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One-sentence summary:  Anthesis is characterized by intense changes in metabolism accompanied by 28 
temporal regulation of central metabolic pathways. 29 
 30 
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 53 
ABSTRACT 54 
During the maturation phase of flower development, the onset of anthesis visibly marks the transition 55 
from buds to open flowers, during which petals stretch out, nectar secretion commences, and pollination 56 
occurs. Analysis of the metabolic changes occurring during this developmental transition has primarily 57 
focused on specific classes of metabolites, such as pigments and scent emission, and far less on the whole 58 
network of primary and secondary metabolites. To investigate the metabolic changes occurring at 59 
anthesis, we performed multi-platform metabolomics alongside RNA sequencing in individual florets 60 
harvested from the main inflorescence of Arabidopsis (Arabidopsis thaliana) ecotype Col-0. To trace 61 
metabolic fluxes at the level of the whole inflorescence and individual florets, we further integrated these 62 
studies with radiolabeled experiments. These extensive analyses revealed high-energy-level metabolism 63 
and transport of carbohydrates and amino acids, supporting intense metabolic rearrangements occurring at 64 
the time of this floral transition. These comprehensive data are discussed in the context of our current 65 
understanding of the metabolic shifts underlying flower opening. We envision that this analysis will 66 
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facilitate the introgression of floral metabolic traits promoting pollination in crop species for which a 67 
comprehensive knowledge of flower metabolism is still limited. 68 
 69 
 70 
INTRODUCTION  71 
At the end of the maturation phase, the onset of anthesis marks a time of remarkable visual transition in 72 
the life of flowers. In this stage, petals acquire their final shape and size, display their color and start 73 
emitting scent, and in plants provided with nectaries, nectar secretion also commences. This 74 
morphological transition underlies a dynamic reorganization of the metabolism of flowers, obtained, 75 
among others, with increased synthesis and accumulation of pigments and emission of volatile organic 76 
compounds (VOCs). Depolymerization of complex carbohydrates also occurs at anthesis, and it is 77 
followed by the export of mono and disaccharides to the apoplast which are later found in nectar (Roy et 78 
al, 2017). Simple sugars also accumulate in the vacuole as they contribute to increasing the osmotic 79 
potential of the cells of flowers and propel floral bud opening and growth by cell expansion and 80 
elongation (van Doorn and Van Meeteren 2003). Pollination and fertilization, which also occur at 81 
anthesis, or soon after anthesis, are similarly driven by changes in the metabolism of flowers and the 82 
metabolic signaling, which despite remaining unseen, support the interaction between pollen and stigma 83 
and the growth of the pollen tube along the transmitting tissue (Rounds et al., 2011).  84 
Flowers have extensively been utilized for interrogating processes of biosynthesis and accumulation of 85 
secondary metabolites and their physiological function. For example, flowers of petunia (Petunia 86 
hybrida) have served as a model to investigate the regulation of VOC synthesis and emission. In these 87 
flowers, where scent emission starts at anthesis and continues with nocturnal oscillations until withering, 88 
it was shown that genes codifying for enzymes of VOC synthesis are transcriptionally upregulated as the 89 
corolla opens and downregulated after pollination (Fenske et al., 2015; Lynch et al., 2020). Biochemical 90 
analyses which extended beyond VOCs were performed in the corolla of Nicotiana attenuata  flowers and 91 
revealed that the rates of carbohydrate metabolism also increase at anthesis (Stitz et al., 2014). Similar 92 
analyses performed in petals of snapdragon (Antirrhinum majus) flowers revealed that the biochemical 93 
precursors of scent compounds become insufficient in post-anthesis (Muhlemann et al., 2014). Ethylene 94 
(Colquhoun et al., 2010; Liu et al., 2017), gibberellic (GA) and jasmonic (JA) acids (Hong et al., 2012; 95 
Stitz et al., 2014) collectively act as signals to promote or cease VOC emission. However, it is currently 96 
unknown whether a progressive quenching of primary metabolism or redirection of the metabolic flux 97 
away from pathways of VOC synthesis is inducive of reduced scent emission observed in post-anthesis. 98 
Flowers of Petunia also served as a model to study the molecular mechanisms of pigment synthesis and 99 
accumulation. Comparative measurements of transcript abundance in wild-type and silenced lines 100 
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revealed that pigmentation and patterning in the corolla of many flowers are primarily driven by 101 
transcription (Tornielli et al., 2009; Stracke et al., 2010; Shan et al., 2020), and nowadays, numerous 102 
transcription factors (TFs) regulating the activity of enzymes along the pathway of flavonoid biosynthesis 103 
have already been identified (Tornielli et al., 2009). The observation that in many species the color of 104 
flowers fades soon after pollination (Zipor et al., 2022) also suggests that the carbon resources initially 105 
allocated to pigment synthesis are potentially recycled and reallocated to support embryo development 106 
(Pélabon, C. et al. 2015). Still, whether the flux from primary metabolism towards the synthesis of 107 
pigments is quenched or redirected towards different pathways is currently poorly investigated.  108 
While extensive studies have been conducted on the biosynthesis and emission of scent and accumulation 109 
of pigments, metabolites of the central metabolic pathways received far less attention, except for 110 
carbohydrate transporters, of which localization and physiological function in flowers is fairly known 111 
(Borghi and Fernie, 2017). Nonetheless, the studies conducted so far support the hypothesis that during 112 
the temporal progression of their development, flowers may integrate and capture signals from the whole 113 
plant to coordinatively regulate primary and secondary metabolism to successfully support pollination and 114 
reproduction. Indeed, while flowers of different species may differ in the spatial arrangement and size of 115 
their organs, pigmentation, and fragrance, the molecular and metabolic changes underlying 116 
morphogenesis and maturation are well-coordinated in flowers of all species (Shan et al., 2019).  117 
Therefore, the high level of connectivity between primary and secondary metabolism which is suggested 118 
by current knowledge, advocates for combining metabolomics and transcriptomics approaches to capture 119 
and disentangle the metabolic complexity characterizing this developmental transition. When applied to 120 
studies of medicinal plants, surveys of the floral metabolomes have been informative in identifying the 121 
central metabolic pathways which may enhance the biosynthesis of active compounds (Jia et al., 2016; 122 
Yang et al., 2019). Similar studies performed in rice (Oryza sativa) across anthesis revealed the centrality 123 
of floral carbohydrate metabolism in the conferral of tolerance to drought and heat stresses (Li et al., 124 
2015). Despite our general understanding of flower metabolism having advanced tremendously in recent 125 
years, pressure for more knowledge is demanded from disciplines complementary to plant physiology 126 
(Borghi and Fernie, 2020). Indeed, pollination biologists have a keen interest in understanding the 127 
interdependence between flower primary and secondary metabolism, given that secondary metabolites 128 
lure pollinators to flowers while primary metabolites serve as food for the animals and their brood 129 
(Borghi et al., 2017). Answers to questions about the cost of metabolite production and the source to sink 130 
redistribution of metabolites in flowers in pre-anthesis and post-anthesis are also demanded from crop 131 
scientists who seek to gain knowledge on how flower metabolism changes in response to environmental 132 
perturbations.  133 
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To answer these questions, we took a multi-omics approach to characterize the molecular and metabolic 134 
rearrangements occurring at anthesis, from when flowers prepare to open until they wither. We performed 135 
multi-platform metabolomics, alongside RNA sequencing at eight consecutive stages of flower 136 
development spanning from stage S9 to S16 (Smyth et al., 1990). We covered a developmental transition 137 
during which petals and male and female gametophytes acquire their final shape and function until when, 138 
after pollination had occurred, the process of flower senescence begins. To assess the source to sink 139 
distribution of metabolites transported into flowers from the phloem, we performed a detailed analysis of 140 
the metabolic fluxes at the level of the whole inflorescence and individual florets. Extensive analyses of 141 
the obtained results revealed high-energy-level metabolism and transport of carbohydrates and amino 142 
acids supporting intense metabolic rearrangements occurring during this floral transition. These 143 
comprehensive data are discussed in the context of our current understanding of the metabolic shifts 144 
underlying flower opening. 145 
 146 
 147 
RESULTS 148 
Experimental Design  149 
To investigate the metabolic changes occurring at anthesis, we performed high throughput metabolomics 150 
and transcriptomics in individual florets harvested from the main inflorescence of Arabidopsis 151 
(Arabidopsis thaliana) ecotype Col-0. Each floret was in one of the eight consecutive stages of 152 
development ranging from stage S9 to stage S16 (Smyth et al., 1990) to cover a temporal interval of eight 153 
days (four days in pre-anthesis and four days in post-anthesis; Fig. 1). Pools of approximately 40 154 
individual florets per stage of development were analyzed for the content of primary metabolites (sugars, 155 
amino acids, organic acids), secondary metabolites (flavonoids, glucosinolates, polyamines, 156 
apocarotenoids), hormones, VOCs, and transcripts, thus to gain a broad and extensive overview of the 157 
metabolic rearrangements occurring during this developmental transition.  158 
 159 
High steady-state level of primary metabolites and more subtle variations in the content of 160 
secondary metabolites were detected across anthesis  161 
Primary metabolites 162 
After measuring the content of primary metabolites in each stage of flower development with a well-163 
established GC-MS method (Supplemental Dataset S1), we utilized a multivariate analysis approach to 164 
assess whether metabolites display changes in abundance as flowers progress through anthesis. When we 165 
visualized the average content of primary metabolites on a heatmap, two clusters of flower samples were 166 
identified (Fig. 2A): a first cluster that included floral buds and flowers at the beginning of flower 167 
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opening, and a second cluster with only open flowers. Within each of these clusters, subgroups of samples 168 
with similar developmental progression were identified. Indeed, very young buds (age 7.25 to 9.25 days) 169 
separated from buds approaching anthesis (age 10.25 to 11.50 days), and young mature flowers (age 170 
13.25 to 13.50 days) clustered separately from flowers entering senescence (age 14.25 to 15.25 days). 171 
With respect to metabolite abundance, two clusters were also observed. A first cluster which included 172 
metabolites present in high-abundance in pre-anthesis, of which the content decreased in post-anthesis, 173 
and a second cluster characterized by low-abundant metabolites in pre-anthesis, of which the content 174 
increased as flowers opened. Thus, the heatmap of primary metabolites appears partitioned in four main 175 
quarters, each of which is further divided into two or three smaller sub-groups. Since compounds of 176 
different chemical classes evenly distribute in each of these clusters, we further examined the relative 177 
abundance of metabolites associated with known pathways of the central metabolism in order to search 178 
for common trends among functional groups. 179 
In the pathways of carbohydrate and starch biosynthesis (Fig. 2B, plots in light blue), the content of Suc 180 
increases as the florets approached anthesis, but progressively decreases soon after. Suc is synthesized in 181 
leaves and translocated to the floral calyx via the phloem. Alternatively, Suc can also be synthesized in 182 
flowers by the reaction catalyzed by sucrose synthase (SUS), which utilizes Fru-6P and UDP-Glc as 183 
substrates for Suc synthesis. As the content of sugar phosphates, Glc-6P and Fru-6P, sharply decreases in 184 
mature flowers, this is a possible indication that the flow through glycolysis and pentose phosphate 185 
pathways may slow down as the florets progress through anthesis. Conversely, the content of Fru 186 
increases sharply following the developmental progression from buds to mature flowers, as does trehalose 187 
of which the content doubles in open flowers versus buds just as Glc, although only in the last two stages 188 
of flower maturation. This suggests that the Suc imported into flowers is converted into monosaccharides 189 
and other carbohydrates which are presumably used for storage as flowers mature. Indeed maltose, which 190 
can be regarded as a proxy for starch, accumulates to high levels in the floral stage that immediately 191 
preceded anthesis (that is when flowers start secreting nectar) and to moderate levels when flowers 192 
transition to fruits. Minor sugars and sugar derivatives show peculiar trends. For example, the pools of 193 
myo-inositol and threitol decrease soon after anthesis, erythritol and trehalose increase, while galactinol 194 
and galactose maintain constant levels throughout development. 195 
Many of the intermediates of the tricarboxylic acid (TCA) cycle (Fig. 2B, plots in tangerine) and their 196 
glycolytic precursors, glycerate and pyruvate, display a short initial spike in young buds followed by a 197 
progressive decrease which stabilizes once flowers enter senescence. Citrate, isocitrate, pyroglutamate, 198 
and citramalate all show a progressive decrease in their content as flowers develop. However, the 199 
compounds that follow succinate in the progression of the TCA cycle, show a different trend. The level of 200 
succinate itself, for example, doubles in flowers at the stage of anthesis and then slowly falls to the initial 201 
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level once flowers become older. This suggests that alternative pathways may feed metabolites into the 202 
