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SUMMARY

The vegetative phase change marks the beginning of the adult phase in the life cycle of plants and is associ-

ated with a gradual decline in the microRNA miR156, in response to sucrose status. Trehalose 6-phosphate

(T6P) is a sugar molecule with signaling function reporting the current sucrose state. To elucidate the role

of T6P signaling in vegetative phase change, molecular, genetic, and metabolic analyses were performed

using Arabidopsis thaliana loss-of-function lines in TREHALOSE PHOSPHATE SYNTHASE1 (TPS1), a gene

coding for an enzyme that catalyzes the production of T6P. These lines show a significant delay in vegeta-

tive phase change, under both short and long day conditions. Induced expression of TPS1 complements this

delay in the TPS1 knockout mutant (tps1-2 GVG::TPS1). Further analyses indicate that the T6P pathway pro-

motes vegetative phase transition by suppressing miR156 expression and thereby modulating the levels of

its target transcripts, the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE genes. TPS1 knockdown plants,

with a delayed vegetative phase change phenotype, accumulate significantly more sucrose than wild-type

plants as a result of a feedback mechanism. In summary, we conclude that the T6P pathway forms an inte-

gral part of an endogenous mechanism that influences phase transitions dependent on the metabolic state.

Keywords: age pathway, miR156, SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL), trehalose 6-phos-

phate (T6P), TREHALOSE PHOSPHATE SYNTHASE1 (TPS1), vegetative phase change.

INTRODUCTION

A plant’s life cycle progresses through characteristic phases.

Following germination, plants pass through a vegetative

phase of growth before flowering. The duration of the vege-

tative phase differs among plant species, but is divided into

a juvenile and an adult phase, the transition between which

is tightly controlled. Competency to induce flowering in

Arabidopsis thaliana (Arabidopsis) is achieved after the

shoot transition from the juvenile to the adult phase

(Poethig, 1990; Kerstetter and Poethig, 1998; Poethig, 2003).

Organs with at least two different developmental stages

are chronologically arranged in the compact rosettes of

Arabidopsis. Juvenile leaves are round and flat with rather

smooth margins and produce trichomes only at the adaxial

side of the leaf surface. In comparison, adult leaves have

short petioles, curled laminae, and serrated leaf margins

and are more lanceolate with trichomes formed also on

the abaxial side of the leaf (Chien and Sussex, 1996; Telfer

et al., 1997; Tsukaya et al., 2000; Usami et al., 2009). Tri-

chome formation is commonly used as an easy-to-score

marker of the juvenile phase. In successive leaves, abaxial

trichomes are formed initially at the base of the midrib,

subsequently progressing towards the tip. While it has

been shown that flowering time genes, i.e., FLOWERING
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LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION

OF CONSTANS1 (SOC1), can impact the number of tri-

chomes, FT influences the timing of their appearance only

under low light conditions (Willmann and Poethig, 2011).

Plants have evolved intricate genetic programs and sig-

naling pathways to integrate environmental and endoge-

nous signals to ensure that the transition between

developmental phases is timed correctly. Genetic and

molecular analyses have identified microRNA156 (miR156),

microRNA172 (miR172), and their respective targets as

evolutionarily conserved key factors of the vegetative

phase transition (reviewed in Huijser and Schmid, 2011).

MiR156 abundance is high in seedlings and decreases as

plants mature (Axtell and Bartel, 2005; Wang et al., 2009;

Wu et al., 2009). In contrast, miR172 levels rise over time

and peak at later stages of vegetative development.

MiR156 targets 11 of 17 SQUAMOSA PROMOTER BINDING

PROTEIN-LIKE (SPL) transcription factors in Arabidopsis

(Wu and Poethig, 2006; Wang et al., 2009; Huijser and Sch-

mid, 2011). Analysis of transgenic plants expressing

miR156-sensitive and miR156-resistant versions of SPL-fu-

sion proteins tagged with b-glucuronidase (GUS) indicated

that even though most of the miR156-targeted SPL genes

are transcribed throughout the juvenile phase, they are

strongly repressed by miR156 via transcript cleavage and

translational repression (Xu et al., 2016). Consistent with

this, plants with altered SPL expression display changes in

the duration of the juvenile phase (Wu and Poethig, 2006;

Huijser and Schmid, 2011). Transgenic plants overexpress-

ing miR156-resistant versions of SPL3, SPL4, SPL5, SPL10,

and SPL11 (rSPL3, rSPL4, rSPL5, rSPL10, and rSPL11),

respectively, revealed that SPL3, SPL4, and SPL5 proteins

promote the adult phase, including flowering (Cardon

et al., 1999; Wu and Poethig, 2006; Shikata et al., 2009),

whereas SPL10 and SPL11 play only minor roles (Huijser

and Schmid, 2011). In agreement with this observation, a

spl3 spl4 spl5 triple knockout mutant generated via

CRISPR/Cas9 flowered significantly later than Col-0 plants

(Xie et al., 2020). Based on single and double mutant anal-

yses (Shikata et al., 2009), SPL2, which belongs to the

same phylogenetic clade as SPL10 and SPL11, was pro-

posed to have only a weak effect on vegetative phase

change (Riese et al., 2007). The double loss-of-function

mutant spl9 spl15 produces more juvenile leaves than Col-

0 and displays an increased leaf initiation rate and delayed

flowering that resembles a miR156 overexpression line

(35S::MIR156b), suggesting the essential role of these SPLs

in the juvenile-to-adult transition (Schwarz et al., 2008;

Wang et al., 2008). Analysis of the triple mutant spl9 spl13

spl15 not only confirmed this, but also identified SPL13 as

an important factor for vegetative phase change (Xu et al.,

2016).

