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• Background and Aims: Juvenile-to-adult phase transition is marked by changes in leaf morphology, mostly 
due to the temporal development of the shoot apical meristem, a phenomenon known as heteroblasty. Sugars 
and microRNA-controlled modules are components of the heteroblastic process in Arabidopsis thaliana leaves. 
However, our understanding about their roles during phase-changing in other species, such as Passiflora edulis, 
remains limited. Unlike Arabidopsis, P.  edulis (a semi-woody perennial climbing vine) undergoes remarkable 
changes in leaf morphology throughout juvenile-to-adult transition. Nonetheless, the underlying molecular mech-
anisms are unknown.
• Methods: Here we evaluated the molecular mechanisms underlying the heteroblastic process by analysing 
the temporal expression of microRNAs and targets in leaves as well as the leaf metabolome during P.  edulis 
development.
• Key Results: Metabolic profiling revealed a unique composition of metabolites associated with leaf heter-
oblasty. Increasing levels of glucose and α-trehalose were observed during juvenile-to-adult phase transition. 
Accumulation of microRNA156 (miR156) correlated with juvenile leaf traits, whilst miR172 transcript accu-
mulation was associated with leaf adult traits. Importantly, glucose may mediate adult leaf characteristics during 
de novo shoot organogenesis by modulating miR156-targeted PeSPL9 expression levels at early stages of shoot 
development.
• Conclusions: Altogether, our results suggest that specific sugars may act as co-regulators, along with two 
microRNAs, leading to leaf morphological modifications throughout juvenile-to-adult phase transition in P. edulis.

Key words: Heteroblasty, microRNA, sugar, de novo shoot organogenesis, Passiflora edulis.

INTRODUCTION

Plants undergo successive development stages during their life 
cycle, adopting different genetic and molecular mechanisms 
that provide them with alternatives to express their plasticity 
and, consequently, to adjust themselves morpho-physiologi-
cally to distinct environments (Yu et  al., 2015; Fouracre and 
Poethig, 2016). In some species, the transition from juvenile to 
adult phase is marked by evident changes in leaf morphology 
and by the acquisition of reproductive competence mediated by 
physiological, genetic and molecular responses (Poethig, 2010; 
Huijser and Schmid, 2011).

Heteroblasty is one of the most intriguing mechanisms that 
contribute to leaf shape diversification, both within a single 
plant and between species. Heteroblasty is generally described 
as the temporal development of the shoot apical meristem, 
which potentially affects several traits of the lateral organs, 
including their morphology. Considerable progress has been 

made in characterizing the genetic and molecular mecha-
nisms underlying the heteroblastic process (Wang et al., 2009; 
Tsukaya, 2013; Yu et al., 2013). Compelling evidence demon-
strates that microRNAs, together with transcription factors and 
phytohormones, integrate a complex regulatory network that 
plays key roles in plant vegetative development (Mallory and 
Vaucheret, 2006; Liu and Chen, 2009). MicroRNAs are a class 
of small endogenous non-coding RNAs (20–22 nucleotides) 
that regulate gene expression mostly at post-transcriptional lev-
els through RNA–RNA interactions in both animals and plants 
(Lagos-Quintana et  al., 2001; Jones-Rhoades et  al., 2006; 
Khraiwesh et al., 2010; Axtell et al., 2011). Among the micro-
RNAs involved in the regulation of vegetative phase change, 
the ancient and highly conserved microRNA156 (miR156) 
(Morea-Ortiz et  al., 2016) is essential for the maintenance 
of the juvenile phase. MiR156 and targets [transcription fac-
tors belonging to the SQUAMOSA PROMOTER-BINDING 
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PROTEIN-LIKE (SPL) family] define an age-dependent path-
way along with the miR172-regulated module that controls 
leaf morphological changes during the juvenile-to-adult transi-
tion and flowering time in several species (Wang et al., 2009, 
2011; Wu et  al., 2009; Chen et  al., 2010; Levy et  al., 2014; 
Silva et al., 2019). Previous studies have shown that miR156 is 
highly expressed at early stages of shoot development and its 
expression levels decrease as the plant ages. On the other hand, 
SPL genes and miR172 exhibit an opposite expression pattern 
(Wu et al., 2009; Yu et al., 2015; Nguyen et al., 2017).

The gradual decline in miR156 levels during the juvenile-to-
adult transition allows the expression of adult characteristics in 
leaves. However, the mechanisms by which the levels of this 
microRNA are regulated throughout leaf development are not 
fully understood (Yu et al., 2015). Recent work has revealed that 
the miR156–SPL module is subjected to epigenetic regulation 
during juvenile-to-adult transition, such as DNA methylation, 
histone modifications and chromatin remodelling (M. Xu et al., 
2018; Y. Xu et al., 2018). Furthermore, two components of the 
Mediator CDK8 module [CITY (CCT) and GRAND CENTER 
(GCT)] were shown to regulate the amplitude of miR156 
expression during vegetative phase transition in Arabidopsis 
thaliana (Gillmor et al., 2014). However, little is known about 
possible metabolites that regulate or act in parallel to this micro-
RNA-controlled module during leaf development. Although 
the importance of metabolites in the juvenile-to-adult vegeta-
tive phase change was highlighted decades ago by Corbesier 
et al. (1998), only recently have studies described sugar as one 
of the possible metabolites involved in Arabidopsis vegetative 
development via the modulation of the miR156–SPL module 
(Yu et al., 2013; Smeekens et al., 2010). Low levels of miR156 
and increasing sugar content were associated with the acquisi-
tion of adult traits in Arabidopsis leaves (Yang et al., 2013; Yu 
et al., 2013). Accordingly, the Arabidopsis cao/chlorina1 (ch1) 
mutant, with reduced photosynthesis, shows a delay in vegeta-
tive phase change, highlighting the involvement of sugars and 
photoassimilates in modulating heteroblastic traits in leaves 
(Yang et al., 2011, 2013; Yu et al., 2013).