TCA cycle. For example, the initial increase of succinate could be fueled by the degradation of γ-203 
aminobutyric acid (GABA; Fig. 2B, amino acids plots in green), of which the level sharply decreases up 204 
to the stage of anthesis and later increases again. The level of fumarate gradually increases and triplicates 205 
as flowers developmentally progress from young buds to a stage of mature organs, a trend which could be 206 
supported by the conversion of malate to fumarate by a cytosolic fumarase (Sweetlove et al., 2010).  207 
The content of many amino acids increases or decreases during development, most probably in relation to 208 
their function as metabolic precursors of other compounds or depending upon their rate of import from 209 
the leaves (Fig. 2B, plots in green). Ser, Gly, Thr, and Leu are all very abundant in post-anthesis flowers, 210 
with Gly reaching a twenty times higher content in mature flowers than in buds. However, the level of 211 
these amino acids decreases again as flowers progress from 14.25 to 15.25 days of age. A very similar 212 
trend is also observed for amino acids derived from Asn (β-Ala, Lys, and Ile) and Gln (His, Pro, Hyp) 213 
although their highest level is reached at around anthesis and decreases soon after. Asn and Gln are amino 214 
acids with a high N to C ratio, therefore preferentially used for long distance transport from source to sink 215 
tissues. Since the content of Asn and Gln reached its highest level at, or around anthesis, it can be 216 
speculated that the net transport of amino acids into flowers may slow down after this developmental 217 
point. Amino acids derived from the degradation of enzymes and proteins, which may not be further used 218 
as flower enter senescence, can also contribute to the high level of amino acids measured in mature 219 
flowers.  220 
The aromatic amino acids Phe, Tyr, and Trp, as well as the intermediates and end-products of the 221 
shikimate pathway, are all abundant in flowers in post-anthesis (Fig. 2B, plots in lilac color). Conversely, 222 
the content of ascorbate, dehydroascorbate, and other minor compounds (Fig. 2B, grey plots) displays a 223 
progressive decrease as flowers age.  224 
 225 
Secondary metabolites 226 
As we did for primary metabolites, we also annotated and quantified secondary metabolites 227 
(Supplemental Dataset S1). The heatmap of secondary metabolites of the class of flavonoids, 228 
glucosinolates, and polyamines shows two separate clusters. A first cluster which includes mature flowers 229 
of 14 days of age and older, and a second cluster with all the other developmental stages (Fig. 3A). 230 
Within this second cluster, floral buds in the early stage of development (7.25 days old) form a separate 231 
group as they are characterized by very high levels of polyamines, quercetin-3-O-(-O-glucosyl)glucoside 232 
(Q3GG) and kaemferol-3-O-(-O-glucosyl)glucoside (K3GG), and very low levels of kaempferol-3-O-(2"-233 
O-rhamnosyl)glucoside-7-O-rhamnoside (K3GR7R), keampferol-3-O-arabinoside-7-O-rhamnoside 234 
(K3A7R), and numerous aliphatic glucosinolate compounds (Fig. 3A and 3C, plots in lilac; see also Fig. 235 
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3B for a schematic representation of the main decorations of flavonoid compounds). The remaining 236 
samples in this second cluster form two small subgroups, one containing young buds and florets in the 237 
stage of anthesis (from 9.25 to 11.50 days old), and another group containing young open flowers (13.25 238 
and 13.50 days old). In general, flavonoids obtained from the decoration of quercetin maintained fairly 239 
stable levels throughout flower development, with the exception of Q3GG, of which the level decreases 240 
along the developmental progression toward mature flowers, and quercetin-3-O-glucoside-7-O-241 
rhamnoside (Q3G7R) which shows an opposite trend as its level increases in old flowers (Fig. 3C, plots 242 
colored in lilac). The level of flavonoids obtained from the decoration of kaempferol mostly increase as 243 
flower aged as seen for K3G7G, K3G7R, and K3R7R with K3GG representing the sole exception as its 244 
amount decreases along with flower development. Flavonoids with the isorhamnetin backbone maintain 245 
stable levels during development. The levels of polyamine 3 and polyamine 6 (Fig. 3B, plots in purple) 246 
decrease dramatically as flower aged, while the content of hydroxycinnamate sinapoyl-malate SinM 247 
increases (Fig. 3C, plots in pink). Aliphatic glucosinolates 7-methylthioheptyl glucosinolate (7MTH) and 248 
8-methylthiooctyl glucosinolate (8MTO) displays a tremendous increase starting from the stage of 249 
anthesis, which highlights a possible developmental regulation of this class of compounds (Fig. 3C, plots 250 
in rose peach). Although with a lower intensity, the content of the aliphatic glucosinolates 5-251 
methylsulfinylpentyl (5MSOP) and 7-methylsulfinylheptyl (7MSOH), and indole glucosinolates 1-252 
methoxy-3-indolylmethyl (1MOI3M) and 4-methoxy-indol-3-ylmethyl (4MOI3M) also increase as 253 
flowers progressed through development. Interestingly, the level of 4MOI3M doubles at anthesis, and 254 
then quickly returns to the initial level.  255 
 256 
Apocarotenoids, hormones, and terpenes 257 
Based on the content of apocarotenoids (Supplemental Dataset S1), flower samples cluster into two well 258 
defined clusters visible on a heatmap (Fig. 4A). The first cluster includes open flowers in the stages 259 
between post-anthesis and senescence (13.50 and 14.25 days old), with very low apocarotenoids content. 260 
The second cluster includes buds and open flowers in all the other stages of development, which 261 
accumulate apocarotenoids in variable amounts. In this second cluster, the largest number of compounds 262 
is produced by flowers approaching anthesis or in the stage of anthesis. However, the production of 263 
apocarotenoids is fairly stable throughout flower development, as seen from the plots showing the relative 264 
apocarotenoid abundance (Fig. 4C, plots in orange). Only a few apocarotenoid compounds, namely OH-265 
Apo-10’, OH-Apo-14’, and OH-Apo-15, show relatively high content in senescing flowers.  266 
Flower development is temporally coordinated by the activity of plant growth regulators of the class of 267 
gibberellic acid (GA), jasmonic acid (JA), and abscisic acid (ABA) (Shan et al., 2019). The heatmap in 268 
Fig. 4B shows elevated JA and GA levels in bud samples, which indeed form a separate cluster on the 269 
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heatmap. A second cluster, which groups all open flower from anthesis to maturity, is characterized by a 270 
very low content of plant growth regulators. Within this group, 15.25 days old senescing flowers are the 271 
only exception with respect to the content of GA19 and GA7 (see also Fig. 4C plots in yellow) and ABA, 272 
of which the content triples in old senescing flowers (see also Fig. 4C, plots in blue).  273 
Arabidopsis flowers emit a small bouquet of volatile terpenoid compounds synthetized by two 274 
sesquiterpene and two monoterpene synthases (Chen et al., 2003; Tholl et al., 2005). The quantification of 275 
this small group of VOCs revealed increased emission starting in flowers in the stage of anthesis and 276 
proceeding until maturity, after which the emission of VOCs abruptly comes to a halt (Fig. 4D).  277 
 278 
Combinatorial analysis of metabolites 279 
We investigated the relationships between different classes of metabolites via Pearson pairwise metabolite 280 
to metabolite correlations (Supplemental Dataset S2). Out of the 8,257 possible correlations, 2,679 281 
pairwise comparisons were significant (P ≤ 0.05), and of these, 509 showed strong positive (r2 > 0.65) 282 
and 335 negative (r2 < - 0.65) correlation coefficients. To facilitate data interpretation, the high positive 283 
correlations were chosen to compute a network (Fig. 5), while the whole correlation dataset was 284 
visualized on a heatmap where metabolites were grouped by compound class (Supplemental Fig. S1). The 285 
resulting network shows three clusters of highly correlated metabolites. The largest cluster is very 286 
heterogenous as it includes metabolites belonging to very different chemical classes. Here, highly 287 
connected and relevant nodes are represented by plant growth regulators GA24 and JA, organic acids 288 
glycerate, malate, citramalate, and methylmalate, sugar alcohols myo-inositol and threitol, and sugar 289 
phosphates Glc-6P and Fru-6P. A second large cluster, which is more homogenous in its constituents, 290 
includes aliphatic and aromatic amino acids, and components of the shikimate pathway and derivatives. A 291 
third highly homogeneous cluster only includes apocarotenoids. Overall, cross-cluster correlations were 292 
sparse and mostly limited to correlations between GA24 and apocarotenoids. Relatively large clusters of 293 
negative correlations were found between amino acids and apocarotenoids which are visible on the 294 
heatmap (Supplemental Fig. S1).  295 
 296 
Isotope labelling kinetics in whole inflorescences and single florets 297 
We next asked the question how do flowers support such a great level of metabolic diversity in terms of 298 
energetic requirements and the need for various metabolic precursors, given that, in flowers, only sepals 299 
of young floral buds carry out photosynthesis. Indeed, for most of their lifespan, flowers are essentially 300 
heterotrophic and primarily sustained by the Suc which reaches the floral calyx via the source-to-sink 301 
translocation system of the phloem. It is known that at the floral calyx, cell wall invertases (cwINVs) 302 
unload sucrose from the phloem by breaking it down to Glc and Fru (Ruan, 2022), and then Glc is mainly 303 
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transported into the floral tissues because of the predominant presence of numerous transporters and 304 
carriers facilitating its fast uptake (Borghi and Fernie, 2017). However, it is not yet known to what extent 305 
Glc is partitioned and utilized for the synthesis of soluble molecules, such as carbohydrates, organic acids 306 
and amino acids, as well as large insoluble polymers like starch and cell wall components. The 307 
differential contribution of glycolysis and respiration in supporting the energetic requirements of flowers 308 
is also poorly investigated. Finally, it is not well understood which of the numerous pathways composing 309 
the network of the floral primary metabolism is preferentially targeted for Glu channeling and utilization, 310 
and whether the direction of this metabolic flux differs in pre-anthesis versus post-anthesis. To assess the 311 
metabolic fate of Glc in flowers, we performed flux analyses upon feeding radio-labeled [U-14C]-Glc and 312 
stable isotope-labeled [U-13C]-Glc to whole inflorescences.  313 
In a first labeling experiment, in order to broadly characterize the major fluxes in flowers, we measured 314 
the incorporation of radiolabeled carbon into the major classes of chemical compounds after fractionation 315 
by ion-exchange chromatography coupled with enzymatic digestion of whole inflorescences fed with [U-316 
14C]-Glc (Obata et al., 2017). The outcome of this experiment revealed a predominant redistribution of the 317 
radiolabeled carbon into the pool of hexose phosphates and a dominant flux towards the synthesis of Suc 318 
(Table 1). These results align well with the model of Suc breakdown and re-synthesis, also known as a 319 
“futile cycle” which flowers utilize to move carbohydrate resources into different floral tissues bypassing 320 
the apoplasmic barriers which separate individual floral organs within flowers. The low evolution of CO2 321 
which we measured in this experiment, also suggests that glycolysis and the pentose phosphate pathways 322 
may be the preferential routes for the breakdown of Glc in flowers.  323 
In a second labeling experiment, we fed [U-13C]-Glc to whole inflorescences from which we harvested 324 
individual florets in the stages of pre-anthesis, anthesis, and post-anthesis. We extracted metabolites from 325 
these samples and quantified the total incorporation of 13C in the primary metabolites of the central 326 
pathway, after correcting for the natural abundance of 13C (Table 2). The results of this experiment show 327 
that the incorporation of 13C into the pool of amino acids peaks in pre-anthesis and decreases as flowers 328 
advance their phenology from pre-anthesis to anthesis and post-anthesis. The pool of the organic acid 329 
intermediates of the tricarboxylic acid (TCA) cycle displays a maximum of 13C incorporation at anthesis. 330 
Similarly, 13C labelling of the pool of carbohydrates also reaches its highest point at anthesis, although it 331 
retains an elevated level also in post-anthesis. Therefore, 13C labelling reveals that within the 332 
inflorescence, individual florets in different stages of development differentially allocate resources 333 
towards direct synthesis of amino acids, TCA intermediates and carbohydrates. Metabolites with a 334 
bioenergetic function, such as TCA intermediates and carbohydrates, show a maximum peak of 13C 335 
incorporation starting in pre-anthesis, proceeding during anthesis and which also extends to post-anthesis. 336 
Novel synthesis of amino acids peaks in pre-anthesis and may also continue across anthesis as the total 337 
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content of many amino acids, which includes labelled and unlabeled amino acids, reaches a peak in this 338 
developmental stage (Supplemental Table S1). Moreover, amino acids which derive from protein 339 
degradation, and which are unlabeled due to the short time of labelling, may also contribute to this pool. 340 
Overall, 13C labelling shows that the stage of anthesis is a moment of intense metabolic activity in the life 341 
of a flower, characterized by high rates of anaerobic and aerobic respiration and recycling of metabolites.  342 
 343 
Genes associated with the metabolism of carbohydrates, and transport of carbohydrates and amino 344 
acids are highly represented at the transition from close to open flowers 345 
To gain further insights into the molecular processes underlying the metabolic shift occurring at the onset 346 
of flower anthesis, we extracted RNA from pools of approximately 40 individual florets in each of the 347 
eight previously described stages of development, and quantified transcript abundance via RNA 348 
sequencing. A total of 29,000 transcripts were initially identified and from which we excluded from 349 
further analyses genes with less than ten counts and genes that did not show significant changes in at least 350 
one of the possible contrasts between developmental stages. We also excluded transcripts that did not fit a 351 