Initial studies could not identify any environmental or

endogenous signals other than time that affect miR156

abundance, and the regulation of phase changes by

miR156 is now commonly referred to as the age pathway

(Amasino, 2010; Wang, 2014). In 2013, two independent

studies demonstrated that sugars, in particular sucrose,

glucose, and fructose, can promote the vegetative phase

transition through the repression of the MIR156 genes A

and C, from which most of the mature microRNA is

thought to be produced (He et al., 2018), raising the possi-

bility that the carbohydrate status contributes to age-de-

pendent output of the pathway (Yang et al., 2013; Yu et al.,

2013). In this scenario, as plants mature, more and more

sugars would accumulate, repressing miR156 expression

and allowing the vegetative phase transition to commence

(Proveniers, 2013).

In Arabidopsis, the sucrose status is conveyed to down-

stream signaling pathways by trehalose 6-phosphate (T6P),

a signaling metabolite produced during trehalose biosyn-

thesis (reviewed in Figueroa and Lunn, 2016). In plants, tre-

halose is synthesized from glucose 6-phosphate and UDP-

glucose via the intermediate T6P. TREHALOSE PHOS-

PHATE SYNTHASE1 (TPS1) catalyzes the production of

T6P, which is subsequently dephosphorylated to trehalose

by TREHALOSE PHOSPHATE PHOSPHATASES (TPPs)

(Cabib and Leloir, 1958; Paul et al., 2008). Apart from resur-

rection plants like Myrothamnus flabellifolius, T6P and tre-

halose are usually produced in very low amounts in higher

plants. Several independent lines of evidence demonstrate

that T6P functions as a signaling molecule (reviewed in

Paul et al., 2008, Ponnu et al., 2011, and Lunn et al., 2014)

that relays information about the sucrose status in plants,

rather than providing a carbon source (Lunn et al., 2006;

Yadav et al., 2014). We previously observed that T6P levels

change in parallel with sucrose following a diurnal rhyth-

micity in wild-type (Col-0) rosettes (Wahl et al., 2013). In

addition, recent research has further extended the role of

T6P as a signaling molecule within the so-called nexus

model (Lunn et al., 2014; Figueroa and Lunn, 2016). Here

T6P not only reports sucrose availability, but also serves as

a negative feedback signal to adjust sucrose levels to the

needs of a given cell within a complex tissue. As a plant’s

needs may vary throughout its life, this process

depends on the specific developmental stages and the

environmental conditions. Additionally, sucrose can signal

independently of T6P (Yadav et al., 2014; Figueroa and

Lunn, 2016).

AtTPS1 is essential for embryonic development (East-

mond et al., 2002) and is the main active T6P synthesizing

protein in the vegetative plant tissues. In Arabidopsis and

several Brassica species, there is a small subfamily of TPS

proteins (TPS2–TPS4), some of which do have T6P synthe-

sizing activity, but are expressed only at specific stages of

Arabidopsis seed development (Delorge et al., 2015) and

can therefore not contribute to adult phenotypes observed

in TPS1 loss-of-function lines. We have shown that the T6P
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pathway is essential for the induction of flowering in Ara-

bidopsis, and plants with reduced TPS1 expression flower

extremely late compared to the controls, even when grown

under inductive long day (LD) conditions (Wahl et al.,

2013). Here we demonstrate that the T6P pathway also

plays an essential role in the vegetative phase transition,

which precedes the floral transition, in Arabidopsis. The

vegetative phase transition is significantly delayed in

tps1-2 mutant plants (tps1-2 GVG::TPS1) and in a TPS1

knockdown line (35S::amiRTPS1). Interestingly, dexam-

ethasone (DEX)-induced expression of TPS1 (van Dijken

et al., 2004) is sufficient to almost completely rescue the

delayed phase change phenotype of tps1-2 GVG::TPS1.

Our extensive molecular and metabolite analyses indicate

that the T6P pathway modulates the vegetative phase

change through the miR156-SPL module. Based on our

data, we propose that the T6P pathway forms an essential

part of an age-dependent network that impacts phase tran-

sitions in Arabidopsis.

RESULTS

Loss of TPS1 delays vegetative phase change

TPS1 is expressed in all organs and at all stages of Ara-

bidopsis development (Figure S1; van Dijken et al., 2004;

Bae et al., 2009), including the seedling and early rosette

stages (Wahl et al., 2013). We have previously shown that

the T6P pathway affects flowering time at the shoot apex

via the miR156-mediated age pathway, and in the leaves

by activating the transcription of FT (Wahl et al., 2013). Fur-

thermore, it has been shown that sugars have an effect on

the timing of the vegetative phase change in Arabidopsis

by regulating the expression of MIR156A and MIR156C

(Yang et al., 2013; Yu et al., 2013). As T6P functions as a

signaling molecule that conveys information on a plant’s

sucrose status to other metabolic and developmental path-

ways (Lunn et al., 2006; Yadav et al., 2014), it seemed pos-

sible that the T6P pathway contributes to the timing of the

vegetative phase change.