During vegetative development, the phenotypic expression 
of the heteroblastic progress of leaves changes according to 
the species and responds to fluctuations in the environmental 
conditions (Gamage, 2011; Chitwood et al., 2014). Although 
the genetic and molecular mechanisms involved in the hetero-
blastic process appear to be largely conserved (Yu et al., 2015), 
the majority of studies involving genetic pathways regulated 
by microRNAs and metabolites have focused on model plants. 
For instance, studies on the morphological and molecular bases 
that control leaf shape and juvenile-to-adult phase change are 
mostly concentrated in species such as Arabidopsis, Oryza 
sativa and Zea mays (Chuck et al., 2007; Yu et al., 2013; Wang 
et al., 2015; Xu et al., 2016).

Passiflora edulis is one of the 500 species belonging to the 
genus Passiflora and a tropical fruit crop known as passion 
fruit (De Wilde, 1971; Cronquist, 1988). Passiflora edulis is a 
semi-woody perennial climbing vine that produces large attrac-
tive flowers. Importantly, P. edulis displays extreme changes in 
leaf morphology between juvenile and adult phases, and it has 
been recently proposed as a new model for investigating dif-
ferent developmental processes, including flowering and leaf 
heteroblasty (Nave et al., 2010; Chitwood and Otoni, 2017a, b).  

At the beginning of vegetative development in P.  edulis, the 
young leaves are monolobed and lanceolate-shaped, with small 
leaf blades and smooth margins. As the vegetative-to-adult 
transition progresses, the leaves experience complex morpho-
logical modifications, displaying larger leaf blades, serrated 
margins and the formation of new lobes, going from monolobed 
to trilobed (Cutri et  al., 2013; Chitwood and Otoni, 2017a, 
b). Importantly, changes in shape and size occur gradually 
throughout leaf development, which suggests that P. edulis may 
become a promising model for evaluating genetic and molecu-
lar mechanisms underlying juvenile-to-adult vegetative phase 
transition in leaves. However, there is no report on regulatory 
networks associated with vegetative phase change in P. edulis, 
especially those including microRNAs and metabolites.

In this study, we investigated the temporal expression patterns 
of miR156 and one of its targets (P. edulis SPL9 or PeSPL9), 
as well as miR172, during the heteroblastic process in P. edulis 
leaves. We show that high levels of miR156 were associated 
with juvenile traits and that its expression declined in leaves 
even before obvious morphological changes were noticed. On 
the other hand, high miR172 expression levels were observed in 
leaves displaying adult traits. We also monitored the hormone 
and metabolic profiles of leaves during the vegetative-to-adult 
transition. Levels of cytokinin and auxin were higher as early 
as the sixth leaf. Increasing levels of soluble sugars, including 
glucose, were associated with adult traits. Moreover, supple-
mentation of the culture medium with glucose induced adult 
leaf characteristics during de novo shoot organogenesis, with 
subsequent accumulation of PeSPL9 transcripts. We discuss the 
potential role of soluble carbohydrates acting along with micro-
RNAs during the heteroblastic process in P. edulis leaves.

MATERIALS AND METHODS

Plant material and growth conditions

Seeds of Passiflora edulis, population FB300, provided by 
Viveiros Flora Brasil Ltda (Araguari, MG, Brazil) were sown 
and germinated in trays. Subsequently, 40-d-old P. edulis seed-
lings were transferred and grown in 5-L plastic pots containing 
commercial substrate [Tropstrato HT Hortaliças® (vermiculite, 
mixture 14:16:18, potassium nitrate, simple and superphosphate; 
Vida Verde Indústria e Comércio Ltda, Mogi Mirim, SP, Brazil)]. 
Plants were grown in greenhouse conditions under a photoperiod 
of 12/12  h (day/night), 25/16  °C (day/night). The third, sixth, 
ninth, tenth, eleventh and twelfth fully expanded leaves, from the 
base to the apex, were collected after 30 d post-emergence (dpe) 
of a leaf primordium. To further compare the metabolic profile of 
younger leaves with 30-dpe leaves by using principal component 
analysis (PCA; see Statistical analysis section), we additionally 
harvested P. edulis leaves at 15 dpe as described above. Leaf sam-
ples were collected in liquid nitrogen and stored at −80 ºC until 
used for biochemical, metabolic and molecular analyses.

Leaf growth dynamics

The growth in width and length of the third, sixth, ninth, 
tenth, eleventh and twelfth leaves of P.  edulis was evaluated 
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every 3 d over a 30-d period after emergence of a leaf primor-
dium. Leaf growth was described by the sigmoidal function.

Hormone quantification

Approximately 100 mg of fresh P. edulis leaf tissue was mac-
erated in liquid nitrogen followed by the addition of 300 μL of 
extractive solution (methanol:isopropanol:acetic acid 20:79:1). 
Subsequently, the samples were vortexed (four times for 20 s), 
sonicated (5 min) and maintained on ice (30 min). After cen-
trifugation (13 000 g, 10 min at 4 °C), 250 μL of the superna-
tant was collected into a new tube. The extraction procedure 
was repeated on the resulting pellet, and the supernatants were 
collected. The Agilent 6430 Triple Quadrupole LC/MS system 
(Agilent Technologies, Waldbronn, Germany) was used for 
identification and quantification, according to Napoleão et al. 
(2017).