quadratic regression (df =3), as changes in transcript abundance across development are expected to be 352 
smooth and gradual. The multi-dimensional plot of the 19,388 normalized counts that remained after 353 
filtering shows a clear segregation of flower developmental stages and therefore highlights existing 354 
differences among the samples and the robustness of the dataset (Supplemental Fig. S2; Supplemental 355 
Dataset S3). Comparison of transcript abundance across developmental stages showed that the largest 356 
number of significantly differentially expressed genes (DEGs) belongs to the early transition between 357 
9.25 and 10.25 day old buds, after which the number of DEGs remained stable until 13.50 day old 358 
flowers, and it started to decrease soon after (Supplemental Dataset S4). Gene ontology (GO) enrichment 359 
analysis revealed enrichment of terms related to catalytic activity, ion binding, and transmembrane 360 
transport activity (GO category “molecular function”), cell periphery and plasma membrane (GO 361 
category “cellular component”), and response to stimulus (GO category “biological process”; 362 
Supplemental Dataset S4; Supplemental Fig. S3). Term enrichment analysis performed at the Kyoto 363 
Encyclopedia of Genes and Genomes (KEGG) revealed enrichment of genes associated with the 364 
metabolic pathways of glycolysis, TCA cycle, and sucrose metabolism, as well as glucosinolate and 365 
flavonoid biosynthesis the latter two occurring at the developmental transition between bud and anthesis 366 
and between anthesis and mature flowers, respectively (Supplemental Fig. S4). The comparison of DEGs 367 
in the three major developmental groups of pre-anthesis, anthesis, and post-anthesis revealed high 368 
transcriptional activity of genes associated with the photosynthetic process, as well as enrichment of 369 
KEGG terms associated with porphyrin and chlorophyll metabolism in buds in pre-anthesis 370 
(Supplemental Fig. S5A and Fig. S5B). In mature post-anthesis flower, genes of the categories of sugar 371 
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and hormone signaling and transport are instead highly prominent (Supplemental Fig. S5A and Fig. S5C). 372 
The phase of flower opening is characterized by a small group of 369 upregulated genes, among which 373 
DEGs associated with the terms “endomembrane system” and “Golgi”, as well as genes involved in the 374 
biosynthesis of glucosinolates are the most abundant (Supplemental Fig. S5A).  375 
Correlative associations across transcripts were investigated on the subset of the first 9,000 DEG which 376 
emerged as significant across all developmental comparisons. The resulting 655,666 positive correlations 377 
(correlation cutoff 0.82; unique genes 7,572) were plotted on a network and analyzed from the 378 
perspective of functional grouping with the BiNGO tool in Cytoscape (Maere et al., 2005). In the 379 
resulting network of 783 nodes and 1,347 edges, we identified two clusters of highly correlated nodes and 380 
a smaller cluster of more loose connections (Fig. 6A, Supplemental File S1). The first cluster of highly 381 
correlated nodes is enriched in genes associated with cellular processes regulating development of 382 
reproductive structures, including fruits, seeds, and embryo development. Here, the GO term descriptors 383 
associated with vesicle-mediated transport from the ER to the Golgi apparatus, retrograde transport 384 
between endosomes to Golgi (the cellular process that recycles membrane proteins during growth and 385 
development), cellular membrane organization, organization of chloroplast and peroxisomes were all 386 
enriched (Supplemental Dataset S5; Cluster Development), which highlight the membrane trafficking 387 
processes contributing to meristem growth and development. The second cluster of highly connected 388 
nodes is enriched in the GO descriptors associated with metabolism. Here, the bigger and brighter nodes 389 
which represent the most relevant nodes in the network, include the terms cellular metabolic process and 390 
primary metabolic process and the descendant terms carbohydrate, amino acid, protein and lipid 391 
metabolic processes indicating the great involvement of metabolites in the developmental process that 392 
spans across anthesis (Supplemental Dataset S5; Cluster Metabolism). Direct correlation between the 393 
central nodes of the network subclusters “development” and “metabolism” clearly points at the 394 
interdependence between these two processes. Finally, a third smaller cluster includes positive and 395 
negative regulatory genes of development and metabolism (Supplemental Dataset S5; Cluster Signaling). 396 
We next focused attention on the steady-state level of transcripts of genes with experimental and 397 
computational evidence of association with known metabolic pathways of the central and secondary 398 
metabolism (Schlapfer et al., 2017). K-mean clustering applied to this subset of genes unraveled two 399 
hidden clusters characterized by sudden and opposite changes of transcript levels occurring at the onset of 400 
anthesis (Fig. 6B). GO term enrichment revealed that genes in both clusters associate with transmembrane 401 
transport of organic and inorganic solutes, such as ion, peptides, organic acids, and sugars (Fig. 6C). 402 
SUGAR TRANSPRTER PROTEIN 9 (STP9), STP6, POLYOL/MONOSACCHARIDE TRANSPORTER 2 403 
(PMT2), SUCROSE WILL EVENTUALLY BE EXPORTED TRANSPORTER 5 (SWEET5) belong to the 404 
cluster of genes of which the level of transcripts increases at the onset of anthesis. The genes 405 
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HEXOKINASE 3 (HKK3), PYRUVATE KINASE COMPLEX, MALATE SYNTHASE and MALATE 406 
DEHYDROGENASE, and genes of the Major facilitator superfamily proteins, which enable carbohydrate 407 
membrane transporter activity, were also represented in this cluster. In the second cluster which includes 408 
genes with negative changes in the level of transcripts at the onset of anthesis, we observed the nitrate and 409 
nitrate excretion transporters NRT1.6, NRT2.6, NRT3.1, NAXT1 and the amino acid permease AAP8. The 410 
SUCROSE PROTON SYMPORTERS 7 (SUC7), SUC9, SUCROSE SYNTHASE 4, and a few genes of the 411 
major facilitator superfamily proteins are also present in this cluster, which suggest that a different subset 412 
of genes of the sugar metabolism are activated as flowers open. Genes associated with the conversion and 413 
production of energy such as photosynthesis (Supplemental Fig. S6A and S6B), glycolysis (Supplemental 414 
Fig. S6E), and the TCA cycle (Supplemental Fig. S6H) also accumulate in high abundance in flower in 415 
pre-anthesis of which the abundance of transcripts decreases as flowers age. Given that flowers are 416 
described as sink tissues, it was initially unexpected to see high level of transcripts associated with the 417 
Bassham-Benson-Calvin cycle occurring all throughout anthesis. However, in Arabidopsis embryos 418 
chlorophylls accumulate in the cotyledons early during development. Moreover, the siliques themselves 419 
are photosynthetically active and most probably capable of providing sufficient carbohydrate resources to 420 
reinforce glycolysis and TCA cycle (Brazel and O'Maoileidigh, 2019). Transcripts associated with the 421 
shikimate pathway (Supplemental Fig. S6J), branched chain amino acids (Supplemental Fig. S6K), 422 
carotenoid (Supplemental Fig. S6I) and ABA (Supplemental Fig. S6O) biosynthesis only accumulate in 423 
marginal amounts during anthesis.  424 
 425 
Transcript to metabolite correlations 426 
From groups of florets in pre-anthesis and post-anthesis, we calculated Pearson correlations between 427 
metabolites and transcripts of genes with experimental or putative association with known metabolic 428 
pathways, and ultimately plotted the positive correlations (r2 > 0.80) on two separate networks 429 
(Supplemental Fig. S7, Supplemental File S2 and S3). The network representing flowers in pre-anthesis 430 
(Supplemental Fig. S7A), shows a large cluster of highly connected genes and metabolites and a series of 431 
smaller clusters more loosely connected with one another. The larger cluster (Figure 7A) includes 432 
numerous genes of the family of amino acids, peptide, and nitrate transporters, including general 433 
transporters able to bind different combinations of amino acids such as ARABIDOPSIS THALIANA 434 
PEPTIDE TRANSPORTER 1 (ATPT1) and ATPT3, PROLINE TRANSPORTER (PROT2), and members 435 
of the major facilitator superfamily which may help to retrieve nitrogen from the xylem and mobilize it to 436 
the whole flower or specific floral tissues. Numerous sucrose transporters are also represented in this 437 
large cluster which include genes of the SWEET family (SWEET1, SWEET4, SWEET13, SWEET14), 438 
INOSITOL TRANSPORTER 2 (INT2), SUCROSE CARRIER (SUC2), and the related SUCROSE 439 
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SYNTASE 1 (SUS1), SUS3, and SUS5. Nodes representing metabolites in this large cluster are the amino 440 
acids Pro and hydroxyproline (Hyp), the aliphatic amino acids Gly, Ala, β-Ala, and Ile, and the aromatics 441 
Tyr and Trp. Putrescine and urea also correlate with this large cluster of genes. Among the carbohydrates, 442 
we noticed the presence of Fru, trehalose, galactose, erythritol, and maltose suggesting their transport 443 
from tissue to tissue as organs of flowers develop. Moreover, starch degradation is also a signature of 444 
florets in pre-anthesis as the presence of PHOSPHOGLUCOMUTASE and GLUCOKINASE genes also 445 
suggest. We also noticed many genes with putative localization to anthers and pollen, highlighting the 446 
presumably large dependence of these tissues on the transport of primary metabolites of the class of 447 
amino acids and sugars. Genes involved in sucrose and starch metabolism, glycolysis, decarboxylation of 448 
pyruvate, and ultimately the TCA cycle all point towards the needs of flowers in pre-anthesis for high 449 
energy level metabolism. The remaining more loosely connected and smaller clusters (Fig. 7B and 7C), 450 
show the sugar phosphates (Ribulose-5P, Glc-6P, and Fru-6P) and galactinol as highly influential nodes 451 
in the pathway being characterized by high values of betweenness centrality (Supplemental File S2). 452 
While here many genes associated with transport and metabolism of sugars and amino acids are also 453 
clustering together, it is also interesting to recognize the presence of genes of the Bassham- Benson-454 
Calvin cycle, as well as genes of the pentose phosphate pathway which has been shown to provide 455 
biosynthetic precursors for the synthesis of nucleic acids essential for embryo development (Andriotis and 456 
Smith, 2019). GABA and numerous classes of GA (GA4, GA9, GA12, GA24) are connected to genes of 457 
the geranylgeranyl diphosphate biosynthesis (MEP pathway). Polyamines and derivatives of kaempferol 458 
and quercetin (Q3GR7R, K3GG, Q3GG) also appear in this part of the network.  459 
The network pertaining to flowers in post-anthesis (Supplemental Fig. S7B, Supplemental File S3) shows 460 
two major clusters of transcript-to-metabolite correlations and a few metabolites and genes with high 461 
values of network connectivity. The larger cluster is predominantly characterized by amino acids, small 462 
peptide, and nitrate transporters some of which still lack functional characterization in floral tissues or in 463 
planta (Fig. 7D). Here, we see genes of the major facilitator superfamily proteins, AMINO ACID 464 
PERMEASE 1 (AAP1), AAP3, and AAP6, NITRATE TRANSPORTER 1 (NRT1), PEPTIDE 465 
TRANSPORTER 1 (PTR1) and LYS-HIS-LIKE TRANSPORTERS (LHTs). Many genes of the arogenate 466 
and chorismite pathway (aromatic amino acids) are also represented in the subcluster. Relevant nodes in 467 
this cluster include the metabolites benzoic (BA) and salicylic (SA) acids, Phe, and derivatives of 468 
kaempferol (K3G7G) and quercetin (Q3R7R), and a few hydroxycinnamates and glucosinolates. The 469 
other large cluster (Fig. 7E), shows a few amino acid transporters and genes associated with carbohydrate 470 
metabolism such as cwINV4, HXK1, and SWEET transporters (SWEET4, SWEET13, and SWEET14). All 471 
the genes in this large cluster are highly connected with key metabolites of the TCA cycle (citrate, 472 
isocitrate, succinate, malate, and methyl-malate) and pyroglutamate. Small nodes representing metabolites 473 
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in the cluster also include kaempferol and quercetin derivatives. Nodes showing high level of network 474 
connectivity in this clusters represent the hormone ABA and the amino acids Hyp, Thr, ethanolamine, 475 
Ala, β-Ala, and urea. These nodes are strongly connected with the nitrate transporters NPF2 and NRT3, 476 
and the pyrophosphate-dependent phosphofructokinase B subunit (MATERNAL EFFECT EMBRYO 477 
ARREST 51) which has been shown to promote embryo development (Fig. 7F).  478 
 479 
 480 
DISCUSSION 481 
Flower metabolism has been the subject of numerous studies. However, research in this field primarily 482 
centered attention on a discrete number of metabolite classes, such as scent and color, and less frequently 483 
on multiple types of metabolites or the entire set of compounds that flowers synthesize, which is referred 484 
to as the metabolome. As flowers integrate signals from the whole plant to successfully channel 485 
metabolism toward pollination and reproduction, taking a metabolomic approach to the study of flower 486 
metabolism holds the promise to provide a thorough understanding of how flowers function as whole 487 
entities. Here, we provided a holistic overview of the entire set of primary and secondary metabolites and 488 
hormones of flower samples, which we further integrated with transcriptomics and radiolabeled feeding 489 
experiments. We focused attention on flower anthesis, as in this particular developmental transition 490 
pollination occurs, and the floral metabolome, initially programmed to support pollination, must be re-491 
programmed to support seed and fruit set. We showed that primary metabolism plays a central role in this 492 
developmental transition, and changes at both transcript and metabolite levels follow the developmental 493 
progression of individual organs. The dataset presented here could be used to validate, confute or 494 
formulate new hypotheses pertaining to the role of individual metabolites or metabolite classes in 495 
regulating flower development. Additionally, we envision that this dataset could also be utilized to 496 
introgress relevant floral metabolic traits to promote pollination in crops species for which a 497 
comprehensive knowledge of flower metabolism is still limited. 498 
 499 
Anthesis is accompanied by a developmentally regulated reshaping of flower primary metabolism 500 