To test this hypothesis, we investigated the timing of the

vegetative phase change in TPS1 lines (35S::amiRTPS1 and

tps1-2 GVG::TPS1) under LD conditions. Tps1-2 GVG::TPS1

is a transposon insertion mutant that generates a TPS1

knockout line and carries a transgene (GVG::TPS1) that

mediates DEX-inducible TPS1 expression. Previous work

demonstrated that inducing the expression of TPS1 via

DEX application effectively rescues the embryonic lethality

and other growth abnormalities in tps1-2 GVG::TPS1 (van

Dijken et al., 2004). Moreover, the application of 1 lM DEX

is sufficient to induce the expression of FT and thereby

trigger flowering in these otherwise very late flowering

plants (Wahl et al., 2013). On the other hand, 35S::

amiRTPS1 is a knockdown line that carries an artificial

microRNA against TPS1, which reduces the transcript

levels to about 40–60% of the wild-type levels (Wahl et al.,

2013). Seeds of 35S::amiRTPS1 are viable due to the resid-

ual TPS1 expression, but the levels are insufficient for a

normal transition to flowering (Wahl et al., 2013). The

absence of abaxial trichomes in juvenile leaves has proven

a reliable measure to judge the juvenility of leaves and to

quantify the vegetative phase transition in Arabidopsis

(Chien and Sussex, 1996; Telfer et al., 1997). As measured

by the number of juvenile leaves based on the first appear-

ance of abaxial trichomes, the vegetative phase change

was significantly delayed in 35S::amiRTPS1, which pro-

duced significantly more juvenile leaves (8.3 � 0.8) than

wild-type Col-0 plants (6.2 � 0.7) (Figure 1a; Table S1,

Experiment 1) under LD conditions. In an independent

experiment, tps1-2 GVG::TPS1 plants produced 9.8 � 0.9

compared to 4.7 � 0.5 juvenile leaves in Col-0 (Figure 1c;

Table S1, Experiment 3). In addition, both 35S::amiRTPS1

as well as tps1-2 GVG::TPS1 lines were significantly

delayed in the transition to the adult phase when grown

under SD conditions (Figure S2). Juvenile leaves of 35S::

amiRTPS1 and tps1-2 GVG::TPS1 plants were indistin-

guishable from Col-0 juvenile leaves in terms of shape

(Figure 1b,d). In summary, these initial experiments indi-

cated that TPS1 expression is required for the correct tim-

ing of the vegetative phase change in Arabidopsis.

Inducible expression of TPS1 rescues the vegetative phase

change phenotype in tps1-2 mutant plants

Next, we examined if DEX-inducible expression of TPS1

might rescue the late vegetative phase change phenotype

of tps1-2 GVG::TPS1. To test this, Col-0 and tps1-2 GVG::

TPS1 seedlings grown under LD conditions were treated

with a 5-µM DEX solution starting from sowing. DEX treat-

ment was continued until the emergence of the first two

adult leaves in tps1-2 GVG::TPS1 plants and the juvenile

leaves were counted to measure the duration of the vege-

tative phase. This treatment resulted in the suppression of

the delayed vegetative phase change phenotype of tps1-2

GVG::TPS1 plants (Figure 1c; Table S1, Experiment 3),

demonstrating that the T6P pathway is required for proper

timing of the vegetative phase transition.

In addition, we observed that prematurely flowering

plants that overexpress TPS1 at the shoot apical meristem

(SAM) from the CLAVATA3 (CLV3) promoter (CLV3::TPS1)

showed only a minor, though significant, decrease in the

number of juvenile leaves (Table S1, Experiment 2), sug-

gesting that the T6P pathway influences this particular

developmental transition predominantly in leaves.

MiR156 levels are elevated in 35S::amiRTPS1 and tps1-2

GVG::TPS1 plants

In line with the idea that high levels of miR156 prevent the

juvenile-to-adult phase transition in young seedlings, over-

expression of miR156 has been shown to delay this
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transition (reviewed in Huijser and Schmid, 2011). Our pre-

vious work showed that tps1-2 GVG::TPS1 plants grown

under short day (SD) conditions accumulate higher levels

of mature miR156 at the SAM until at least 28 days after

germination (DAG) (Wahl et al., 2013). To test if in younger

plants the T6P pathway interacts with the miR156-medi-

ated age pathway to influence the vegetative phase

change, levels of pri-miRNA and mature miR156 were

measured by reverse transcriptase-quantitative PCR (RT-

qPCR) in the aerial parts of LD-grown 35S::amiRTPS1 and

tps1-2 GVG::TPS1 plants, 3 and 6 DAG (Figure 2). In Ara-

bidopsis, eight pri-miRNA genes (MIR156A–MIR156H) are

known to code for miR156 (Reinhart et al., 2002). Of these

genes, MIR156A and MIR156C have been shown to play

major roles in bringing about the vegetative phase change

(Yang et al., 2013; Yu et al., 2013; He et al., 2018). In agree-

ment with the delayed vegetative phase transition pheno-

types, we observed higher levels of MIR156A and MIR156C

in tps1-2 GVG::TPS1 plants (Figure 2a,b), especially during

the time window in which vegetative phase change likely

occurs in Col-0 plants (about 4–6 DAG in LD conditions).

