 0.11.5, cleaned, and trimmed with Trimmomatic version 0.36 (Bolger  

et al., 2014). The resulting reads were aligned to the Arabidopsis genome 
(TAIR10) using STAR version 2.5.1bb software (Dobin et al., 2013). Raw read 
counts were calculated using the featureCounts (http://bioinf.wehi.edu.au/
featureCounts/) software (Liao et al., 2014). Read count data were used to 
identify differentially expressed genes by comparisons among different time 
points using both edgeR (Robinson et al., 2010) and the Limma empirical 
Bayes analysis pipeline (Smyth, 2005) and voom (Law et al., 2014), which es-
timates the mean variance trend of the log counts to predict the variance and 
to generate a precision weight to be incorporated in the linear model. To show 
that consistency holds for our data set, we performed differentially expressed 
gene analysis with edgeR using the same thresholds used for Limma/voom 
to rank genes (see below) and plotted the results using Venn diagrams. As 
expected, the results between the two tools were consistent, as most genes 
detected by Limma/voom also were detected by edgeR. edgeR usually reports 
more differentially expressed genes with respect to Limma/voom (∼1,000 in 
every contrast). A double cutoff on both P value and fold change was used to 
select differentially expressed genes; a maximum P value of 0.001 and a fold 
change of 2.5 were set. Contrasts were defined by considering all six possible 
combinations of the four time points, and genes were grouped based on their  
expression profiles as up-regulated (i.e. genes that were found to be signifi-
cantly up-regulated between any two consecutive time points), down-regulated 
(i.e. genes that were significantly down-regulated between any two consec-
utive time points), and alternative behavior (i.e. all the other genes that ex-
hibited various other expression profiles and that were clustered to further 
assess the different behaviors). Gene clustering was performed employing the 
hierarchical clustering method using the Pearson correlation coefficient as the 
distance metric to calculate pairwise distances and the unweighted pair group 
method with arithmetic mean to calculate the distances between the clusters 
thus formed. After visual inspection of the dendogram, a cutoff of 0.6 was se-
lected and four clusters were defined. All RNAseq files are available from the 
European Nucleotide Archive database (accession no. PRJEB25745).

GO Enrichment Analysis

All six groups (up-regulated genes, down-regulated genes, and the four 
clusters generated from the genes marked as alternative behavior) were used 
to perform a GO enrichment analysis with agriGO (Du et al., 2010), using a 
hypergeometric statistical test, with the Benjamini-Hochberg (false discovery 
rate) correction for multiple tests, a significance level of 0.01, and the plant 
GOslim as parameters.

Immunoblot Analyses

For immunoblot analyses, developing siliques were collected at 3, 6, 9, and 
12 DAP and total protein extracts were prepared as described by Martínez-
García et al. (1999). Protein extracts, corresponding to 2 mg of silique fresh 
weight, were fractionated by SDS-PAGE (12% [w/v] polyacrylamide; Schägger 
and von Jagow, 1987) and transferred to polyvinylidene difluoride membranes 
(Ihnatowicz et al., 2004). Replicate filters were immunodecorated using an-
tibodies specific for LhcA2, LhcB3, PsbO, PRPS1, PRPL4, PAO, and Histone 
H3 proteins. LhcA2, LhcB3, PsbO, and PAO antibodies were obtained from 
Agrisera. PRPS1 and PRPL4 were obtained from Uniplastomic. Histone H3 
antibody was purchased from Sigma-Aldrich.

Silique Measurements

The length and width of the mature siliques were evaluated by measuring 
40 siliques for each genotype in two different biological replicates. For each 
biological replicate, we grew at the same time 10 different plants (Col-0 or 
mutant), and we collected the material from 40 siliques for each genotype. 
Samples were first photographed using a Leica MZ6 stereomicroscope, and 
silique images were measured using ImageJ software (Schneider et al., 2012). 
Measurements were statistically analyzed by one-way ANOVA combined 
with Dunnett’s comparison test using StatSoft software.

GUS Assays and Trypan Blue Staining

The GUS assay was carried out as reported by Resentini et al. (2017). Marker 
lines were kindly provided by Takashi Araki (pFT; Takada and Goto, 2003), 
Jan U. Lohmann (pARR15; Zhao et al., 2010), and Ian Graham (pABI5::GUS; 

Mizzotti et al.

http://signal.salk.edu/cgi-bin/tdnaexpress
http://signal.salk.edu/cgi-bin/tdnaexpress
http://www.plantphysiol.org/cgi/content/full/pp.18.00727/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00727/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00727/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00727/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.00727/DC1
http://bioinf.wehi.edu.au/featureCounts/
http://bioinf.wehi.edu.au/featureCounts/


Plant Physiol. Vol. 178, 2018  1265

Penfield et al., 2006). pLOX2::GUS, pLOX3::GUS, and pLOX4::GUS were gen-
erated by Massimo Galbiati. Primers are listed in Supplemental Table S13, and 
fragments were cloned by Gateway cloning into pBGWFS7.