Our survey of the Arabidopsis floral metabolome shows that the levels of metabolites of the central 501 
pathway change consistently during the transition from close to open flowers as to follow floral 502 
development from the stage of buds, across anthesis, up to mature and senescing flowers (Fig. 2A and 503 
Fig. 2B). Metabolites highly represented in the stage of pre-anthesis are sugars phosphates (G6P and 504 
F6P), maltose and sucrose, and intermediates of the TCA cycle (pyruvate, citrate, and malate). 505 
Comprehensively these data suggest that an intense metabolic activity takes place in preparation of flower 506 
opening. In Nicotiana attenuata , where the content of primary metabolites in the floral limb was 507 
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measured before and after corolla opening, elevated sugars and TCA cycle intermediates were also 508 
detected (Stitz et al., 2014). Here, the prominent role of sugars was attributed to regulating cell turgor and 509 
expansion. Conversely, in petals of snapdragon where the water content increases only by 5% as flowers 510 
open, elevated sugars may instead support the increase in biomass via new cellulose synthesis and cell 511 
wall deposition (Muhlemann et al., 2014). Arabidopsis flowers between stages S9 and S13, the time 512 
frame during which we surveyed elevated levels of sugars and TCA intermediates, are certainly 513 
characterized by the appearance and growth of petal primordia, but also by the initial stages of stamen 514 
development up to the formation of the anther loculi (Smyth et al., 1990). Anthers are strong sinks of Suc 515 
and carbohydrates, and within the anthers the tapetum is a tissue characterized by a very intense 516 
metabolic activity. Here, sugars are exported to the locular fluid which nourishes the growing pollen 517 
grains (Pacini et al., 1985) while the fast turnover of the TCA cycle provides high energy intermediates 518 
(Busi et al., 2011). In this stage, specific classes of amino acids, as for example Pro, are also delivered to 519 
the microsporocytes. Indeed, [U-13C]-Glc feeding experiments showed elevated incorporation of label 520 
into Pro reaching a maximum in pre-anthesis and anthesis (Table 2). The pistil also differentiates at 521 
around this time, as the stigmatic papillae must be fully receptive as flowers open, and while transitory 522 
starch accumulates at the base of the floral calyx well before flower opening, at anthesis starch 523 
accumulation appears in the parenchyma cells of the stigma (Hedhly et al., 2016). Our dataset reveled that 524 
the content of maltose, which is obtained from the degradation of starch to amylopectin, is very high in 525 
10.25 day-old florets, the time point immediately preceding anthesis. 526 
Bellaire et al., (Bellaire et al., 2014) measured elevated levels of amino acids with high N:C ratio in the 527 
early stages of flower development, for which they hypothesized that a conspicuous assimilation of 528 
nitrogen takes place in Arabidopsis florets in pre-anthesis. The results of [U-13C]-Glc feeding experiment 529 
validate this hypothesis (Table 2) and additionally show that label incorporation into specific 530 
carbohydrates and TCA intermediates rises at anthesis and is maintained at high level also in post-531 
anthesis (e.g., Suc and citrate). Here, differences in the level of specific metabolites are conceivably 532 
traceable to the use by Bellaire and coauthors of an inducible mutant line with a cauliflower-like habitus, 533 
in which the source-sink relationships may not be representative of a wild-type inflorescence. Indeed, our 534 
[U-14C]-Glc feeding experiment shows that in whole inflorescences, where all the progressive stages of 535 
development from flower primordia to senescing flowers are present, the primary sink of label 536 
incorporation are hexose phosphates and Suc (Table 1).  537 
As flowers transition to post-anthesis, primary metabolism does not show signs of slow quenching. 538 
Instead, a rather abrupt shift in the content of primary metabolites draws a dividing line between anthesis 539 
and post-anthesis (Fig. 2A). Here, sugars such as Fru and R5P are present in large abundance, as well as 540 
maltose, galactose, trehalose which are present at high concentration especially in senescing flowers 541 
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transitioning into fruits (15.25 day-old. florets). At the time of pollination, sugars in stigma and style are 542 
mobilized to support the growth of the pollen tube while it elongates towards the ovule (Goetz et al., 543 
2017). Following fertilization, carbohydrates still accumulate in early developing embryos, despite 544 
Arabidopsis seeds, as it is for other Brassicaceae species, mostly accumulate lipids and amino acids. 545 
Initially, starch accumulates in the endosperm, after which it is gradually degraded (Hedhly et al., 2016). 546 
Indeed, in our experiment we measured high content of maltose (the disaccharide immediately derived 547 
from starch degradation) in three critical time points (Fig. 2A): in pre-anthesis, and in post-anthesis at the 548 
time of post fertilization (13.50 day-old florets) and the heart stage of embryo development (15.25 day-549 
old florets; S16; Fig. 1). For the embryo to developmentally progress beyond the globular stage, the 550 
contribution of primary metabolic pathways providing R5P for the biosynthesis of purines, His, and 551 
NADPH is deemed to be indispensable. In fact, mutants of the oxidative pentose phosphate pathways and 552 
the G6P/phosphate translocator gpt1 are embryo lethal as they prematurely cease to develop when they 553 
reach the globular stage (Andriotis et al., 2010; Andriotis and Smith, 2019). Additionally, the total 554 
content of numerous labelled and unlabeled amino acids is particularly elevated in post-anthesis 555 
(Supplemental Table S1), as well as the level of transcripts of amino acid and peptide transporters (Fig. 556 
6B and 6C, 7B and Supplemental Fig. S6). As the incorporation of 13C labelling into the pool of amino 557 
acids peaks at the stages of pre-anthesis and anthesis, our finding also supports the hypothesis of 558 
Gaufichon et al., (Gaufichon et al., 2017) that amino acid reserves which are generated and stored in pre-559 
anthesis are mobilized after pollination to support embryo development up to the heart stage.  560 
 561 
Secondary metabolites display a discontinuous distribution across anthesis 562 
While primary metabolism marks the whole process of flower opening with high levels of compounds 563 
and transcripts being present at each of the eight time points we sampled florets, conversely, secondary 564 
metabolites show a discontinuous distribution. We observed considerable variation across different 565 
metabolites of the class of flavonoids irrespective of their chemical origin whether they are kaempferol, 566 
quercetin, or isorhamnetin derivatives (Fig. 3). Our observations made in Arabidopsis flowers differs 567 
from studies performed in distantly related plant species, such as Fresia, where the concentration of 568 
multiple kaempferol derivatives was seen to increase up to anthesis (Shan et al., 2020). In fact, in 569 
Arabidopsis, K3G7G, K3KG7R, K3R7R progressively accumulate starting from young buds, but their 570 
content continues to rise after fertilization. Moreover, among the kaempferol derivatives, K3GG 571 
displayed an opposite trend characterized by a remarkable decline in intensity from buds to open flowers. 572 
Nevertheless, all throughout flower opening the content of numerous flavonoids is considerably elevated, 573 
which we ascribe to the important role of this class of compounds in regulating flower development and 574 
fertilization. Indeed, in many plant species flavonoids are required for the proper development of stamens 575 
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and germination of pollen tubes (Pollak et al., 1993; Muhlemann et al., 2018; Wang et al., 2020), a 576 
physiological function of flavonoids that has recently been discovered also in Arabidopsis (Zhang et al., 577 
2021). Here, it has been shown that flavonoids protect towards the damaging effect of ROS, which fail to 578 
reach a harmful concentration due to scavenging activity of kaempferol derivatives. Of particular 579 
relevance is the observation that the content of flavonoids in Arabidopsis flowers is directly linked to 580 
plant fitness, as flavonoids’ deficient mutants when treated with kaempferol produce siliques with more 581 
seeds (Zhang et al., 2021).  582 
Elevated levels of polyamines were detected only in very young florets, as their content progressively 583 
decreased with time and reached the lowest level in post-anthesis (Fig. 3). This general trend observed for 584 
all polyamine compounds is probably linked to their role in the process of pollen development as 585 
polyamines, by forming cross-links with different polymers, contribute to the stiffness of the pollen cell 586 
wall (Aloisi et al., 2016). After pollination, polyamines still contribute to pollen tube emergence but only 587 
as signaling molecules, for which the low levels we measured in our experiment are legitimate. In fact, 588 
high polyamine concentration in post-anthesis would alter the morphology of the growing pollen tubes 589 
impairing reproduction (Rodriguez-Enriquez et al., 2013).  590 
Indole and aliphatic glucosinolates showed dramatic differences across anthesis, with some compounds 591 
showing stable content and other displaying considerable variation as flower open (Fig. 3). The 592 
physiological function of glucosinolates is related to plant defense, however a pleiotropic effect of 593 
glucosinolate encoding genes on flowering time has also been proposed (Jensen et al., 2015; Kerwin et 594 
al., 2015). Sarsby et al., (Sarsby et al., 2012) utilized mass spectrometry imaging to visualize aliphatic and 595 
indole glucosinolates in Arabidopsis flowers. In their studies, they measured variable concentrations of 596 
glucosinolates in different floral organs with peaks of intensity in sepals of young floral buds, in the floral 597 
calix specifically in the cells at the periphery of the phloem, and the siliques. Given their high content of 598 
sugars and amino acids floral tissues are highly palatable for which the role of glucosinolates as deterrent 599 
of herbivores has been proposed also in flowers.  600 
 601 
Transcripts associated with pathways of primary metabolisms and metabolites’ transport attend 602 
changes of primary metabolite content throughout anthesis 603 
Elevated levels of transcripts of multiple genes associated with pathways of primary metabolism were 604 
detected across anthesis. Indeed, the KEGG categories of glycolysis, sucrose and starch metabolism, and 605 
TCA cycle were highly represented in each of the eight time points during which we sampled florets 606 
(Supplemental Fig. S4). Comparative analyses between transcriptomic and metabolomic data, and the 607 
multiple positive correlations that we measured between metabolites and transcripts (Fig. 7A and 7B) 608 
suggest that the changes measured at the metabolite level are initiated at the transcriptional level. Besides, 609 
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transcriptomic data also show that the high metabolic status perduring across anthesis is maintained by 610 
flowers through differential expression of set of genes which nevertheless belong to equivalent functional 611 
groups. For examples, genes in the categories of transmembrane transport of organic and inorganic 612 
solutes, such as ions, peptides, organic acids, and sugars are equally represented within the groups of 613 
transcripts showing either decreased or increased accretion across flower opening. However, the 614 
individual genes within each of these subgroups differ from one another (Fig. 6B and 6C). A plausible 615 
explanation for this happening is in the peculiar anatomy of flowers where the paucity of direct 616 
connections via the symplast resulted in the evolution of multiple tissue specific transporters with affinity 617 
for similar substrates (Borghi and Fernie, 2017). Therefore, we can speculate that at the time when 618 
individual floral organs develop and grow, their associated transporters and metabolic enzymes are 619 
transcriptionally turned on, and later, as tissues reach maturity and progressively age, turned off. 620 
Examples of these patterns can be seen when transcriptional data are utilized to follow the developmental 621 
progression of androecium, gynoecium, and finally the development of seeds and fruits (Pearce et al., 622 
2015; Kivivirta et al., 2021). 623 
The correlation network computed from all metabolites measured across anthesis identified GA and JA as 624 
relevant nodes connecting the majority of TCA intermediates (malate, citramalate, citrate, isocitrate, 625 
glycerate), sugar phosphates (G6P and F6P) and sugar alcohols, amino acids (Glu, Gln, Asp, Pro) and 626 
related polyamines, spermidine and putrescine (Fig. 5). It is known that during the maturation phase of 627 
flower development, GA and auxin responsive factors promote the biosynthesis of JA and altogether 628 
regulate genes promoting elongation of petals and anthers, anther dehiscence, maturation of the 629 
gynoecium, and nectar secretion (Reeves et al., 2012; Cecchetti et al., 2013; Wiesen et al., 2016; 630 
Cardarelli and Costantino, 2018). The direct role of JA on the chemistry of flowers was initially 631 
discovered in Arabidopsis, where reduced emission of sesquiterpene volatiles was measured in multiple 632 
mutants along the pathway of JA synthesis and response (Reeves et al., 2012). In Nicotiana attenuata, 633 
where emission of scent and secretion of nectar are also regulated by JA, remarkable alterations of 634 
carbohydrate and energy metabolism were measured in the corolla of mutant lines with interrupted JA 635 
biosynthesis or perception (Stitz et al., 2014). Microarray experiments performed on corolla limbs of 636 
these lines showed overrepresentation of genes associated with glycolysis, metabolism of carbohydrates, 637 
and TCA cycle, resulting in altered accumulations of sugars and TCA intermediates. Interestingly, 638 
treatment with coronatine (a JA-Ile functional homolog) restored the chemical phenotype observed in 639 
wild-type corollas to a large extent. GA levels also have an impact on floral metabolism. Indeed, soon 640 
after pollination in the early stages of fruit set, GA rewires the pathways of central metabolism via 641 
transcriptional control of enzymes, plasma membrane and subcellular (organelle) transporters (Shinozaki 642 
et al., 2020). Moreover, strong correlations were measured among the levels of transcripts, proteins, and 643 