This was reflected by a corresponding increase of mature

miR156 in tps1-2 GVG::TPS1 (Figure 2c). The fate of emerg-

ing leaf primordia is decided very early after their initiation

from the SAM. To measure the levels of miR156 in young

leaf primordia, we sampled shoot apices, which include

these primordia. RT-qPCR analysis showed that the levels

of mature miR156 were increased in tps1-2 GVG::TPS1

apices in LD conditions and in the fifth leaf in SD condi-

tions to a similar extent as in rosettes (Figure S3).

Even though MIR156A and MIR156C levels were

enhanced in 35S::amiRTPS1 plants at early developmental

stages (Figure 2d,e), mature miR156 levels were not signif-

icantly changed in comparison with Col-0 (Figure 2f),

which might be the reason for the more subtle phase tran-

sition phenotype of these plants. In addition to MIR156A

and MIR156C, transcript levels of MIR156E, MIR156F, and

MIR156H were enhanced in the 35S::amiRTPS1 line at 4, 6,

or 8 DAG. While MIR156A, MIR156E, MIR156F, and

MIR156H levels in 35S:amiRTPS1 were enhanced only

early in development (Figure S4a,d,e,f), MIR156C and

MIR156D levels were significantly higher than in Col-0 at

later stages as well (19 DAG) (Figure S4b,c). These obser-

vations point to a role of the T6P pathway at the level of

pri-MIR156 genes, which temporally differs for individual

family members.

Next, we made use of the DEX-inducible expression sys-

tem to test if the expression of TPS1 in tps1-2 GVG::TPS1

plants is sufficient to reduce the levels of mature miR156.

Indeed, the DEX-treated tps1-2 GVG::TPS1 plants showed

mature miR156 levels comparable to Col-0 levels at 6 DAG

(Figure 3), indicating that TPS1 expression is required for

the reduction of miR156. Taken together, the above results

demonstrate that the T6P pathway interacts with the

miR156-mediated age pathway to regulate the vegetative

phase transition in Arabidopsis.

Expression of relevant SPL transcripts are reduced in TPS1

loss-of-function plants

MiRNAs regulate the expression of downstream target

genes either by transcript cleavage or translational repres-

sion (reviewed in Rogers and Chen, 2013). In particular,

Figure 1. The T6P pathway affects vegetative phase change.

Number of juvenile leaves produced (a,b) in 35S::amiRTPS1 in comparison

with Col-0 plants and (c,d) in tps1-2 GVG::TPS1 with and without DEX treat-

ment. Juvenility of the leaves was determined by the complete absence of

abaxial trichomes. Morphology of juvenile leaves of (b) Col-0 and 35S::

amiRTPS1 and (d) mock-treated and DEX-induced tps1-2 GVG::TPS1 are

depicted. Numbers represent leaf positions on the rosette. Leaves were

detached from the plants soon after the emergence of 1–2 adult leaves.

Error bars represent standard deviation; *P < 0.05, ***P < 0.001, two-tailed

Student t-test. CLN, cauline leaf number; ALN, adult leaf number; JLN, juve-

nile leaf number.

© 2020 The Authors.
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SPL2, SPL3, SPL4, SPL5, SPL9, and SPL15 of the miR156-

targeted SPL genes have been implicated in promoting

vegetative phase change (Huijser and Schmid, 2011). In

addition, the role of SPL13 as a factor important for vegeta-

tive phase change was proposed more recently (Xu et al.,

2016).

We measured the expression of these SPL genes in tps1-2

GVG::TPS1 and Col-0 plants (Figure 4a–f) by RT-qPCR. As

suspected for lines with elevated miR156 abundance, the

transcript levels of SPL2, SPL3, SPL4, SPL5, SPL9, and

SPL15 were reduced in LD-grown tps1-2 GVG::TPS1 plants

(Figure 4). However, the levels of SPL10, SPL11, and SPL13

were not significantly changed in comparison with Col-0

(Figure 4). Taken together, these results suggest that the

T6P pathway affects vegetative phase transition through the

miR156-SPL module.

MIR156 is epistatic over TPS1

Our observations so far indicated that the T6P pathway

influences the vegetative phase change through the

repression of miR156. To further test this genetically, we

made use of a transgenic line that expresses a miR156-

mimicry construct (Franco-Zorrilla et al., 2007) from the

constitutive 35S promoter (35S::MIM156), thereby reducing

the amount of active miR156 in planta. We introduced the

MIM156 transgene into both the tps1-2 GVG::TPS1 mutant

and the 35S::amiRTPS1 knockdown line.

In agreement with previous reports, no juvenile leaves

were observed in 35S::MIM156 transgenic plants

(Franco-Zorrilla et al., 2007), indicating that these plants

entirely skipped the juvenile vegetative phase (Figure 5a,

b). Interestingly, we found that 35S::MIM156 was com-

pletely epistatic over tps1-2 GVG::TPS1 and 35S::

amiRTPS1 (Figure 5a,b and Table S1, Experiments 4 and

5) as the TPS1 loss-of-function lines expressing 35S::

MIM156 also produced no or negligible numbers of

juvenile leaves (Figure 5). These results suggest that the

T6P pathway functions upstream and affects vegetative

phase transition through the miR156-mediated age

pathway.

Figure 2. Pri-miRNA156 transcripts and mature

miR156 in tps1-2 GVG::TPS1 and 35S::amiRTPS1

lines.