RNA extraction and stem–loop pulsed RT–qPCR

Total RNA was isolated using TRI-Reagent® solution 
(Sigma-Aldrich, St Louis, MO, USA) and treated with DNAse 
I (Thermo Scientific, Wilmington, DE, USA). DNase I-treated 
RNA (1  μg) was reverse-transcribed to generate first-strand 
cDNA, as described previously (Varkonyi-Gasic et al., 2007). 
PCR reactions were performed using SYBR Green Mix/Rox 
(Ludwig Biotec®, Alvorada, Brazil) and analysed in a Step-
OnePlus real-time PCR system (Applied Biosystems). Two 
or three biological samples with three technical replicates 
each were used in the RT–qPCR analyses. Expression levels 
were calculated relative to the housekeeping gene PeACTIN1 
(Cutri and Dornelas, 2012) using the ΔΔct method (Livak 
and Schmittgen, 2001). The primers used are listed in the 
Supplementary Data Table S1.

Sugar content determination

Leaf samples were collected at the end of the day (1 h before 
dark) and subjected to ethanol extraction. In the soluble frac-
tion, glucose, fructose and sucrose contents were determined 
according to the methodology described by Fernie et al. (2001). 
To estimate sugar concentration (results expressed in μmol g−1), 
an equation based on the Lambert–Beer law was applied: μmol 
NADPH = ΔOD/(2.85 × 6.22).

Metabolic profile

Leaf samples were extracted in methanol, water and chlo-
roform, with ribitol as the internal standard (0.2 mg mL−1) as 
previously described (Lisec et al., 2006). After extraction, the 
upper polar phase containing the primary polar metabolites was 
collected and dehydrated in a SpeedVac (Concentrator plus, 
Eppendorf). These samples were derivatized by adding 40 μL 
of methoxyamine hydrochloride (20 mg mL−1 in pyridine) and 
incubating for 2 h at 37 °C with shaking at 950 g (Thermomixer 

comfort, Eppendorf). Next, 70 μL of solution containing 1 mL 
of N-methyl-N-(trimethylsilyl) trifluoroacetamide and 20 μL of 
fatty acid methyl esters (FAME) was added and incubation was 
continued for 30 min at 37 °C, with agitation at 950 g. A vol-
ume of 100 μL was transferred to vials and used to determine 
the metabolic profile by gas chromatography coupled with 
mass spectrometry (GC–MS TruTOF System, Agilent-LECO) 
(Roessner et  al., 2001). Chromatograms and mass spectra 
were evaluated using the software Chroma TOF 4.4 (LECO) 
and TargetSearch (Luedemann et al., 2008) fed with a library 
containing the retention times and fragmentation pattern of the 
primary metabolites of the Golm Metabolom database. Once 
identified, the data were normalized with the internal standard 
ribitol and are presented as values relative to the values for the 
third leaf. This analysis allowed the determination of the main 
classes of compounds (amino acids, organic acids, sugars and 
others).

Effect of glucose on modulation of leaf morphology during the in 
vitro heteroblastic process

Thirty-day-old seedlings were grown on half-strength 
Murashige and Skoog (MS)-based medium (Murashige and 
Skoog, 1962) according to Reis et  al (2003) and used as a 
source of cotyledonary explants. Cotyledons were cut into 
small fragments (average 6  mm2) and placed in glass flasks 
(250 mL capacity) containing 50 mL of MS medium supple-
mented with B5 vitamins (Gamborg et al., 1968), 100 mg L−1 
myo-inositol, 2.5 g L−1 (Phytagel®, Sigma, USA), pH 5.8. To 
induce adult leaf morphological traits in vitro, the explants 
were cultured in induction medium (IM) containing MS-based 
culture medium at half of the hormone concentration [MS 
medium supplemented with 10 μm benzyladenine, 5 μm kinetin 
and 2.5 μm indole-3-acetic acid (IAA)], as suggested by Drew 
(1991). The explants were cultured as follows: (1) incubation 
in IM without glucose; (2) incubation in IM supplemented with 
44 mm glucose; or (3) incubation in IM supplemented with 88 
mm glucose.

Isolation and sequencing of P. edulis SPL9 gene expressed during 
leaf development

To amplify the Arabidopsis miR156-targeted SPL9 homo-
logue in P.  edulis, first-strand cDNA was synthesized from 
3.0 µg of total RNA isolated from a pool of leaves in differ-
ent developmental stages. Degenerate primers (Supplementary 
Data Table S1) were designed from conserved regions of the 
Arabidopsis SPL9 mRNA sequence (https://www.arabidopsis.
org/). PCR reactions were performed using Platinum Taq DNA 
Polymerase High Fidelity® (Thermo Fisher Scientific). The 5′ 
and 3′ cDNA ends were complemented by RACE (rapid ampli-
fication of cDNA ends) reactions, using as template an adap-
tor-ligated double-stranded cDNA library, previously obtained 
through poly(A)+RNA isolated using Marathon® cDNA 
Amplification (Clontech), according to the manufacturer’s 
recommendations. PCR reactions were performed using Taq 
DNA Polymerase Advantage® (Clontech). The amplification 
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product was ligated into the plasmid pGEM®-T Easy Vector 
Systems (Promega®) and introduced into ultracompetent 
cells of Escherichia coli (DH5α strain). Positive clones were 
sequenced with forward and reverse M13 universal primers 
(Macrogen Company, South Korea).

After sequence analysis, a putative contig was generated and 
submitted to BLAST analysis (Altschul et al., 1997). For iden-
tification of conserved domains, the conserved domain database 
database was used (http://www.ncbi.nlm.nih.gov/Structure/
cdd/cdd.shtml). Alignment of the protein sequence was gener-
ated by the Bioedit v7.0.5 Software. The SPL9 open reading 
frame was identified by ORFfinder. A similarity tree with SPL9 
proteins from other species was estimated by the neighbour-
joining method (Saitou and Nei, 1987) using MEGA Software, 
version 7.0 (Kumar et al., 2014). Subsequently, SPL9-pecific 
primers were designed to monitor the expression levels of 
PeSPL9 (Supplementary Data Table S1).