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metabolites which may indicate a highly coordinated process taking place soon after pollination had 644 
occurred. Although, these experiments were performed in tomato, comparison of gene expression atlases 645 
of plant organs across different species, revealed that flower transcriptomes are all very similar to one 646 
another and therefore highly conserved (Julca et al., 2021). As it has been observed in Nicotiana 647 
attenuata and tomato, where the progression through the maturation phase of flower development and 648 
early fruit set is achieved via remobilization of carbohydrates and intermediates of the central pathways, 649 
similarly, in Arabidopsis, we detected tight correlations between the hub of genes associated with 650 
development and the genes associated with metabolism (Fig. 6A). Whether metabolism is regulated in 651 
space and time via transcription, and vice-versa, we cannot ascertain from our dataset. However, evidence 652 
is slowly emerging suggesting that metabolism could also directly affect development (Miyazawa and 653 
Aulehla, 2018). Therefore, we cannot exclude that a reciprocal interdependency between metabolism and 654 
development may also take place in flowers.  655 
 656 
Altogether, our study revealed that the process of flower opening is extensively sustained by temporal 657 
regulation of the central metabolic pathways. Indeed, transcripts and metabolites associated with 658 
glycolysis, carbohydrate metabolism, and TCA cycle are highly represented across flower anthesis, and 659 
while in pre-anthesis metabolism is rewired towards the synthesis of amino acids, those are later recycled 660 
to sustain embryo development. Studies of flower metabolism in Arabidopsis have so far been carried out 661 
on entire inflorescences; therefore, this study, which was conducted on individual florets, represents a 662 
substantial advancement in understanding flower metabolism. Nonetheless, the results of this study also 663 
suggest that specific clusters of metabolites and genes may support the temporal development of floral 664 
organs, as their physiological function changes across anthesis. Therefore, we acknowledge that 665 
substantial advancement will be gained from similar studies performed on individual floral organs, for 666 
which the data presented here will be of great support. Moreover, while it is commonly accepted that 667 
these metabolic changes are directed by the developmental progression of flowers across the maturation 668 
phase, it remains to be determined to what extent metabolism itself can affect development. 669 
 670 
 671 
MATERIALS AND METHODS 672 
Plant material and growth conditions 673 
Seeds of Arabidopsis (Arabidopsis thaliana) ecotype Col-0 (N6000) were stratified at 4 °C in the dark for 674 
five days, sown in trays of 48 round pots (diameter 5 cm) with one plant per pot. Approximately 1000 675 
Arabidopsis plants were grown in a climate chamber (photoperiod: light/dark, 15/9 hours; temperature 676 
22/18 °C, day/night; light intensity: 125 μMol.m-2.sec-1) and bottom watered twice a week with 0.25X 677 
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Hyponex solution alternated with deionized water until the plants bolted. Pools of ~ 40 individual florets 678 
in eight consecutive stages of development (from S9 to S16) were harvested from the main bolting 679 
inflorescence and utilized for the analyses of metabolites and transcripts. All florets were harvested at 680 
around mid-day when mature flowers are fully open.   681 
 682 
Metabolite analysis  683 
Analysis of primary and secondary metabolites 684 
30-40 individual flowers (~30 mg fresh weight; FW) were harvested, promptly frozen in liquid nitrogen, 685 
and ground to a fine powder. Primary metabolites were extracted, annotated, and quantified following the 686 
procedure described by Lisec et al. (Lisec et al., 2006) and Alseekh et al., (Alseekh et al., 2021). The 687 
protocols described by Tohge et al. (Tohge and Fernie, 2010) and Perez de Souza et al., (Perez de Souza 688 
et al., 2021) were followed to annotate secondary metabolites.   689 
 690 
Analysis of apocarotenoids and hormones 691 
Deuterated apocarotenoids (Buchem, Netherlands) and deuterated hormones (OlChemIm, Czech 692 
Republic) were used as internal standards 1 (IS-1) and IS-2 for the quantification of apocarotenoids and 693 
hormones, respectively. IS-1 mixture includes D3-β-apo-9-carotenone, D3-β-apo-13-carotenone, D3-β-694 
apo-15-carotenal, D3-β-apo-14'-carotenal, D3-β-apo-12'-carotenal, D3-β-apo-10'-carotenal, D3-β-apo-8'-695 
carotenal, and D3-3-OH-β-apo-13-carotenone. IS-2 mixture composed of D6-ABA, D2-JA, D2-GA3, D2-696 
GA4, D2-GA9, D2-GA12, and D2-GA20. Approximately 10 mg FW Arabidopsis flowers were extracted 697 
with 1 mL of ethyl acetate with IS-1 in an ultrasound bath (Branson 3510 ultrasonic bath) for 15 min. 698 
After 8 min centrifugation at 2,163 g  at 4°C, the supernatant was collected and the pellet was extracted 699 
with 1 mL of methanol with IS-2. Next, the two supernatants were combined and dried under vacuum. 700 
The residue was re-dissolved in 150 μL of methanol, and filtered through a 0.22 μm filter before LC-MS 701 
analysis. Analysis of apocarotenoids and hormones was performed by using a HPLC (Agilent 702 
Technologies 1200, Germany) coupled to a Q-TRAP 5500 MS/MS (AB SCIEX, MA, USA) with an 703 
electrospray source. Chromatographic separation of apocarotenoids was carried out on a ZORBAX 704 
Eclipse Plus C18 (150 × 2.1 mm, 3.5 μm) column with mobile phases of water (A) and acetonitrile (B) 705 
both containing 0.1% (v/v) formic acid. The gradient program was 0–20 min, 25 %–100 % B; 20–35 min, 706 
100 % B; 35–36 min, 100 %-25 % B; 36–40 min, 25 % B. The column was maintained at 35 °C and the 707 
flow rate was 0.2 mL/min. The MS parameters for detection of apocarotenoids were as follows: positive 708 
ionization mode, temperature, 400 °C; ion source gas 1, 80 psi; ion source gas 2, 70 psi; ion spray voltage, 709 
5,500 V; curtain gas, 20 psi; and collision gas, medium. In addition, Chromatographic separation of 710 
hormones was carried out on a ZORBAX Eclipse Plus C18 (150 × 2.1 mm, 3.5 μm) column with mobile 711 
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phases of water (A) and methanol (B) both containing 0.1 % (v/v) formic acid. The gradient program was 712 
0–18 min, 20 %–100 % B; 18–22 min, 100 % B; 22–23 min, 100 %–20 % B; 23–30 min, 20 % B. The 713 
column was maintained at 40 °C and the flow rate was 0.25 mL/min. The MS parameters for detection of 714 
hormones were as follows: negative ionization mode, temperature, 500 °C; ion source gas 1, 45 psi; ion 715 
source gas 2, 30 psi; ion spray voltage, −4500 V; curtain gas, 25 psi; and collision gas, medium. 716 
Annotation, Multiple Reaction Monitoring (MRM) transitions, and MS parameters of labeled and 717 
endogenous apocarotenoids and hormones are shown in Supplemental Table S2 (Mi et al., 2018). Data 718 
were acquired and analyzed using Analyst 1.6.2 software (Applied Biosystems). 719 
 720 
VOCs trapping and analysis 721 
Approximately 40 individual florets per stage of floral development were detached from the main 722 
inflorescence of Arabidopsis plants and enclosed in 50 mL clear glass vials sealed with aluminum/PTFE 723 
septum and kept in the same conditions of plant growth. VOCs were trapped for 2 hours on a Tenax tube 724 
(Camsco, TX, USA) connected with a syringe needle to the glass vial containing the flowers. Clean air 725 
filtered through a Tenax tube was pumped in the glass vial at a flow rate of 100 mL.min-1 with a manual 726 
vacuum pump (Pas-500 Personal Air sampler, Spectrex, CA, USA). Volatiles were desorbed in a TD-100 727 
thermal desorption instrument (Markes, UK) for 5 min at 240 °C and concentrated on a cold trap at 0 °C 728 
before the analysis. Volatiles were analyzed in a 7890B gas chromatography (GC) system set in split-less 729 
mode and equipped with 7200 Accurate-Mass quadrupole time-of-flight (Q-TOF) detector (Agilent 730 
Technologies, CA, USA). Separation of volatiles was performed on a DB5 capillary column with the 731 
following method: oven initial temperature 40 °C for 2 min; ramp to 280 °C at 10 °C per minute; post run 732 
at 325 °C for 2 min. Pure helium was used as a carrier gas at a rate of 1.5 mL per minute at the nominal 733 
pressure of 16 psi. GC-QToF operating conditions were set as described in Zhang et al., 2020 (Zhang et 734 
al., 2020). Peaks of known VOCs emitted by Arabidopsis flowers (Chen et al., 2003; Tholl et al., 2005; 735 
Zhang et al., 2020) were manually annotated and integrated upon comparison with library standards. 736 
 737 
Metabolite visualization and plotting 738 
Metabolite data were initially stored in Microsoft Excel and successively analyzed in R (version 3.4.3). 739 
The distribution of flower metabolite abundance in relation to the stage of development was initially 740 
explored with a Principal Component Analysis (PCA) performed in R with the “prcomp” function after 741 
centering and scaling, and plotted using the “plot” function. “tidyr” (Wickham and Wickham, 2017) and 742 
“dplyr” (Wickham et al., 2019) were used to summarize t-test statistics and “ggplot2” utilized to visualize 743 
the data with the function “ggboxplot” (Wickham, 2009). Correlations were computed using the R 744 
package Hmisc. Heatmaps were produced in R with the package “pheatmap” (Kolde and Kolde, 2015) 745 
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after centering and scaling log2 average values of metabolite data. Cytoscape 3.8.2 was used for network 746 
building. 747 
 748 
RNA isolation, analysis, and visualization 749 
30 to 40 Arabidopsis florets in each of the eight stages of development (approximately 30 mg FW) were 750 
used as starting material for the isolation of the total RNA with Trizol Plus RNA purification kit and 751 
DNA digestion on column with PureLink DNase (Thermo Fisher Scientific, USA). Three samples of total 752 
RNA per stage of development were utilized for cDNA library construction and sequencing (Bioscience, 753 
WUR, Wageningen, The Netherlands). Transcriptome libraries were constructed using the TruSeq™ 754 
RNA sample Prep Kit (Illumina, CA, USA) and sequenced using the Illumina HiSeq™2500 (Illumina, 755 
CA, USA). Trimmomatic (Bolger et al., 2014) was used to remove adaptor sequences, empty reads, short 756 
reads (<25 bp), reads with an N-ratio >10%, and low-quality sequences. Read counts were analyzed in R 757 
with the packages “EdgeR” and “limma” (Law et al., 2008; Bolger et al., 2014; Law et al., 2014). "voom" 758 
normalization in limma was performed on those genes that fit a second degree quadratic polynomial 759 
(package “splines”; df=3), following the assumption that changes occurring across development are 760 
smooth, gradual, and progressive. Gene ontology analysis was performed with the public server g:Profiler 761 
(Reimand et al., 2016). Venn diagrams were visualized with the R package “VennDiagram” (Chen and 762 
Boutros, 2011). K-mean cluster analysis was performed with the M:fuzz package (Kumar and M, 2007). 763 
The list of genes with experimental and computational evidence of association to known metabolic 764 
pathways was downloaded from the Plant Metabolic Network database (Schlapfer et al., 2017), and the 765 
level of transcript abundace in the current dataset extracted and visualized on a heatmap as described in 766 
Borghi et al., 2019 (Borghi et al., 2019).  767 
 768 
Analysis of [U-14C]-Glc labelled samples  769 
Radioactive isotope labeling was conducted for 5 hours in a glass beaker sealed with Parafilm plastic and 770 
containing whole Arabidopsis inflorescences from which the siliques were removed. The inflorescences 771 
were standing upright in a 2 cm tall glass vial containing a solution of 100 mM K2SO4 and 100 mM Glc 772 
with specific activity of 7 MBq [U-14C]-Glc mol-1. To trap the labeled CO2 emitted from flowers a small 773 
plastic tube containing 0.5 mL of 1M KOH was hung from the rim of the beaker and the solution 774 
retrieved with a syringe needle pierced through the seal of Parafilm plastic. A fluorescent lamp placed on 775 
top of the beakers was used as a source of light for all the duration of the experiment to replicate a 776 
greenhouse setting. The incorporation of radiolabeled carbon into the major classes of chemical 777 
compounds was determined after fractionation by ion-exchange chromatography coupled with enzymatic 778 
digestion in five biological replicates each constituted of three inflorescences. A detailed description of 779 
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the reagents and method is provided by Obata et al., 2017 (Obata et al., 2017). Metabolic fluxes were 780 
calculated following the assumptions described in Geigenberger et al. 1997, 2000 (Geigenberger et al., 781 
1997; Geigenberger et al., 2000).  782 
 783 
Analysis of [U-13C]-Glc labelled samples  784 
2.5 cm tall inflorescences were cut from the main bolting stem of Arabidopsis plants and vertically placed 785 
in wells of a PCR plate (1 inflorescence per well) filled with a solution of 100 mM K2SO4 and 100 mM 786 
[U-13C]-Glc and kept in the greenhouse for the entire duration of the experiment. After 5 hours of feeding, 787 
individual florets in the stages of pre-anthesis, anthesis, and post-anthesis were harvested, snap-frozen in 788 
liquid nitrogen and stored at -80 °C until further processing (n=3; each sample being composed of 789 
multiple florets in one of the three stages of development). Primary metabolites were extracted and 790 
analyzed via GC-MS as previously described. Redistribution of 13C isotope was determined as described 791 
by Roessner-Tunali et al., 2004 (Roessner-Tunali et al., 2004) and Lima et al., 2018 (Lima et al., 2018).  792 
 793 
 794 
Supplemental Data  795 
Supplemental Figure S1. Heatmap of metabolite-metabolite correlations across flower anthesis.  796 
 797 
Supplemental Figure S2. Multidimensional plot of log normalized counts.  798 
 799 
Supplemental Figure S3. Gene Ontology (GO) term enrichment of differentially expressed genes in the 800 
developmental transitions of Arabidopsis thaliana flowers across anthesis.  801 
 802 
Supplemental Figure S4. Kyoto Encyclopedia of Genes and Genomes (KEGG) term enrichment of 803 
differentially expressed genes in the developmental transitions of Arabidopsis thaliana flowers across 804 
anthesis.  805 
 806 
Supplemental Figure S5. Venn diagrams and top category of Gene Ontology/ Kyoto Encyclopedia of 807 
Genes and Genomes (GO/KEGG) term enrichment of differentially expressed genes (DEGs) from 808 
Arabidopsis thaliana florets across anthesis.  809 
 810 
Supplemental Figure S6. Heat-maps of log2 normalized transcripts of genes with known experimental 811 
and computational association with pathways of central and secondary metabolism across flower anthesis.  812 
 813 