(a,d) MIR156A and (b,e) MIR156C transcripts as well

as (c,f) mature miR156 levels in tps1-2 GVG::TPS1

(-DEX) and 35S::amiRTPS1 lines, respectively, dur-

ing the vegetative growth at the end of the day. The

x-axis represents days after germination. Error bars

indicate standard deviation; *P < 0.05, **P < 0.01,

***P < 0.001, two-tailed Student t-test.

© 2020 The Authors.
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Endogenous accumulation and exogenous

supplementation of sucrose has a negligible effect on the

vegetative phase change

It has been reported that miR156 is repressed by sugars

such as sucrose and glucose. These sugars have been

shown to specifically repress the expression of the pri-

miRNAs MIR156A and MIR156C (Yang et al., 2013; Yu et al.,

2013). Hence, it is assumed that increasing sugar levels pro-

duced via photosynthesis throughout development or sup-

plied externally repress MIR156 gene expression and

thereby accelerate the vegetative phase transition.

We investigated if sugar supplementation can accelerate

the vegetative phase change in Arabidopsis and potentially

rescue the delayed phenotype in lines with decreased T6P

levels. To do this, Col-0 plants, 35S::amiRTPS1 plants, and

plants overexpressing the Escherichia coli TPP gene otsB

(35S::otsB) (Schluepmann et al., 2003) were grown under

LD conditions on half Murashige and Skoog (MS) plates

supplemented with 1, 2, or 4% sucrose. All genotypes were

allowed to grow until they produced at least two adult

leaves before counting the number of juvenile leaves. Sur-

prisingly, exogenous supplementation with even 4%

sucrose failed to accelerate the juvenile phase transition in

wild-type plants (Figure S5). The delayed phase change of

35S::amiRTPS1 plants was already observed when the

plants were grown on soil and did not differ significantly

in any of the sucrose concentrations supplied (Figures 1a,

b; Figure S5). 35S::otsB plants were also delayed in the

vegetative phase transition in all three sucrose concentra-

tions although less strongly (Figure S5; see also Schluep-

mann et al., 2003). 35S::otsB plants however showed a

weak response to 4% sucrose supplementation (P < 0.001).

In this context, it is interesting to note that the 35S::

amiRTPS1 line already maintains higher levels of sucrose

and at the same time lower levels of T6P (Figure 6a,b)

(Wahl et al., 2013). This is also the case for 35S::otsB

plants, which have higher levels of sucrose, resulting in a

lower T6P:sucrose ratio (Yadav et al., 2014); however,

these plants retain a functional TPS1. These experiments

clearly indicate that under our growth conditions, the sup-

plementation of sucrose has no or negligible effects on the

vegetative phase change in Arabidopsis.

T6P acts downstream of sucrose to impact vegetative

phase transition

Besides sucrose, other sugars (i.e., glucose) and sugar

phosphates (i.e., glucose 6-phosphate [G6P]) have been

shown to have signaling properties. Glucose has been

implicated in the modulation of the activities of key factors

for energy signaling in plants, such as HEXOKINASE1

(HXK1), components of SNF1-RELATED PROTEIN KINASE1

(SnRK1), and TARGETS OF RAPAMYCIN KINASE (TOR) (re-

viewed in Sheen, 2014). While G6P has been proposed to

suppress SnRK1 activity (Toroser et al., 2000), sucrose, glu-

cose, and to some extent fructose are capable of repress-

ing miR156 levels (Yang et al., 2013; Yu et al., 2013).

To investigate if changes in glucose, G6P, or fructose

levels might explain the vegetative phase change pheno-

type observed in 35S::amiRTPS1 plants, we measured the

levels of these sugars in 35S::amiRTPS1, 35S::miR156, and

the respective double transgenic lines. We observed that

although higher levels of sucrose were maintained (Fig-

ure 6a), glucose, G6P, and fructose levels were unchanged

in 35S::amiRTPS1 plants. This was also the case for 35S::

miR156 and the double transgenic line, arguing against

their contribution to a changed vegetative phase change in

either of these lines (Figure 6c,e). In addition, we found

that the miR156-overexpressing line (35S::miR156) main-

tained slightly but significantly reduced levels of sucrose;

however, T6P levels were unchanged (Figure 6a,b). Intro-

ducing 35S::miR156 into the 35S::amiRTPS1 background

(35S::miR156 35S::amiRTPS1) did not result in significant

changes in sucrose or T6P levels when compared to Col-0

or 35S::amiRTPS1 (Figure 6a,b). Even though we cannot

rule out a possible feedback regulation of the age pathway

on sugar metabolism, our data support the idea that the

age pathway acts downstream of the T6P pathway.

If sucrose was a direct signal in the regulation of the

vegetative phase change through miR156, an inverse rela-

tion between sucrose and mature miR156 levels was

expected. As already mentioned, the levels of miR156 were

significantly reduced in LD-grown Col-0 plants during the

time in which the vegetative phase transition most likely

occurs (Figure 2). To explore if this change is also con-

comitant with an increase in sucrose levels, we measured

the levels of sugars in rosettes of LD-grown plants at the

end of the day (ED) and at the end of the night (EN) (Fig-

ure S6). Generally, decreased T6P levels reflected

decreased sucrose levels at EN (Figure S6a,b). In addition,

Figure 3. MiR156 levels in tps1-2 GVG::TPS1 upon DEX application.