Localization of PeSPL9 transcripts by in situ hybridization

De novo regenerated shoots were fixed in 4 % paraformal-
dehyde for 16  h. The samples were dehydrated in an ethanol 
series and gradually embedded in Histosec® paraffin (Merck 
Millipore, Germany). Sections (4 µm) were obtained and placed 
on Fisherbrand Probe One Plus™ Microscope Slides (Fisher 
Scientific, USA). Antisense and sense RNA probes labelled with 
digoxigenin (DIG–UTP) contained part of the C-terminal and the 
3′-UTR of the gene. The probes were synthesized by in vitro tran-
scription using the DIG RNA Labeling Kit (SP6/T0) according to 
the manufacturer’s recommendations (Roche Applied Science). 
All steps in the hybridization reaction, washes and immunologi-
cal detection were performed according to Rocha et al. (2018). 
Images were analysed under an optical microscope (AX70 TRF, 
Olympus Optical) with the U-Photo System coupled to a digital 
system (Spot Insightcolour 3.2.0, Diagnostic Instruments).

Statistical analyses

For soluble sugar quantification and metabolic profiling of 
P. edulis leaves, the experimental unit consisted of five biological 
replicates, composed of a three-leaf pool. For the morphogenic 
parameters, six replicates were used, each consisting of one flask 
containing ten explants. Analysis of variance (P < 0.05) was car-
ried out to determine effects of the treatments. Differences were 
evaluated by the Scott–Knott test (Scott and Knott, 1974) at the 
5.0 % significance level. For gene expression analysis, the Mann–
Whitney test at the 5.0 % significance level was applied.

To investigate the changes in metabolites associated with leaf 
heteroblasty in distinct developmental stages (15- and 30-dpe 
leaves), PCA (Krumsiek et al., 2016) including all metabolite 
data was employed using Minitab software.

RESULTS

Leaf growth dynamics and morphological changes

Heteroblasty, the temporal development of the meristem, can 
produce diverse leaf shapes within a plant. As expected, the 

heteroblastic pattern of P. edulis leaves was altered during juve-
nile–adult vegetative development (Fig. 1). In early stages of 
vegetative development, young leaves were monolobed with a 
lanceolate-like shape, small leaf blade and smooth margins. As 
vegetative development progressed, the transition from juvenile 
to adult phase was marked by an intermediate phase, when both 
young and adult traits were observed on the same leaf (eighth 
and ninth leaves; Fig. 1A). During the course of vegetative mat-
uration the leaf became more complex, with a larger leaf blade, 
serrated margins and the formation of new lobes. From the 
tenth leaf onwards, heteroblastic growth became apparent as 
the morphological pattern switched from monolobed to trilobed 
(Fig. 1A). This heteroblastic behaviour is observed in several 
species of the genus Passiflora (Chitwood and Otoni, 2017a, b). 
The growth dynamics of the third, sixth, ninth, tenth, eleventh 
and twelfth leaves at 30 dpe conformed to a sigmoidal function 
(Fig. 1B, C). Young and adult leaves showed similar growth 
patterns in both length and width throughout the heteroblastic 
process. Leaf growth (both in length and width) occurred expo-
nentially until ~15 dpe. After this time, growth rate was limited, 
suggesting that P. edulis leaves cease growing around 30 dpe 
(Fig. 1B, C). Thus, to avoid comparing leaves at different emer-
gence stages, we decided to evaluate the heteroblastic process 
in young to adult 30-dpe leaves.

Hormones levels dynamically change during the heteroblastic 
process in P. edulis leaves

Auxin homeostasis and jasmonic acid signalling have been 
associated with leaf development (Ostria-Gallardo et al., 2016; 
Huang et al., 2017). Therefore, we investigated the fluctuations 
in hormone levels during the progression of the heteroblastic 
process in 30-dpe P.  edulis leaves by measuring endogenous 
auxin (IAA), methyl jasmonate (MeJa), zeatin and 1-amino-
cyclopropane-1-carboxylic acid (ACC) levels, using LC–MS. 
Zeatin, IAA and ACC levels increased already in the sixth leaf 
(Fig. 2A–C). While the amounts of ACC (which reflects endog-
enous levels of ethylene) and zeatin did not differ significantly 
during the heteroblastic process, the IAA level showed its peak 
in the 12th leaf. These results show that IAA accumulation was 
correlated with the appearance of adult traits and the formation 
of leaf lobes in 30-dpe P. edulis (Fig. 2B), and they are consist-
ent with recent data from other species suggesting that the mod-
ulation of auxin biosynthesis is associated with heteroblasty 
(Ostria-Gallardo et al., 2016). On the other hand, our results 
showed higher levels of MeJa in young leaves followed by a 
moderate reduction in adult leaves (Fig. 2D). Taken together, 
our data suggest a temporal balance of hormone levels during 
the heteroblastic process of P. edulis leaves.