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiac253/6594502 by King Abdullah U

niversity of Science and Technology user on 01 June 2022



 

 25

Supplemental Figure S7. Gene-metabolite correlation networks.  814 
 815 
Supplemental Table S1. Total amount of metabolites in individual florets following [U-13C]-Glc feeding. 816 
 817 
Supplemental Table S2. Multiple Reaction Monitoring (MRM) transitions and MS parameters of labeled 818 
and endogenous apocarotenoids and hormones. 819 
 820 
Supplemental Dataset S1. Primary and secondary metabolites and hormones measured in Arabidopsis 821 
thaliana florets in different stages of development across anthesis.  822 
 823 
Supplemental Dataset S2. Pearson pairwise metabolite to metabolite correlations.  824 
 825 
Supplemental Dataset S3. Log2 normalized values of transcripts from differentially expressed genes 826 
(DEG) in Arabidopsis thaliana flowerets in eight consecutive stages of development across anthesis. 827 
 828 
Supplemental Dataset S4. DEG and GO Term enrichment analysis.  829 
 830 
Supplemental Dataset S5. GO term enrichment of genes in the functional clusters “development,” 831 
“metabolism,” and “signaling” shown in Figure 6.  832 
 833 
Supplemental File S1. Network of correlative associations across transcripts (Figure 6ACytoscape file). 834 
 835 
Supplemental File S2. Correlation network between metabolites and transcripts in pre-anthesis (Figure 836 
7A; Cytoscape file). 837 
 838 
Supplemental File S3. Correlation network between metabolites and transcripts in post-anthesis (Figure 839 
7B; Cytoscape file). 840 
 841 
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 853 
TABLES 854 
Table 1. Redistribution of radiolabeled [U-14C]-Glucose and fluxes in whole inflorescences of 855 
Arabidopsis thaliana. Inflorescences were cut from the main bolting stem of flowering Arabidopsis plants 856 
and incubated in a solution of 100 mM K2SO4 and 100 mM Glc (specific activity 7MBq mmol-1 of total 857 
glucose) for 5 hours. At the end of the incubation period, whole inflorescences were newly cut from the 858 
stems that remained in direct contact with the feeding solution, extracted and analyzed for radiolabel in 859 
amino and organic acids, starch, proteins, cell wall, phosphoesters, and sucrose. 14CO2 evolved from 860 
flowers was trapped in KOH and the level of radioactivity determined by scintillation counting. Absolute 861 
rates of flux were calculated from the label incorporation data using the specific activity of the hexose-P 862 
pool to account for isotopic dilution factors. Values are means ± SD (n= 5 samples each composed of 3 863 
inflorescences) 864 
 865 
 

Measured variable Mean  ± SD 

 

Label incorporated (Bq gFW-1)  

 

Total Uptake 1.36x107 ± 3.89x106 

Metabolized radioactivity  1.29x107 ± 3.72x106 

Recovery 0.58 ± 0.04 

  

Redistribution of radiolabel carbon (% of to

metabolized)  

 

CO2 0.10 ± 0.03 

Amino acids 0.39 ± 0.06 

Organic acids 35.29 ± 3.79 

Hexoses-P pool 53.24 ± 5.12 

Suc 6.42 ± 0.95 

Fru 1.59 ± 1.19 

Protein 0.57 ± 0.14 

Starch 0.17 ± 0.03 
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Cellulose 2.23 ± 0.32 

  

Metabolic flux (nmol hexose equivalents gFW h-1)   

Suc synthesis 2.57x104 ± 1.28x104 

Starch synthesis 745.17 ± 499.09 

Cellulose (cell wall) synthesis 9167.26 ± 5049.41 

Protein synthesis 2466.28 ± 1725.3 

 866 
  867 
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 868 
Table 2. Label accumulation in individual florets following [U-13C]-Glc feeding of whole Arabidopsis 869 
thaliana inflorescences. Inflorescences were cut from the main bolting stem of flowering plants and 870 
incubated in a solution of 100 mM K2SO4 and 100 mM [U-13C]-Glc for 5 hours. At the end of the 871 
incubation period, florets in the stage of pre-anthesis, anthesis, and post-anthesis were separately 872 
harvested, metabolites extracted, and the total incorporation of 13C in each metabolite quantified. Values 873 
represent the average 13C accumulation (ng . mg-1 FW) per metabolite (n=3 samples ± SE). Different 874 
letters indicate values significantly different at P < 0.05, while metabolites in bold are significantly 875 
different at P < 0.01 in at least one of three possible pairwise comparisons (T-test).  876 
 877 
 
  stage of development          
Metabolite Group pre-anthesis    anthesis    post-anthesis   
  avg  se  avg  se  avg  se  

Ala Amino acid  328.92 ± 47.59 a 466.36 ± 45.78 b 414.00 ± 30.45 b 

Asn Amino acid  155.95 ± 20.95 a 125.28 ± 22.20 a 50.20 ± 6.60 b 

Asp Amino acid  326.42 ± 41.04 a 152.66 ± 14.77 b 77.69 ± 3.83 c 

GABA Amino acid  46.58 ± 6.64 a 37.20 ± 5.02 a 26.46 ± 6.11 b 

Glu Amino acid  2670.82 ± 297.74 a 1714.00 ± 172.21 b 799.73 ± 85.65 c 

Glycine Amino acid  101.92 ± 6.08 a 83.07 ± 1.08 b 49.86 ± 5.64 c 

Ile Amino acid  3.02 ± 0.13 a 2.93 ± 0.71 ab 2.17 ± 0.14 b 

Leu Amino acid  1.52 ± 0.20 a 1.08 ± 0.30 ab 0.59 ± 0.13 b 

Ornithine Amino acid  4.43 ± 0.71 a 3.15 ± 0.42 b 2.85 ± 0.33 b 

Pro Amino acid  333.88 ± 53.28 a 274.55 ± 13.97 a 121.66 ± 8.61 b 

Ser Amino acid  210.43 ± 28.11 a 141.64 ± 14.54 b 79.35 ± 8.83 c 

Thr Amino acid  51.85 ± 7.17 a 60.39 ± 5.89 a 45.45 ± 6.14 a 

Val Amino acid  178.44 ± 15.81 a 139.77 ± 3.70 b 58.98 ± 6.36 c 

Fru Carbohydrate 437.16 ± 103.16 a 2378.80 ± 25.09 b 2418.67 ± 212.58 b 

Glc Carbohydrate 1.71x105 ± 1.47x104 a 4.84x105 ± 1.71x104 b 3.74x105 ± 4.62x104 c 

Myoinositol Carbohydrate 627.30 ± 95.75 a 570.21 ± 6.39 a 364.14 ± 21.13 b 

Suc  Carbohydrates 10576.81 ± 1571.98 a 12052.37 ± 421.79 a 6878.57 ± 391.95 b 

Trehalose Carbohydrates 17.92 ± 1.57 a 13.29 ± 4.38 a 26.59 ± 0.78 b 

Citrate Organic acid 588.81 ± 87.27 a 276.14 ± 0.04 b 436.99 ± 8.60 c 

Fumarate Organic acid 69.86 ± 6.24 a 316.96 ± 33.09 b 220.42 ± 9.16 c 

Glycerate Organic acid 11.27 ± 4.60 a 23.93 ± 4.09 b 15.18 ± 5.73 ab 

Malate Organic acid 498.35 ± 48.09 a 654.58 ± 31.01 b 364.05 ± 26.89 c 

Succinate Organic acid 137.83 ± 14.18 a 431.74 ± 27.73 b 155.27 ± 6.66 a 

 878 
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 879 
 880 
FIGURE LEGENDS 881 
Figure 1. Arabidopsis thaliana florets arranged in a developmental progression from young (left) to old 882 
(right). The white bar marks the florets utilized in this experiment, their age (days), and stage of 883 
development accordingly to the standard nomenclature. Anthesis occurs at stage S13. The florets were 884 
imaged at the same time and the background was removed. The bar at the bottom represents 1 cm.  885 
 886 
Figure 2. Profile of primary metabolites in Arabidopsis thaliana florets. A, Heat-map of primary 887 
metabolites in eight stages of flower development. Florets in the stage of anthesis are 11.50 days old. 888 
Each square in the heat-map represents the log2 average of metabolite content from three biological 889 
replicates each composed of approximately 40 florets normalized by fresh weight and internal standard. 890 
The colored bar atop the heat-map indicates the following metabolite-pathway associations: light blue, 891 
sugar and starch metabolism; tan, TCA cycle; green, amino acids; lilac, shikimate pathway; grey, 892 
ascorbate and other compounds. B, Schematic representation of metabolic pathways (left) and boxplots 893 
(right) representing the content of primary metabolites measured in Arabidopsis florets in each of the 894 
eight stages of development relative to the youngest stage (7.29 days old buds). The boxplots show the 895 
median (central bar), the interquartile range (box), and minimum and maximum values (vertical bars). 896 
The color of the boxplots represents metabolite-pathway associations as previously described. In each 897 
square, the stage of anthesis is represented in white. Abbreviations: 2OG, 2-Oxoglutarate; BA, benzoic 898 
acid; F6P, fructose-6P; GABA, γ-aminobutyric acid; G6P, glucose-6P; Hyp, hydroxyproline; OAA, 899 
Oxaloacetate; OAS, O-acetylserine; PHBA, p-hydroxybenzoic acid; R5P, ribulose-5P. 900 
 901 
Figure 3. Profile of secondary metabolites in Arabidopsis thaliana florets. A, Heat-map of secondary 902 
metabolites in eight stages of flower development. Florets in the stage of anthesis are 11.50 days old. 903 
Each square in the heat-map represents the log2 of the average metabolite content from three biological 904 
replicates each composed of approximately 40 florets normalized by fresh weight and internal standard. 905 
The colored bar atop the heat-map indicates the following classes of metabolites: lilac, flavonoid; purple, 906 
polyamines; pink, hydroxycinnamates; rose peach, glucosinolates. B, Schematic representation of the 907 
pathway of flavonoid decorations. C, Boxplots representing the content of secondary metabolites 908 
measured in Arabidopsis florets in each of the eight stages of development relative to the youngest stage 909 
(7.29 days old buds). The boxplots show the median (central bar), the interquartile range (box), and 910 
minimum and maximum values (vertical bars). The color of the boxplots represents the classes of 911 
metabolites previously specified. A white plot represents florets in the stage of anthesis. Abbreviations: 912 
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A, arabinose; B, butyl; G, glucose; H, heptyl; I, indole; Is, isorhamnetin; K, kaempferol; M, methyl; O, 913 
octyl; P, propyl; Q, quercetin; R, rhamnose; S, sulfinyl; SinG, sinapoyl-glucose; SinM, sinapoyl-malate; 914 
T, thio- substitution.  915 
 916 
Figure 4. Profile of apocarotenoid, hormones and volatile organic compounds in Arabidopsis thaliana 917 
florets. A, Heat-map of apocarotenoids measured in eight stages of flower development. Florets in the 918 
stage of anthesis are 11.50 days old. Each square in the heat-map represents the log2 average of 919 
metabolite content from three biological replicates each composed of approximately 40 florets normalized 920 
by fresh weight and internal standard. The colored bar atop the heat-map indicates the following classes 921 
of metabolites: orange, apocarotenoids. B, Heat-map of hormones measured as described in A. The 922 
colored bar atop the heat-map indicates the following classes of metabolites: blue, abscisic acid (ABA); 923 
yellow, gibberellin (GA); lime green, jasmonic acid (JA). C, Boxplots representing the content of 924 
apocarotenoids and hormones measured in Arabidopsis florets in each of the eight stages of development 925 
relative to the youngest stage (7.29 days old buds). The boxplots show the median (central bar), the 926 
interquartile range (box), and minimum and maximum values (vertical bars). The color of the boxplots 927 
represents the classes of metabolites previously specified. A white plot represents florets in the stage of 928 
anthesis. D, emission of volatile organic compounds (VOCs) of the class of terpenoids from 40 individual 929 
florets detached from the main inflorescence collected in an open loop system. The size of the beads 930 
represents the total peak area of terpenoid VOCs measured at each stage of flower development. 931 
Abbreviations: Apo, apocarotenoid.  932 
 933 
Figure 5. Correlation network of Arabidopsis floral metabolites. An organic layout in Cytoscape was 934 
chosen to visualize the correlation between metabolites (Pearson correlation threshold of 0.65). Nodes 935 
represent metabolites and edges the interaction between metabolites. The size of nodes and edges maps to 936 
degree and correlation coefficient, respectively. Different classes of metabolites are represented with 937 
different colors: amino acids, green; organic acids, tan; carbohydrates, light blue; hormones, yellow; 938 
apocarotenoids, orange; flavonoids, pink; polyamine, purple; glucosinolates, red; other, grey.  939 
 940 
Figure 6. Visualization of transcript classes overrepresented across flower development. A, Network 941 
visualization of the overrepresented Gene Ontology (GO) categories in the correlation network of selected 942 
transcripts across all flower developmental stages (correlation cutoff 0.82). Size and color of nodes is 943 
proportional to their relevance in the network with bigger and darker nodes showing overrepresented GO 944 
categories. B, Clusters of transcripts showing opposite behavior at the onset of anthesis. C, GO term 945 
enrichment of transcripts represented in B. Bars show the negative log10 of the adjusted P value of the 946 