Mature miR156 levels in tps1-2 GVG::TPS1 with and without DEX treatment

at 6 days after germination (middle of day). Error bars represent standard

deviation; ***P < 0.001, two-tailed Student t-test.
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glucose and G6P levels were lower at EN throughout

development (Figure S6c,d). This was not the case for fruc-

tose (Figure S6e). Interestingly, early samples showed a

small but significant increase in sucrose levels at ED

between 4 and 6 DAG, after which the levels stayed con-

stant at both ED and EN (Figure S6a,b).

T6P levels significantly decreased throughout develop-

ment of LD-grown plants, a behavior that was not

observed for any of the other sugars (Figure S6b). The

nexus model takes into account the T6P:sucrose ratio as a

critical parameter for plant metabolism and development

(Yadav et al., 2014). We therefore calculated T6P:sucrose

ratios for all time points throughout the LD series. We

found the highest ratios at 4 DAG at ED, after which they

rapidly declined (Table S2). Similar to what has been

observed before for soil-grown plants, ratios were gener-

ally much lower at EN (Yadav et al., 2014). Taken together,

our data indicate that sucrose is unlikely to be the direct

signal regulating the vegetative phase transition, but

clearly shows that in LD conditions, T6P acts in response

to a plant’s sucrose status to influence vegetative phase

change.

DISCUSSION

Comprehensive research performed in the past decade has

unraveled the major role of the evolutionarily conserved

miR156-SPL module in vegetative and reproductive phase

transitions in plants (reviewed in Poethig, 2013). Despite

Figure 4. Expression of miR156-targeted SPL genes in tps1-2 GVG::TPS1 leaves.

Expression levels of miR156-targeted SPL genes which are relevant in vegetative phase change in the leaves of LD-grown tps1-2 GVG::TPS1 (-DEX) plants in

comparison with Col-0 as measured by RT-qPCR analyses. The data represent three biological replicates with three technical repetitions each after normalization

using TUB2 as control. The x-axis represents days after germination. Error bars indicate standard deviation; *P < 0.05, **P < 0.01, ***P < 0.0001, two-tailed Stu-

dent t-test.

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 104, 768–780

774 Jathish Ponnu et al.



considerable efforts, however, the upstream regulators of

the miR156-SPL module, and hence the determinants of

plant age, remain unknown. Two independent reports pro-

posed that sugars such as sucrose, glucose, and fructose

produced in source leaves could potentially function as

age-dependent signals that repress miR156 expression and

promote the vegetative phase transition in Arabidopsis

(Yang et al., 2013; Yu et al., 2013). Notably, information

about sucrose levels in plants are conveyed to other sig-

naling pathways through T6P (Lunn et al., 2006; Yadav

et al., 2014), which functions as a signaling molecule (re-

viewed in Paul et al., 2008; Ponnu et al., 2011; Figueroa

and Lunn, 2016). We previously showed that the T6P

pathway induces flowering in part via the miR156-SPL

module in the SAM (Wahl et al., 2013). Here we demon-

strated that the T6P pathway also influences the timing of

the preceding developmental transition, the vegetative

phase change, by repressing the miR156-SPL module in

Arabidopsis leaves.

In addition to a late flowering time phenotype (Wahl

et al., 2013), LD- and SD-grown tps1-2 GVG::TPS1 and

Figure 5. The age pathway is epistatic over the T6P pathway.

(a) Juvenile and adult leaves from LD-grown 35S::amiRTPS1 35S::MIM156

plants compared to Col-0, 35S::MIM156, and 35S::amiRTPS1. (b) Juvenile

and adult leaves from LD-grown tps1-2 GVG::TPS1 35S::MIM156 plants

compared to Col-0, 35S::MIM156, and tps1-2 GVG::TPS1. Error bars repre-

sent standard deviation. Leaf morphology of adult leaves is depicted for

tps1-2 GVG::TPS1 35S::MIM156 and 35S::MIM156 plants. Numbers repre-

sent leaf positions. Leaves were detached from the plants soon after bolt-

ing. Error bars indicate standard deviation; ***P < 0.0001, two-tailed

Student t-test. CLN, cauline leaf number; ALN, adult leaf number; JLN, juve-

nile leaf number; n.d., none detected.

Figure 6. T6P and sucrose contents are changed in the 35S::amiRTPS1 line.

(a) Sucrose, (b) T6P, (c) glucose, (d) G6P, and (e) fructose levels, as mea-

sured in long day conditions. Error bars indicate standard deviation;

*P < 0.05, **P < 0.01, two-tailed Student t-test.
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35S::amiRTPS1 plants were delayed in the vegetative

phase change (Figure 1 and Figure S3; Table S1, Experi-

ments 1 and 3). The delay was marked in 35S::amiRTPS1

and even stronger in tps1-2 GVG::TPS1 plants (Figure 1a,b,

d,e), which is an effect of the knockout mutation. Similarly,

flowering time is further delayed in tps1-2 GVG::TPS1 com-

pared with 35S:amiRTPS1 plants (Wahl et al., 2013). These

two processes are independently and consecutively regu-

lated in Arabidopsis, as flowering cannot occur before the

plant is competent to perceive the inductive signals.