Variation in the levels of soluble carbohydrates and distinct 
metabolites correlates with juvenile-to-adult vegetative transition

For decades, there have been indications that sugars are 
important for shoot maturation, not only because of their clas-
sical functions in metabolism but also because sugars can act 
as signalling molecules in several developmental processes, 
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including heteroblasty (reviewed in Smeekens et  al., 2010; 
Yang et  al., 2013; Yu et  al., 2013; Buendía-Monreal and 
Gillmor, 2017). In P.  edulis, sugar accumulation in leaf tis-
sues correlated with the juvenile to adult phase transition (Fig. 
3A). Throughout shoot development, glucose content increased 
substantially in adult leaves. Glucose levels increased from the 
ninth leaf onwards (Fig. 3A), which likely reflects an inter-
mediate phase between vegetative transition from juvenile to 
adult (Fig. 1A). Fructose accumulation was similar to that of 
glucose, increasing gradually over the course of the vegetative 
phase change (Fig. 1A). Interestingly, fructose accumulation 
was 10-fold lower (2 μmol g−1) than that of glucose (20 μmol 
g−1). Sucrose levels, unlike those of glucose and fructose, pre-
sented only subtle variation during the vegetative phase change. 
Higher content of sucrose was observed in the third leaf, but 
the sucrose level declined slightly after the sixth leaf (Fig. 1A), 
perhaps because sucrose was broken down into glucose in the 
early steps of the glycolysis.

Overall metabolic responses vary according to the stage of 
organ ontogeny, and this variation may be crucial to the juve-
nile-to-adult transition (de Simón et al., 2019). Therefore, we 
monitored the metabolic profile throughout leaf development 
of P. edulis (Fig. 3B). Data obtained were shown as a heat map 
(Fig. 3B) to facilitate the visualization of fluctuations in the lev-
els of ~50 metabolites identified (most of them related to amino 
acids, organic acids and sugars). The original data are listed in 

Supplementary Data Table S2. The observed metabolite varia-
tion was most likely associated with the heteroblastic process, 
in which the young monolobed leaves undergo morphological 
changes to become adult trilobed ones (Fig. 1A). Hierarchical 
clustering based on the abundance of the identified metabolites 
was performed and revealed five well-distinguished clusters 
(Fig. 3B). The first cluster included metabolites such as suc-
cinate, malate, allo-inositol and glycerate, showing significant 
decreases in abundance in most leaf development stages when 
compared with the third leaf (reference sample). The second 
cluster was composed of threonine, leucine, acetoacate and 
isoleucine. These showed a slight increase in abundance in the 
three first leaves evaluated. The third cluster was character-
ized by metabolites with decreased abundance from the tenth 
leaf onwards. Isocaproic acid, methionine, ribulose, threonate 
and 2-oxoglutarate were the major metabolites of this cluster. 
Interestingly, the abundance of these metabolites decreased as 
the leaf acquired a complete trilobed morphological structure 
(Figs 1A and 3B). Intermediate organic acids from the second 
half of the tricarboxylic acid cycle, such as 2-oxoglutarate, 
succinate, fumarate, malate and oxaloacetate, showed either 
reduced abundance or did not significantly change throughout 
leaf morphological modifications (Fig. 3B). The fourth and fifth 
clusters were composed mainly of sugar-related metabolites. 
While the levels of metabolites grouped in the fourth cluster 
showed little change over the course of leaf development, the 
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fifth cluster showed the highest variation in metabolite abun-
dance. The fifth cluster included glucose, fructose and sucrose, 
which showed similar accumulation patterns throughout leaf 
development, as detected by other techniques (Fig. 3A, B). It is 
worth mentioning that sorbose, rhamnose, myo-inositol-1-phos-
phate, raffinose, α-trehalose, glucoheptose, arabinose, isomalt-
ose and phosphate-derived fructose (fructose-1-phosphate and 
fructose-6-phosphate) showed increasing abundance following 
juvenile-to-adult transition (Fig. 3B). Importantly, α-trehalose 
was one of the most induced metabolites during the heteroblas-
tic process in leaves. Moreover, some amino acids, as well as 
their derivatives, were included in this cluster. Interestingly, the 
levels of the aromatic amino acid tryptophan increased from the 
third leaf onwards. This observation suggests that the increas-
ing IAA levels observed during the progression of P. edulis leaf 
development (Fig. 2B) are likely due to the high abundance of 
tryptophan in adult leaves (Fig. 3B), since this amino acid is the 
major precursor of auxin.

To evaluate whether the observed metabolite changes are 
associated with the heteroblastic process or with the timing of 
development of P. edulis leaves, PCA was employed to com-
pare the metabolic profiles between 15- and 30-dpe leaves 
(Supplementary Data Figure S1). In general, PCA revealed that 
the metabolic levels were more associated with the juvenile-
to-adult phase transition than the timing of leaf development. 

For instance, metabolic profiles from 15- and 30-dpe leaves 
(Supplementary Data Tables S2 and S3) clustered together for 
the 11th and 12th leaves (Supplementary Data Fig. S1). The 
dispersion of each leaf in the first component (PC1 covered 
52.9 % of the total variance) is explained mainly by changes 
in sugar levels (Supplementary Data Table S4), as already 
expected and shown in Fig. 3B. Sugars such as myo-insositol-
1-phostate, alpha-trehalose and raffinose and tryptophan (an 
amino acid) are metabolites strongly correlated with the hetero-
blastic process in both 15- and 30-dpe leaves (Supplementary 
Data Table S4). Taken together, our findings suggest that the 
P.  edulis heteroblastic process, instead of leaf age per se, is 
most likely governed by internal cues that trigger the observed 
metabolic changes. Thus, it seems that signalling events and 
metabolic changes may coordinate leaf morphological modifi-
cations associated with the heteroblastic process in this species.