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiac253/6594502 by King Abdullah U

niversity of Science and Technology user on 01 June 2022



 

 31

main enriched term in the GO categories biological process (red), cellular components (yellow), 947 
molecular function (blue), and Kyoto Encyclopedia of Genes and Genomes (KEGG, purple).  948 
 949 
Figure 7. Gene-metabolite correlation networks. A, Visualization of the Pearson correlations between 950 
transcripts and metabolites in Arabidopsis florets. A, B, and C, developmental stages from S9 to S13 (pre-951 
anthesis) and D, E, and F, developmental stages from S13 to S16 (post-anthesis). Genes are represented 952 
with grey diamond symbols, primary metabolites with triangles, secondary metabolites with inverted 953 
triangles, and hormones with circles. Carbohydrates are colored in light blue, amino acids in green, 954 
organic acids in pink, metabolites of the shikimate pathway in purple, other primary metabolites in deep 955 
blue, apocarotenoids in orange, glucosinolates in cress-green, and flavanols, hydroxycinnamates, and 956 
polyamines with different shades of purple-violet. The correlation matrix was computed using the R 957 
package Hmisc and represented with an organic layout in Cytoscape 3.8.2. Spring length and mass was 958 
manually adjusted to avoid node overlapping. The size of nodes is proportional to the network parameter 959 
of betweenness centrality, with larger nodes representing highly connected metabolites and genes in the 960 
network. Edge thickness is proportional to the correlation value with thicker edges representing stronger 961 
correlations. Only positive correlations above the value of 0.80 are represented. 962 
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Figure 1. Arabidopsis thaliana florets arranged in a developmental progression from young (left) to old

(right). The white bar marks the florets utilized in this experiment, their age (days) and stage of

development accordingly to the standard nomenclature. Anthesis occurs at stage S13. The bar at the

bottom represents 1 cm.
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Figure 2. Profile of primary metabolites in Arabidopsis thaliana florets. A, Heat-map of primary metabolites in eight stages of flower development. Florets in the stage of 
anthesis are 11.50 days old. Each square in the heat-map represents the log2 average of metabolite content from three biological replicates each composed of 
approximately 40 florets normalized by fresh weight and internal standard. The colored bar atop the heat-map indicates the following metabolite-pathway associations: light 
blue, sugar and starch metabolism; tan, TCA cycle; green, amino acids; lilac, shikimate pathway; grey, ascorbate and other compounds. B, Schematic representation of 
metabolic pathways (left) and boxplots (right) representing the content of primary metabolites measured in Arabidopsis florets in each of the eight stages of development 
relative to the youngest stage (7.29 days old buds). The boxplots show the median (central bar), the interquartile range (box), and minimum and maximum values (vertical 
bars). The color of the boxplots represents metabolite-pathway associations as previously described. In each square, the stage of anthesis is represented in white. 
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Figure 3. Profile of secondary metabolites in Arabidopsis thaliana florets. A, Heat-map of secondary metabolites in eight stages of flower development. Florets in the stage 
of anthesis are 11.50 days old. Each square in the heat-map represents the log2 of the average metabolite content from three biological replicates each composed of 
approximately 40 florets normalized by fresh weight and internal standard. The colored bar atop the heat-map indicates the following classes of metabolites: lilac, flavonoid; 
purple, polyamines; pink, hydroxycinnamates; rose peach rosé, glucosinolates. B, Schematic representation of the pathway of flavonoid decorations. C, Boxplots 
representing the content of secondary metabolites measured in Arabidopsis florets in each of the eight stages of development relative to the youngest stage (7.29 days old 
buds). The boxplots show the median (central bar), the interquartile range (box), and minimum and maximum values (vertical bars). The color of the boxplots represents 
the classes of metabolites previously specified. A white plot represents florets in the stage of anthesis. Abbreviations: A, arabinose; B, butyl; G, glucose; H, heptyl; I, indole; 
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Figure 4. Profile of apocarotenoid, hormones and volatile organic compounds in Arabidopsis thaliana florets. A, Heat-map of 
apocarotenoids measured in eight stages of flower development. Florets in the stage of anthesis are 11.50 days old. Each square in the 
heat-map represents the log2 average of metabolite content from three biological replicates each composed of approximately 40 florets 
normalized by fresh weight and internal standard. The colored bar atop the heat-map indicates the following classes of metabolites: 
orange, apocarotenoids. B, Heat-map of hormones measured as described in A. The colored bar atop the heat-map indicates the 
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representing the content of apocarotenoids and hormones measured in Arabidopsis florets in each of the eight stages of development 
relative to the youngest stage (7.29 days old buds). The boxplots show the median (central bar), the interquartile range (box), and 
minimum and maximum values (vertical bars). The color of the boxplots represents the classes of metabolites previously specified. A 
white plot represents florets in the stage of anthesis. D, emission of volatile organic compounds (VOCs) of the class of terpenoids from 
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nucleobase, nucleoside, nucleotide and nucleic acid biosynthetic process

cellular membrane organization

nucleic acid metabolic process

sulfur compound biosynthetic process

protein import into chloroplast stroma

response to osmotic stress

macromolecule methylation

carotenoid biosynthetic process

cellular amino acid catabolic process

RNA 3'-end processing

L-ascorbic acid biosynthetic process

response to organic substance

cellular protein catabolic process

histone modification

miRNA metabolic process

regulation of gene expression, epigenetic

tetraterpenoid biosynthetic process

cellular respiration

glucan catabolic process

protein amino acid dephosphorylation

positive regulation of molecular function

amylopectin biosynthetic process

root hair cell differentiation

negative regulation of biosynthetic process

carbohydrate transport

nucleobase, nucleoside, nucleotide and nucleic acid metabolic process

response to cold

ion homeostasis

sulfur metabolic process

protein import

photosynthesis

cellular macromolecule metabolic process

pigment biosynthetic process

purine ribonucleoside triphosphate metabolic process

RNA processing

carboxylic acid biosynthetic process

protein targeting to mitochondrion

dsRNA fragmentation

starch biosynthetic process

actin filament organization

nuclear transport

peroxisome organization

energy derivation by oxidation of organic compounds

G-protein coupled receptor protein signaling pathway

positive regulation of cell communication

ATP biosynthetic process

positive regulation of cellular metabolic process

tubulin complex assembly

ion transport

response to endoplasmic reticulum stress

floral whorl development

response to temperature stimulus

chemical homeostasis

cellular response to organic substance

positive regulation of cellular process

nucleoside triphosphate biosynthetic process

purine nucleoside metabolic process

cellular homeostasis

response to water deprivation

protein targeting

brassinosteroid mediated signaling pathway

mitochondrial transport

cellular response to dsRNA

starch metabolic process

vacuole organization

developmental maturation

steroid metabolic process

cell cycle

regulation of cell communication

NADP metabolic process

cellular response to external stimulus

wax biosynthetic process

thiamin and derivative biosynthetic process

cellular response to stress

secretion

defense response signaling pathway, resistance gene-dependent

negative regulation of cellular biosynthetic process

regulation of purine nucleotide catabolic process

cytoskeleton organization

isoprenoid biosynthetic process

nucleoside metabolic process

regulation of cellular protein metabolic process

response to stress

activation of innate immune response

cellular response to brassinosteroid stimulus

glyceraldehyde-3-phosphate metabolic process

establishment of localization in cell

macromolecular complex assembly

fatty acid beta-oxidation

activation of protein kinase C activity by G-protein coupled receptor protein signaling pathway