For Trypan Blue staining, the Cold Spring Harbor protocol was adopted 
(van Wees, 2008). For the measurement of the stained area, we used a modi-
fied version of the Phenotype Quant plugin for ImageJ (Abd-El-Haliem, 2012), 
while for the total area of the silique, we developed an ImageJ plugin that 
calculates the area of the silique through threshold levels. Measurements were 
analyzed statistically by two-way ANOVA combined with Dunnett’s and 
Duncan’s comparison test using StatSoft software.

Chlorophyll Fluorescence of Col-0 and Mutant Siliques

In vivo chlorophyll a fluorescence of Arabidopsis siliques was measured 
at 3, 6, 9, and 12 DPA using the pulse-modulated fluorometer Dual-PAM 100 
(Walz; Tadini et al., 2012). Five siliques for each developmental stage were 
placed on a 24- × 24-mm coverslip and used for a single measurement. Three 
measurements for each stage (i.e. 15 siliques in total) were performed, and 
three biological replicates were used. Siliques were first dark adapted for 30 
min, and minimal fluorescence (F0) was measured. Then, pulses (0.8 s) of sat-
urating light (5,000 μmol photons m−2 s−1) were employed to determine the 
maximum fluorescence (Fm), and the ratio (Fm – F0)/Fm = Fv/Fm (maximum 
quantum yield of PSII) was calculated. A 2-min exposure to actinic red light 
(37 μmol photons m−2 s−1) served to drive electron transport between PSII and 
PSI. Then, the steady-state fluorescence (Fs) and the maximum fluorescence 
after light adaptation (Fm′) were determined. Finally, the ratio (Fm′ − Fs)/Fm′, 
representing the effective quantum yield of PSII, was calculated.

Chlorophyll Contents of Col-0 and nac058 Siliques

Pigments were extracted using 90% (v/v) acetone from valves at 12 DPA, 
after manual seed removal. The chlorophyll (a and b) content was measured, 
at 663- and 645-nm wavelength, using a spectrophotometer. Chlorophyll (a + 
b) values were determined as described previously by Arnon (1949) and nor-
malized relative to tissue fresh weight.

Accession Numbers

Sequence data from this article can be found in the European Nucleotide 
Archive database under accession number PRJEB25745.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Number of reads obtained from each replicate by 
Illumina sequencing and principal component analysis.

Supplemental Figure S2. Comparison of the outputs obtained by analyz-
ing the RNAseq datasets with the Limma and edgeR packages.

Supplemental Figure S3. Heat map of differentially expressed genes that 
belong to the alternative behavior group.

Supplemental Figure S4. Singular enrichment analysis of GO annotation 
terms overrepresented in the list of the up-regulated genes.

Supplemental Figure S5. Singular enrichment analysis of GO annotation 
terms overrepresented in the list of the down-regulated genes.

Supplemental Figure S6. Singular enrichment analysis of GO annota-
tion terms overrepresented in the list of the genes showing alternative  
behaviors.

Supplemental Figure S7. Expression pattern of genes involved in chloro-
plast-nucleus communication.

Supplemental Figure S8. Detection of cell death using the Trypan Blue 
dye-exclusion method.

Supplemental Figure S9. Quantification of the Trypan Blue dye-exclusion 
method.

Supplemental Figure S10. The photosynthetic performance of the siliques 
is not influenced by green embryos.

Supplemental Table S1. Average expression levels, log fold change, and P 
values across all comparisons of the up-regulated genes, according to 
the criteria described in the text.

Supplemental Table S2. Average expression levels, log fold change, and P 
values across all comparisons of the down-regulated genes, according 
to the criteria described in the text.

Supplemental Table S3. Average expression levels, log fold change, and P 
values across all comparisons of the genes in the first cluster of the al-
ternative behavior group, according to the criteria described in the text.

Supplemental Table S4. Average expression levels, log fold change, and P 
values across all comparisons of the genes in the second cluster of the al-
ternative behavior group, according to the criteria described in the text.

Supplemental Table S5. Average expression levels, log fold change, and P 
values across all comparisons of the genes in the third cluster of the al-
ternative behavior group, according to the criteria described in the text.

Supplemental Table S6. Average expression levels, log fold change and P 
values across all comparisons of the genes in the fourth cluster of the al-
ternative behavior group, according to the criteria described in the text.

Supplemental Table S7. Expression levels, at the indicated time points, of 
genes involved in hormonal pathways.

Supplemental Table S8. List of transcription factors present in our differ-
entially expressed gene list.

Supplemental Table S9. Expression levels, at the indicated time points, of 
genes involved in chloroplast-related functions.

Supplemental Table S10. Expression levels of genes analyzed by GUS as-
say.

Supplemental Table S11. Expression levels of commonly used housekeep-
ing genes.

Supplemental Table S12. List of Arabidopsis T-DNA insertional mutants 
used in this study.

Supplemental Table S13. Primer sequences used in this work.
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