Dynamic accumulation of miR156 and miR172 is associated with 
heteroblasty

We showed that sugar content increased as the P. edulis leaf 
aged (Fig. 3). Our results agree with the idea that sugars act as 
signalling molecules during leaf heteroblasty, perhaps via reduc-
ing miR156 accumulation, as they do in Arabidopsis (Yang et al., 
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2013; Yu et  al., 2013). We then monitored miR156 levels via 
stem–loop RT–qPCR during the heteroblastic process of P. edu-
lis leaves (Fig. 4A). Mature miR156 transcript abundance was 
significantly reduced over the course of morphological changes 
in the leaves (Fig. 4A), thus showing an opposing accumulation 
pattern when compared with that of glucose and fructose (Fig. 3). 
On the other hand, miR172 expression levels were much higher 
in adult leaves (Fig. 4C). In Arabidopsis, miR156 and miR172 
have opposing expression patterns during floral transition. During 
the transition to the reproductive phase miR156 levels decreased, 
allowing the expression of MIR172b (Wang et al., 2009). Higher 
levels of miR172 lead to lower activity of its targets (the flowering 

repressor AP2-like genes; Yu et al., 2015), allowing floral transi-
tion and flower development to take place. During P. edulis leaf 
development, miR172 transcript levels significantly increased 
from the sixth leaf onwards, an opposite expression pattern com-
pared with that of miR156 (Fig. 4C). These observations suggest 
that miR156 and miR172 may have opposing roles associated 
with the heteroblastic process in this species. Interestingly, the 
variation in miR156 and miR172 transcript levels occurred ear-
lier than the visible morphological switch from monolobed to 
trilobed shape in leaves (Figs 1A and 3A).

Another key component in the control of the juvenile-
to-adult transition in Arabidopsis (Wang et  al., 2009), the 
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all other leaves.

miR156-targeted SPL9, was characterized in P.  edulis. The 
full-length PeSPL9 mRNA (accession number MK142238) was 
1534 bp in size, whereas the open reading frame (ORF) was 
1110 bp in size, encoding a protein of 339 amino acids. The 
comparison of the PeSPL9 protein sequence with other species 
available in NCBI and TAIR revealed similarity of 72, 65, 60, 
60 and 43 % with Ricinus communis, Vitis vinifera, Eucalyptus 
grandis, Citrus sinensis and A.  thaliana, respectively. The 
degree of sequence conservation, the presence of the SBP 
domain and the miR156 binding target site were all observed in 
the multiple sequence alignment analysis (Supplementary Data 
Fig. S1). The SBP domain (Cardon et  al., 1999) in PeSPL9 
encompassed ~80 amino acid residues, with the presence of 
two zinc-finger binding sites: Zn1 with Cys-Cys-His-Cys, and 
another conserved Zn2, Cys-Cys-Cys-His (Supplementary 
Data Fig. S2A). The construction of a phylogenetic tree, sup-
ported by bootstrap values >50 %, showed that PeSPL9 was 
grouped with species such as Jatropha curcas, Manihot escu-
lenta, R. communis (members of the family Euphorbiaceae) and 
Populus euphratica (a member of the Salicaceae family). All 
of them, including P. edulis, belong to the order Malpighiales 
(Supplementary Data Fig. S2B). We observed a slight increase 
in PeSPL9 transcript levels in adult leaves (Fig. 4B), oppo-
site to the expression pattern observed for miR156 (Fig. 4A). 
However, it is possible that other PeSPLs may have a more 
prominent role in the heteroblastic process in P. edulis leaves.

Adult traits in leaves of P. edulis are induced by glucose during de 
novo organogenesis

Supplying Arabidopsis plants with exogenous glucose or 
fructose leads to the repression of miR156 accumulation and a 
concomitant increase in the proportion of leaves with morpho-
logical adult traits (Yang et  al., 2013). To better substantiate 
the correlation between the increasing levels of glucose and the 
heteroblastic process in P. edulis leaves (Fig. 3), we developed 
an assay to evaluate the role of glucose as a promoter of adult 
traits in P. edulis leaves during de novo organogenesis from cot-
yledonary explants. In this assay, we were able to synchronize 
leaf development and monitor the presence of the most obvi-
ous adult traits (i.e. serrations and lobules) in the leaves after 
supplementing the medium with glucose. We used inducing 
MS-based medium (IM) with half the hormone concentration 
used by Drew (1991) with or without glucose to ascertain that 
glucose is responsible for inducing adult characteristics in vitro. 
All culture media were able to induce de novo organogenesis 
of shoots and/or leaves (Table 1, Fig. 5). Trilobed leaves were 
observed in IM supplemented with 44 or 88 mm glucose (Fig. 
5A, D, E), but not in IM lacking glucose (Fig. 5B, Table 1). 
We also observed leaves at intermediate stages of development 
when explants were cultured in treatments with glucose, in 
which juvenile-to-adult transition markers (lobules) were evi-
dent (Fig. 5C). These results suggested that glucose is involved 
in the heteroblastic process during de novo shoot organogenesis 
(Fig. 5), and that glucose may act similarly in the ex vitro heter-
oblastic process of P. edulis leaves (Figs 1A and 3). Therefore, 
our in vitro assay may be an interesting approach for future 
studies aiming to unravel the mechanisms underlying juvenile-
to-adult phase transition in P. edulis leaves.

Cotyledonary explants were collected 3 and 12 d after induc-
tion of de novo leaf organogenesis to monitor the expression 
levels of miR156 and PeSPL9. Interestingly, miR156 expres-
sion did not significantly change after glucose treatment at any 
time point (Fig. 5F). On the other hand, PeSPL9 transcript lev-
els increased at 3 d of culture in IM supplemented with both 44 
and 88 mm of glucose (Fig. 5G). Our observations suggest that 
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the transcriptional levels of PeSPL9 were positively regulated 
by glucose, likely independently of miR156.