post-embryonic root development

cellular chemical homeostasis

glycine decarboxylation via glycine cleavage system

chromatin assembly or disassembly

chromatin assembly

response to external stimulus

wax metabolic process

amine catabolic process

seedling development

cell redox homeostasis

root morphogenesis

regulation of nucleotide catabolic process

response to radiation

isoprenoid metabolic process

protein import into chloroplast thylakoid membrane

signal peptide processing

negative regulation of transcription, DNA-dependent

positive regulation of innate immune response

immune system process

organophosphate metabolic process

cellular localization

macromolecular complex subunit organization

glutamine family amino acid biosynthetic process

amino acid activation

transmembrane transport

protein folding

endoplasmic reticulum unfolded protein response

chromatin organization

calcium ion transport

response to steroid hormone stimulus

covalent chromatin modification

amine metabolic process

post-embryonic development

response to hydrogen peroxide

response to red or far red light

transcription, DNA-dependent

floral organ development

nucleocytoplasmic transport

positive regulation of defense response

protein targeting to chloroplast

biological adhesion

intracellular protein kinase cascade

fatty acid catabolic process

negative regulation of nitrogen compound metabolic process

gravitropism

organelle fission

defense response, incompatible interaction

pollination

symbiosis, encompassing mutualism through parasitism

positive regulation of flower development

ovule development

divalent metal ion transport

mRNA processing

chromatin modification

tropism

oligosaccharide metabolic process

vitamin biosynthetic process

detection of external stimulus

monosaccharide metabolic process

post-embryonic organ development

response to cadmium ion

regulation of defense response

cellular response to abiotic stimulus

trichome differentiation

regulation of molecular function

cellular lipid catabolic process

protein import into nucleus, docking

negative regulation of metabolic process

response to gravity

nucleoside monophosphate biosynthetic process

detection of chemical stimulus

leaf development

positive regulation of developmental process

fruit development

proton transport

N-glycan processing

carbohydrate metabolic process

steroid biosynthetic process

tRNA aminoacylation for protein translation

translational initiation

cell morphogenesis involved in differentiation

phosphate metabolic process

cellular nitrogen compound catabolic process

cell differentiation

hair cell differentiation

protein amino acid glycosylation

detection of abiotic stimulus

activation of protein kinase activity

signal transmission via phosphorylation event

abscisic acid mediated signaling pathway

production of small RNA involved in gene silencing by RNA

regulation of response to stress

aerobic respiration

L-ascorbic acid metabolic process

di-, tri-valent inorganic cation transport

cellular response to hydrogen peroxide

fatty acid oxidation

cell communication

monovalent inorganic cation transport

DNA mediated transformation

regulation of GTPase activity

defense response to bacterium

regulation of protein kinase activity

glycolysis

cell morphogenesis

phosphorus metabolic process

cellular catabolic process

cellular developmental process

small molecule biosynthetic process

protein modification process

detection of stimulus

positive regulation of protein kinase activity

cellular response to abscisic acid stimulus

pyrimidine base metabolic process

production of ta-siRNAs involved in RNA interference

nucleoside monophosphate metabolic process

isocitrate metabolic process

glycosylation

lipid oxidation

lipid metabolic process

positive regulation of immune response

genetic transfer

peptide metabolic process

defense response

regulation of kinase activity

glucose catabolic process

trichoblast maturation

cellular carbohydrate metabolic process

response to other organism

signal transduction

cellular response to light stimulus

actin cytoskeleton organization

pollen development

regulation of photosynthesis

negative regulation of flower development

oxygen and reactive oxygen species metabolic process

Golgi organization

glutamate metabolic process

production of siRNA involved in RNA interference

regulation of ARF protein signal transduction

carboxylic acid metabolic process

ion transmembrane transport

activation of immune response

ER-nucleus signaling pathway

pentose metabolic process

nucleotide metabolic process

positive regulation of immune system process

response to heat

organic substance metabolic process

mRNA polyadenylation

cell maturation

intracellular transport

multi-organism process

response to light stimulus

actin filament-based process

gametophyte development

negative regulation of post-embryonic development

cellular metabolic process

serine family amino acid catabolic process

response to extracellular stimulus

tRNA metabolic process

proteasomal protein catabolic process

nucleotide-sugar biosynthetic process

regulation of signal transduction

microtubule-based process

macromolecule modification

reproduction

nucleoside phosphate metabolic process

regulation of immune system process

ATP synthesis coupled proton transport

regulation of ARF GTPase activity

RNA polyadenylation

response to blue light

transport

thylakoid membrane organization

coenzyme catabolic process

regionalization

ribonucleoside monophosphate metabolic process

nucleobase, nucleoside and nucleotide catabolic process

protein maturation

shoot development

transcription

regulation of oxygen and reactive oxygen species metabolic process

terpenoid biosynthetic process

protein localization in organelle

RNA interference

nucleotide-sugar metabolic process

protein modification by small protein conjugation

potassium ion transport

protein amino acid deacetylation

glycerophospholipid metabolic process

regulation of translation

embryonic development ending in seed dormancy

energy coupled proton transport, down electrochemical gradient

cellular response to water deprivation

localization

purine ribonucleotide biosynthetic process

reproductive developmental process

plastid membrane organization

cofactor catabolic process

pattern specification process

ribonucleotide metabolic process

nucleobase, nucleoside, nucleotide and nucleic acid catabolic process

protein metabolic process

organ development

cellular macromolecule biosynthetic process

D-xylose metabolic process

photoperiodism

cellular protein localization

cellular response to carbohydrate stimulus

methylation

cellular response to radiation

cysteine biosynthetic process

coenzyme biosynthetic process

cell division

glycerophospholipid biosynthetic process

shoot morphogenesis

cellular response to extracellular stimulus

response to mannitol stimulus

ribonucleotide biosynthetic process

positive regulation of kinase activity

cellular glucan metabolic process

intracellular protein transport

hydrogen peroxide catabolic process

cellular component organization

protein import into nucleus

protein sumoylation

immune response

nucleotide-sugar transport

cation homeostasis

tricarboxylic acid cycle

response to zinc ion

membrane organization

macromolecule biosynthetic process

protein localization in nucleus

serine family amino acid biosynthetic process

epidermis development

regulation of transferase activity

cellular amino acid biosynthetic process

regulation of GTP catabolic process

positive regulation of biological process

response to carbohydrate stimulus

cellular aromatic compound metabolic process

cofactor biosynthetic process

inner mitochondrial membrane organization

protein transport

hydrogen peroxide metabolic process

glycerolipid metabolic process

nuclear import

post-translational protein modification

response to stimulus

photosynthesis, light harvesting in photosystem I

manganese ion transport

protein localization

protein-DNA complex assembly

secretion by cell

purine nucleoside triphosphate metabolic process

negative regulation of transcription

proteolysis

cellular response to biotic stimulus

regulation of catalytic activity

purine ribonucleotide metabolic process

cellular response to hormone stimulus

cellular macromolecule localization

thiamin metabolic process

negative regulation of RNA metabolic process

mitochondrial membrane organization

regulation of cell size

phospholipid transport

positive regulation of abscisic acid mediated signaling pathway

cellular lipid metabolic process

glycine catabolic process

photoperiodism, flowering

ubiquitin-dependent protein catabolic process

protein modification by small protein removal

transition metal ion transport

protein complex assembly

developmental growth involved in morphogenesis

regulation of anatomical structure size

S-adenosylmethionine biosynthetic process

negative regulation of gene expression

signaling

response to biotic stimulus

negative regulation of macromolecule biosynthetic process

purine nucleotide metabolic process

regulation of signaling process

pteridine and derivative metabolic process

thiamin and derivative metabolic process

macromolecule localization

organ morphogenesis

ncRNA metabolic process

regulation of cellular component size

regulation of abscisic acid mediated signaling pathway

water-soluble vitamin biosynthetic process

glycine metabolic process

vegetative to reproductive phase transition of meristem

modification-dependent protein catabolic process

response to disaccharide stimulus

response to brassinosteroid stimulus

developmental growth

retrograde vesicle-mediated transport, Golgi to ER

mRNA 3'-end processing

nucleoside triphosphate metabolic process

porphyrin metabolic process

sterol metabolic process

cell cycle process

negative regulation of biological process

determination of bilateral symmetry

heterocycle metabolic process

cellular component assembly

response to iron ion

cellular carbohydrate biosynthetic process

pollen maturation

organic acid biosynthetic process

actin filament-based movement

nucleosome organization

cellular cell wall organization or biogenesis

oxidoreduction coenzyme metabolic process

cellular protein metabolic process

photosynthesis, light harvesting

copper ion homeostasis

intracellular signal transduction

amine biosynthetic process

oxidation reduction

glucan biosynthetic process

leaf morphogenesis

proteasomal ubiquitin-dependent protein catabolic process

alcohol metabolic process

cell surface receptor linked signaling pathway

regulation of flower development

specification of symmetry

phospholipid biosynthetic process

nucleobase metabolic process

cellular polysaccharide biosynthetic process

seed germination

cellular biosynthetic process

cytoskeleton-dependent intracellular transport

cellular macromolecular complex subunit organization

cellular process

coenzyme metabolic process

carpel development

nucleobase, nucleoside and nucleotide metabolic process

manganese ion homeostasis

cellular aldehyde metabolic process

mRNA metabolic process

cell growth

positive regulation of signaling pathway

alcohol biosynthetic process

cellular response to stimulus

L-serine metabolic process

positive regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolic process

regulation of seed germination

cytochrome b6f complex assembly

response to water

cellular protein complex assembly

phospholipid metabolic process

posttranscriptional regulation of gene expression

cellular polysaccharide metabolic process

reproductive process

chloroplast fission

negative regulation of cellular metabolic process

chloroplast organization

regulation of signaling pathway

regulation of Ras protein signal transduction

gynoecium development

mitochondrion organization

response to ozone

protein complex biogenesis

dicarboxylic acid metabolic process

photosynthesis, dark reaction

alcohol catabolic process

cellular response to steroid hormone stimulus

serine family amino acid metabolic process

trichome morphogenesis

response to dsRNA

cytochrome complex assembly

response to chemical stimulus

cellular macromolecular complex assembly

response to endogenous stimulus

cell wall biogenesis

aromatic amino acid family biosynthetic process

negative regulation of developmental process

plastid fission

plastid organization

response to abscisic acid stimulus

regulation of small GTPase mediated signal transduction

ribonucleoside triphosphate biosynthetic process

organelle organization

microtubule cytoskeleton organization

embryonic meristem development

regulation of cellular catabolic process

autophagy

dephosphorylation

flower development

phyllome development

positive regulation of nitrogen compound metabolic process

response to unfolded protein

steroid hormone mediated signaling pathway

aromatic amino acid family metabolic process

interspecies interaction between organisms

protein amino acid methylation

tetrapyrrole metabolic process

cellular component biogenesis

purine ribonucleoside metabolic process

pollen germination

lipid catabolic process

glutamine family amino acid metabolic process

response to hormone stimulus

carotenoid metabolic process

ribonucleoside triphosphate metabolic process

positive regulation of transferase activity

aging

cell adhesion

photorespiration

regulation of catabolic process

terpenoid metabolic process

cellular response to reactive oxygen species

glycoprotein biosynthetic process

positive regulation of metabolic process

cofactor metabolic process

vacuolar transport

innate immune response

nucleobase catabolic process

purine nucleotide biosynthetic process

nitrogen compound metabolic process

meristem structural organization

negative regulation of cellular process

ribonucleoside metabolic process

multicellular organismal process

protein targeting to vacuole

cellular amino acid metabolic process

tetraterpenoid metabolic process

carboxylic acid catabolic process

positive regulation of catalytic activity

response to salt stress

carbon fixation

cellular metabolic compound salvage

protein localization in mitochondrion

phosphorylation

establishment of protein localization

polysaccharide biosynthetic process

cellular amine metabolic process

unidimensional cell growth

electron transport chain

cysteine metabolic process

heterocycle catabolic process

nucleotide biosynthetic process

iron-sulfur cluster assembly

anatomical structure arrangement

Golgi vesicle transport

protein maturation by peptide bond cleavage

cell cycle cytokinesis

photosynthetic electron transport in photosystem I

small molecule catabolic process

organic acid catabolic process

cellular amino acid and derivative metabolic process

RNA splicing

regulation of innate immune response

chromosome organization

protein targeting to membrane

cellular ion homeostasis

establishment of localization

meristem initiation

epidermal cell differentiation

regulation of meristem development

respiratory electron transport chain

carbohydrate biosynthetic process

sulfur amino acid metabolic process

nucleobase, nucleoside and nucleotide biosynthetic process

glucose metabolic process

metallo-sulfur cluster assembly

starch catabolic process

vesicle-mediated transport

regulation of nucleotide metabolic process

cytokinesis

photosynthetic electron transport chain

regulation of Rab GTPase activity

positive regulation of response to stimulus

catabolic process

small molecule metabolic process

primary cell wall biogenesis

regulation of stomatal movement

methionine biosynthetic process

modification-dependent macromolecule catabolic process

regulation of hydrolase activity

macromolecule glycosylation

primary metabolic process

regulation of protein metabolic process

regulation of developmental process

cytokinetic process

protein amino acid N-linked glycosylation

S-adenosylmethionine metabolic process

growth

hormone-mediated signaling pathway

hexose catabolic process

cellular polysaccharide catabolic process

generation of precursor metabolites and energy

protein targeting to peroxisome

negative regulation of macromolecule metabolic process

photosynthesis, light reaction

regulation of Ras GTPase activity

GPI anchor metabolic process

translation

regulation of biological process

regulation of phosphate metabolic process

plant-type cell wall biogenesis

peroxisome fission

peptidyl-amino acid modification

shoot system development

negative regulation of cellular protein metabolic process

chlorophyll biosynthetic process

root epidermal cell differentiation

acetyl-CoA catabolic process

pigment metabolic process

protein import into peroxisome matrix

response to reactive oxygen species

cellular nitrogen compound biosynthetic process

hexose metabolic process

ATP synthesis coupled electron transport

system development

isopentenyl diphosphate biosynthetic process, mevalonate-independent pathway

root development

RNA metabolic process

polysaccharide catabolic process

phosphoinositide metabolic process

gene expression

polysaccharide metabolic process

biological regulation

cytokinesis by cell plate formation

pyruvate metabolic process

protein modification by small protein conjugation or removal

regulation of phosphorus metabolic process

sugar mediated signaling pathway

negative regulation of protein metabolic process

chlorophyll metabolic process

tRNA aminoacylation

protein deubiquitination

regulation of photosynthesis, light reaction

seed development

cellular response to endogenous stimulus

pentose-phosphate shunt

cellular response to oxidative stress

reproductive structure development

oxidative phosphorylation

multicellular organismal development

isopentenyl diphosphate biosynthetic process

root system development

carbohydrate catabolic process

monosaccharide catabolic process

cellular component morphogenesis

macromolecule metabolic process

homeostatic process

glycoprotein metabolic process

embryonic development

cellular copper ion homeostasis

intra-Golgi vesicle-mediated transport

carbohydrate mediated signaling

aspartate family amino acid biosynthetic process

ATP metabolic process

sterol biosynthetic process

nicotinamide nucleotide metabolic process

regulation of generation of precursor metabolites and energy

trichoblast differentiation

DNA packaging

pyridine nucleotide metabolic process

response to oxidative stress

tissue development

endosome transport

lipid modification

water-soluble vitamin metabolic process

fatty acid biosynthetic process

response to abiotic stimulus

anatomical structure development

cellular carbohydrate catabolic process

anatomical structure morphogenesis

regulation of post-embryonic development

regulation of biological quality

response to virus

meristem development

NADPH regeneration

protein processing

transcription initiation

aspartate family amino acid metabolic process

thiamin biosynthetic process

porphyrin biosynthetic process

cell development

chloroplast-nucleus signaling pathway

cellular ketone metabolic process

DNA conformation change

peroxisomal transport

root hair elongation

endocytosis

metabolic process

protein import into mitochondrial inner membrane

vitamin metabolic process

lipid biosynthetic process

fatty acid metabolic process

developmental process

regulation of Rab protein signal transduction

regulation of immune response

regulation of multicellular organismal process

photosystem II repair

protein secretion

ectoderm development

hydrogen transport

mitochondrial ATP synthesis coupled electron transport

glucan metabolic process

di-, tri-valent inorganic cation homeostasis

hexose biosynthetic process

tetrapyrrole biosynthetic process

positive regulation of post-embryonic development

sulfur amino acid biosynthetic process

glycerolipid biosynthetic process

biosynthetic process

cellular response to chemical stimulus

developmental cell growth

metal ion transport

cellular macromolecule catabolic process

purine ribonucleoside triphosphate biosynthetic process

macromolecule catabolic process

response to metal ion

intracellular signaling pathway

cellular response to unfolded protein

regulation of response to stimulus

protein catabolic process

protein repair

retrograde transport, endosome to Golgi

nucleosome assembly

oxoacid metabolic process

acetyl-CoA biosynthetic process

root hair cell tip growth

ER to Golgi vesicle-mediated transport

monosaccharide biosynthetic process

vesicle organization

cellular di-, tri-valent inorganic cation homeostasis

negative regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolic process

protein amino acid alkylation

heterocycle biosynthetic process

membrane invagination

RNA biosynthetic process

cellular nitrogen compound metabolic process

cation transport

hyperosmotic response

purine nucleoside triphosphate biosynthetic process

one-carbon metabolic process

response to inorganic substance

signaling pathway

cellular response to protein stimulus

response to protein stimulus

proteolysis involved in cellular protein catabolic process

histone methylation

Figure 6. Visualization of transcript classes overrepresented across flower development. A, Network visualization of 

the overrepresented Gene Ontology (GO) categories in the correlation network of selected transcripts across all 

flower developmental stages (correlation cutoff 0.82). Size and color of nodes is proportional to their relevance in the 

network with bigger and darker nodes showing overrepresented GO categories. B, Clusters of transcripts showing 

opposite behavior at the onset of anthesis. C, GO term enrichment of transcripts represented in B. Bars show the 

negative log10 of the adjusted P value of the main enriched term in the GO categories biological process (red), 

cellular components (yellow), molecular function (blue), and Kyoto Encyclopedia of Genes and Genomes (KEGG, 

purple). 
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Figure 7. Gene-metabolite correlation networks. A, Visualization of the Pearson correlations between transcripts and metabolites in Arabidopsis florets. A, B, and C, developmental stages 
from S9 to S13 (pre-anthesis) and D, E, and F, developmental stages from S13 to S16 (post-anthesis). Genes are represented with grey diamond symbols, primary metabolites with 
triangles, secondary metabolites with inverted triangles, and hormones with circles. Carbohydrates are colored in light blue, amino acids in green, organic acids in pink, metabolites of the 
shikimate pathway in purple, other primary metabolites in deep blue, apocarotenoids in orange, glucosinolates in cress-green, and flavanols, hydroxycinnamates, and polyamines with 
different shades of purple-violet. The correlation matrix was computed using the R package Hmisc and represented with an organic layout in Cytoscape 3.8.2. Spring length and mass was 
manually adjusted to avoid node overlapping. The size of nodes is proportional to the network parameter of betweenness centrality, with larger nodes representing highly connected 
metabolites and genes in the network. Edge thickness is proportional to the correlation value with thicker edges representing stronger correlations. Only positive correlations above the 
value of 0.80 are represented.
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