Tps1-2 GVG::TPS1 plants harbor a transgene for DEX-

inducible TPS1 expression (van Dijken et al., 2004). DEX-

induced TPS1 expression was necessary and sufficient

for proper timing of the vegetative phase change (Fig-

ure 1c; Figure S6; Table S1, Experiment 3). We therefore

hypothesized that the T6P pathway-mediated regulation

of the age pathway would be essential for other phase

changes as well. In line with this hypothesis, tps1-2

GVG::TPS1 plants accumulated higher levels of mature

miR156 in comparison to Col-0, during the time frame

that coincides with the vegetative phase change (Fig-

ure 2). In this context, it is important to remember that

the abundance of miR156 of individual leaves increases

with time. For example, the first two leaves of 22-day-old

Col-0 plants have twice the amount of miR156 in compar-

ison with the first two leaves of 11-day-old Col-0 plants

(He et al., 2018). As a consequence, one needs to make

sure that leaves of comparable developmental age (matu-

rity) are sampled when comparing miR156 levels between

genotypes. However, in the case of Col-0 and tps1-2

GVG::TPS1, identifying leaves of comparable maturity

would be extremely challenging as the latter produce

more than 100 leaves at different maturity stages before

flowering (Wahl et al., 2013). Fortunately, this problem

can partially be circumvented by comparing the miR156

levels in apices containing leaf primordia, as the vegeta-

tive phenotype of individual leaves is established very

early during leaf ontogeny, right at the leaf primordial

initiation stage (He et al., 2018). In agreement with our

hypothesis that the T6P pathway affects vegetative phase

change, we found that also in apices, which include

young leaf primordia, the levels of mature miR156 were

increased in tps1-2 GVG::TPS1 to a similar extent as in

the rosettes (Figure 2; Figure S3). In addition, the tps1

loss-of-function lines expressed higher levels of two pri-

miRNAs, MIR156A and MIR156C, which are considered

the main source for mature miR156 (Yang et al., 2013; Yu

et al., 2013; He et al., 2018) (Figure 2a,b). However, even

though MIR156A and MIR156C levels were significantly

higher in 35S::amiRTPS1 rosettes during the time window

when vegetative phase change normally occurs (Fig-

ure 2), the mature miR156 levels were rather unchanged

compared to Col-0, which is in line with the weaker phe-

notype of this TPS1 knockdown line.

A previous study that proposed MIR156A and MIR156C

as important for vegetative phase change, also reported

the expression of MIR156F and MIR156H in the leaf primor-

dia albeit at comparatively lower levels (Yang et al., 2013).

This study however did not observe any temporal changes

in the primary transcript levels of these genes in the suc-

cessive leaves, unlike those of MIR156A and MIR156C. The

exact roles of MIR156E, MIR156F, and MIR156H as well as

the mechanisms that regulate their expression are not well

understood. RT-qPCR analyses in 35S:amiRTPS1 revealed

that MIR156E, MIR156F, and MIR156H were particularly

upregulated in 35S:amiRTPS1 plants during vegetative

phase transition (Figure S4). This observation indicates the

possibility that the T6P pathway regulates their expression

in addition to MIR156A and MIR156C.

Many of the 11 miR156-targeted SPL genes, in particular

SPL2, SPL3, SPL4, SPL5, SPL9, SPL13, and SPL15, were

downregulated in the TPS1 loss-of-function lines (Fig-

ure 4). Of these, five (SPL3, SPL4, SPL5, SPL9, and SPL15)

have been shown to play major roles during the vegetative

phase change (Huijser and Schmid, 2011). Indeed, plants

expressing an miRNA-resistant form of SPL9 (rSPL9) skip

the juvenile phase altogether (Wang et al., 2009). A recent

study proposed that in addition to SPL9 and SPL15, SPL13

is also important for the vegetative phase change. This

assumption is based on genetic and functional analyses of

transfer-DNA knockout lines along with plants expressing

miR156-resistant SPL genes (Xu et al., 2016). Other SPLs,

such as SPL2, SPL10, and SPL11, have been suggested to

play only minor roles during the vegetative phase change

(Huijser and Schmid, 2011). Our observation that the levels

of SPL9 and SPL15 (Figure 4e,f) were downregulated in the

tps1-2 GVG::TPS1 line matches the earlier observation on

the importance of these members of the SPL family for the

vegetative phase transition. However, the levels of SPL10,

SPL11, and SPL13 remain unchanged in these plants, sug-

gesting a T6P pathway-independent regulation of these

transcripts (Figure 4g–i). Taken together, our analyses indi-

cate that the T6P pathway impacts vegetative phase

change through the miR156-SPL module by repressing

miR156 precursor expression. However, the possibility of

the T6P pathway bypassing miR156 regulation by directly

suppressing SPL expression cannot be ruled out at this

point.

Genetic analyses using the TPS1 loss-of-function lines in

which miR156 levels were artificially reduced (Franco-

Zorrilla et al., 2007) by introducing a 35S::MIM156 con-

struct further support the hypothesis that the T6P pathway

functions upstream of miR156. The double transgenic lines

(tps1-2 GVG::TPS1 35S::MIM156 and 35S::amiRTPS1 35S::

MIM156) effectively skipped the juvenile phase and pro-

duced only adult leaves (Figure 5a,b; Table S1, Experi-

ments 4 and 5). The complete epistatic nature of miR156

over TPS1 clearly indicates that the T6P pathway impacts

© 2020 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd,

The Plant Journal, (2020), 104, 768–780

776 Jathish Ponnu et al.



vegetative phase change by repressing the age pathway.