PeSPL9 is expressed in leaf primordia during de novo shoot 
organogenesis

To determine the spatiotemporal expression pattern of 
PeSPL9 during de novo organogenesis, we performed in situ 
hybridization to detect PeSPL9 transcripts in stem buds and leaf 
shoots. Neoformation of meristemoids at different stages of 
development was evidenced 15 d after induction (Fig. 6A), with 
subsequent development of stem buds (Fig. 6B). Epidermal and 
cortical cells in dedifferentiation with subsequent formation of 
meristemoids showed the presence of PeSPL9 transcripts (Fig. 
6C). The control probe developed no hybridization signals 
(Supplementary Data Fig. S3), which confirmed the specific-
ity of the observed expression patterns. In the subepidermal 
regions, where the processes of cellular dedifferentiation and 
meristemoid formation were not observed, PeSPL9 transcripts 
were not detected (Fig. 6C, red arrowhead). In stem buds and leaf 
primordia developed from meristemoids, PeSPL9 transcripts 
were detected (Fig. 6D, E). Interestingly, in the expanding 
leaf primordia there was a strong signal of PeSPL9 transcripts, 
especially in epidermal cells of the abaxial leaf blade (Fig. 6F). 
These results indicate that PeSPL9 was expressed early in the 
shoot apical meristem and leaf primordia and may participate in 
the heteroblastic process of leaf development.

DISCUSSION

The heteroblastic process of leaves from most Passiflora spe-
cies clearly shows a transition from the juvenile to the adult 
phase (Cutri et al., 2013). Heteroblastic modifications, which 
occur throughout leaf development, are mostly species-specific 
and are used as markers for species identification (Plotze et al., 
2005; Chitwood and Otoni, 2017b). In this work, we show that 
the heteroblastic patterns are drastically altered in P.  edulis 
from the tenth leaf onwards (shootwards), going from mon-
olobed to trilobed leaves (Cutri et al., 2013; Fig. 1A). However, 
metabolite levels and the expression of microRNAs and targets 
changed earlier during heteroblastic development.

Our results showed that both juvenile and adult P. edulis leaf 
blades grew exponentially in length and width until ~15 dpe 
(Fig. 1B, C), similarly to other species of the Passiflora genus 
(Chitwood and Otoni, 2017b). During the progression of the 
heteroblastic process, zeatin and IAA levels increased in P. edu-
lis leaves (Fig. 2). Both cytokinin and auxin can trigger altera-
tions in leaf morphology (Efroni et  al., 2010; Byrne, 2012). 
For instance, high auxin concentration leads to the activation 
of COTYLEDON CUP-SHAPED2 (CUC2), which in turn 
establishes adult patterns in Arabidopsis leaves (Bilsborough 
et al., 2011; Byrne, 2012; Dkhar and Pareek, 2014). Moreover, 
increasing expression of YUCCA genes (which have a pivotal 
role in the tryptophan-dependent auxin biosynthesis path-
way; Hentrich et  al., 2013) is correlated with increases in 
age and leaf complexity of the tree Gevuina avellane (Ostria-
Gallardo et al., 2016). Cytokinins, such as zeatin, are impor-
tant for leaf development, promoting morphogenesis during 

juvenile-to-adult transition (Shwartz et  al., 2016). The effect 
of the cytokinin on leaf morphogenesis may be a result of its 
interaction with KNOTTED1-LIKE HOMEOBOX (KNOX1), as 
both are required for the regulation of leaf shape (Shani et al., 
2009; Uchida et al., 2010; Bar and Ori, 2014).

Compelling evidence in Arabidopsis has indicated the piv-
otal role of microRNA-controlled modules in regulating leaf 
heteroblasty (Wu et  al., 2009; Yu et  al., 2015; Fouracre and 
Poethig, 2016). The miR156–SPL module is required for adult 
leaf transition (Huijser and Schmid, 2011; Jung et al., 2011; Xu 
et al., 2016). Our results showed that miR156 levels decreased 
throughout P. edulis leaf development, whereas PeSPL9 tran-
script levels slightly increased in adult leaves (Fig. 4). Similar 
observations have been reported for Arabidopsis (Xu et  al., 
2016). Despite the low variation in SPL9 expression levels dur-
ing leaf development, functional analyses in Arabidopsis have 
shown that miR156-targeted SPL9 plays a dominant role in the 
expression of adult characteristics as well as flowering induc-
tion through transcriptional activation or repression (Usami 
et al., 2009; Wu et al., 2009; Jung et al., 2011; Yu et al., 2015; 
Xu et al., 2016). In addition, SPL9 acts as a timing cue that 
destabilizes TEOSINTE BRANCHED 1/CYCLOIDEA/PCF 
(TCP)-CUC2 protein interactions during age-dependent leaf 
development in Arabidopsis and in the Arabidopsis relative 
Cardamine hirsute (Rubio-Somoza et al., 2014). Arabidopsis 
SPL9 is also able to directly bind to the promoter of the MIR172b 
gene and increase miR172 transcript levels (Wu et al., 2009). 
The role of miR172 in the vegetative-to-reproductive phase is 
well established, but its function in the heteroblastic process 
is less understood. In P. edulis, miR172 transcript levels were 
much higher in adult leaves (tenth to twelfth leaves), coinciding 
with the increase in PeSPL9 transcript levels (Fig. 4). It is pos-
sible that PeSPL9-dependent regulation of miR172 accumula-
tion may be an important mechanism during the heteroblastic 
process in P. edulis.

In addition to microRNA modules, metabolites also have a 
key role in triggering morphological changes during the tran-
sition from juvenile to adult leaves. Previous studies have 
reported the importance of primary metabolites in vegetative 
development (Corbesier et al., 1998; Smeekens et al., 2010). 
In general, sugar accumulation in P. edulis leaf tissues was cor-
related with juvenile-to-adult vegetative phase change (Fig. 3). 
This is in agreement with the fact that treating plants with sugar 
stimulates a substantial reduction in the abundance of miR156, 
suggesting that sugars may be a conserved ‘timing’ modulator 
of the miR156–SPL pathway (Yu et  al., 2013). Furthermore, 
analyses of loss-of-function mutants for photosynthesis have 
shown that photoassimilates are involved in the heteroblastic 
process (Tsai et al., 1997; Yang et al., 2013).

Our data also suggest the involvement of glucose in modulat-
ing adult leaf traits during de novo organogenesis in P. edulis 
(Fig. 5). Several studies have demonstrated the effect of soluble 
sugars in heteroblastic development in tissue culture (Allsopp, 
1953; Sussex and Clutter, 1960; Feldman and Cutter, 1970). 
For instance, Allsopp (1953) demonstrated that Marsilea drum-
mondii plants growing in the absence of an exogenous sugar 
source produced only young leaves, while medium supple-
mented with sugars accelerated the production of adult leaves. 
Glucose supplementation in IM led to the regeneration of 
P. edulis leaves with adult traits, with a consequent increase in 
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Table 1. Role of glucose in the induction of the heteroblastic process in leaves of P. edulis during de novo organogenesis

Treatment Shoots (%) Monolobed leaves (%) Trilobed leaves (%)

IM 36 ± 5 b 10 ± 4 b 0 ± 0.0 b
IM + 44 mm glucose 70 ± 3 a 58 ± 8 a  24 ± 4 a
IM + 88 mm glucose 84 ± 5 a 72 ± 4 a 16 ± 5 a

Values are mean ± s.e. of at least ten independent biological replicates. Different lower-case letters represent significant differences (P < 0.05) by the Scott–
Knott test.
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Fig. 5. De novo shoot and leaf organogenesis in P. edulis displays visible juvenile-to-adult leaf transition under glucose treatment. (A) Leaves showing adult traits 
of serration of the margin and lobe formation (arrowheads) when cotyledons were cultured on glucose-supplemented medium. (B) Young leaf with monolobed 
blade. (C, D) Leaves in intermediate stage of development, in which both types of juvenile–adult markers are present in the same leaf. (E) Adult leaf (trilobed). 
Scale bar = 3 mm. (F, G) Expression patterns of (F) miR156 and (G) miR156-targeted SPL9 (PeSPL9) during de novo shoot and leaf organogenesis. Explants were 
cultivated in induction medium (IM) with or without 44 or 88 mm glucose for 3 or 12 d. Values are mean ± s.e. of at least two independent biological replicates. 

Asterisks indicate significant differences among treatments (P < 0.05).

PeSPL9 transcript levels (Fig. 5). These findings are consist-
ent with previous studies in which glucose treatment led to the 
early appearance of adult traits in leaves via the regulation of 
miR156-targeted SPL expression (Yang et al., 2013; Yu et al., 
2013, 2015).

Not only glucose but also other sugars might be associated 
with the heteroblastic process and phase changes throughout 
the plant life cycle (Proveniers, 2013; Wingler, 2018). We found 

that α-trehalose, arabinose and fructose-6-phosphate were the 
most abundant metabolites associated with the appearance of 
adult characters in 30-dpe P. edulis leaves (Fig. 3B). Trehalose 
is a signalling molecule involved in various developmental pro-
cesses, such as senescence and flowering (Tsai and Gazzarrini, 
2014; Figueroa and Lunn, 2016). In addition, trehalose-6-phos-
phate regulates the miR156–SPL module, promoting flower-
ing in Arabidopsis (Wahl et al., 2013). Sucrose levels changed 
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only slightly in adult leaves (Fig. 3A), suggesting that P. edulis 
may have other sugars promptly available or at least preferen-
tially exported to other sink tissues. This role may be fulfilled 
in P. edulis leaves by raffinose, which accumulates in a profile 
similar to glucose and fructose (Fig. 3B), and it is considered a 
storage soluble sugar that is translocated throughout the plant 
(Van den Ende, 2013). In addition, myo-inositol-1-phosphate, a 
precursor in the synthesis of raffinose (Peterbauer and Richter, 
2001), accumulated in trilobed leaves (Fig. 3B), suggesting that 
part of the raffinose biosynthesis pathway may also be associ-
ated with the heteroblastic process in P. edulis leaves.

How metabolic and genetic pathways interact to modulate age-
dependent leaf shape establishment is more complex than previ-
ous anticipated. Thus, studies in non-model plants or in plants that 
do not have the genome completely sequenced are fundamental 
for the identification of molecular mechanisms involved in the 
heteroblastic process. In this work, we shed some light on the 
different molecular players associated with juvenile-to-adult leaf 
transition in a non-model species. Importantly, our data paved the 
way to future functional work on the miR156–PeSPL9–miR172 
pathway in P. edulis and provide new metabolite candidates (e.g. 
α-trehalose and raffinose) that might be considered in further 
studies aiming to unravel the heteroblastic process in leaves.
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Fig. 6. In situ hybridization reveals that SPL9 is expressed early during de novo shoot organogenesis in P. edulis. (A, B) Morphological characterization of the ini-
tiation of meristemoid formation followed by stem bud development. Stereomicroscope images. (C–F) Light microscope images. (C) Histological sections of the 
initiation of meristemoid formation highlighting SPL9 gene expression in epidermal and parenchyma cells during the dedifferentiation process. (D, E) Detection 
of PeSPL9 transcripts in the shoot apical meristem region and at leaf primordia initiation. (F) PeSPL9 transcripts detected in epidermal cells of the abaxial surface 
of the leaf blade (arrowhead). Abbreviations: me, meristemoid; sb, stem bud; SAM, shoot apical meristem; lp, leaf primordium. Scale bars: (A, B) = 200 μm; (C, 

D, F) = 150 μm; (E) = 400 μm.
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