Moreover, we did not observe any major changes in the

sucrose or T6P levels in the double transgenic line 35S::

miR156 35S::amiRTPS1, implying that the T6P pathway

acts upstream of the age pathway and a feedback regula-

tion is rather unlikely (Figure 6a,b).

As TPS1 is expressed in all tissues and stages (Fig-

ure S1), the possibility arises that the T6P pathway impacts

vegetative phase change in tissues other than leaves. In

contrast to a very early flowering time phenotype, we

found that ectopically expressed TPS1 at the SAM from the

CLV3 promoter (CLV3::TPS1) had very little effect on the

vegetative phase transition (Table S1, Experiment 2). This

is not surprising since the maturity of different leaves

could well be specified independently of each other in the

individual leaf primordia (Orkwiszewski and Poethig, 2000).

But it is clear that in leaves, the T6P pathway plays a dual

role (Figure 7) by (i) accelerating the vegetative phase tran-

sition via repressing miR156 expression and (ii) promoting

flowering through the induction of FT expression (Wahl

et al., 2013).

We investigated if exogenous supplementation with

sucrose would rescue the vegetative phase change pheno-

type of 35S::amiRTPS1 and 35S::otsB plants in LD condi-

tion. Previous studies produced inconsistent results

regarding the effect of sucrose supplementation on the

vegetative phase change. One study reported a slight but

significantly accelerated vegetative phase change in Col-0,

when grown in SD (Yang et al., 2013). In contrast, two

studies proposed no or a negligible role of sucrose on the

vegetative phase change (Roldan et al., 1999; Ohto et al.,

2001). Similarly, in our experimental conditions even 4%

sucrose did not accelerate the vegetative phase change in

Col-0 or 35S::amiRTPS1 plants and only had very little

effect on 35S::otsB plants (Figure S6).

Sugar signaling is a dynamic process as the signals are

generated from various tissues and organs which act as

sources or sinks for sugars. In addition, the nature of these

signals gets heavily altered during plant development in

response to environmental factors. The amount of endoge-

nous sugars determines the rate of source-related activities

(such as photosynthesis, mobilization, and export of sug-

ars) in relation to sink-related activities (like storage of sug-

ars in various forms or sugar utilization to promote

growth). These seemingly contradicting activities need to

be coordinated via multiple feedback loops which act at

the levels of carbon fluxes within the plant tissues (re-

viewed in Rolland et al., 2006; Smeekens and Hellmann,

2014). Consequently, the inconsistent responses to exter-

nal sucrose supplementation may reflect the differences in

the metabolic or physiological state of the plant. It is possi-

ble that the effect of sucrose or T6P is only sensed by the

plant when their levels fall below a certain threshold and

these responses might vary between tissue and cell types

and at different developmental stages. Alternatively, inter-

nally produced sucrose may be sensed in a different way

to exogenously supplied sucrose. Thus, exogenous

sucrose supplementation might not accurately reflect inter-

nal sucrose production. Taken together, these reactions

might constitute a mechanism to maintain sugar home-

ostasis, when sucrose is applied exogenously, explaining

the lacking effect on the juvenile-to-adult transition in the

sucrose experiments in previous reports and in the one

presented here (Roldan et al., 1999; Ohto et al., 2001) (Fig-

ure S6). Clearly, further work is essential to understand the

plant responses towards changing sucrose supply in vari-

ous physiological and developmental contexts.

Crucially, the juvenile vegetative phases of 35S::

amiRTPS1 and 35S::otsB appear prolonged also when

grown on plates (Figure 1a; Figure S5), and they do so

even when they accumulate higher sucrose levels com-

pared to Col-0 (Figure 6a), further indicating that the T6P

pathway acts downstream of sucrose in regulating the veg-

etative phase change. The effect was less pronounced in

35S::otsB plants, which overexpress a bacterial TPP, cod-

ing for an enzyme that dephosphorylates T6P to trehalose.

However, in contrast to 35S::amiRTPS1 plants, endoge-

nous levels of TPS1 in these plants are not affected, which

might provide a reason for the weaker phenotype and the

Figure 7. A model to illustrate the role of the T6P pathway in regulating

vegetative phase change in Arabidopsis.

During the course of plant growth, photosynthetically produced sucrose acti-

vates the T6P pathway, which suppresses the levels of mature miR156. This

leads to the upregulation of SPL genes, determining the timing of the juvenile-

to-adult phase transition. Apart from regulating the SPL genes viamiR156, the

T6P pathway influences the expression of SPL genes independently of

miR156. In addition, glucose, fructose, and G6P could suppress miR156 levels

independently of the T6P pathway. A direct role of sucrose in suppressing the

miR156 levels has also been proposed. Numbers indicate references (1. Lunn

et al., 2006, 2.Wahl et al., 2013, 3. Yang et al., 2013, 4. Yu et al., 2013). The aster-

isk indicates findings in the present study. Fru, fructose; Glc, glucose; G6P,

glucose 6-phosphate; SPL, SQUAMOSA PROMOTER BINDING PROTEIN-

LIKE; Suc, sucrose; T6P, trehalose 6-phosphate.
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tendency to respond to supplementation of 4% sucrose

(Figure S5).

According to the nexus model (Figueroa and Lunn,

2016), high T6P:sucrose ratios reflect situations in a plant’s

life when energy for plant growth and development is in

increasing demand. Its output is the activation of sucrose

consumption and downstream signaling events causing,

for example, the developmental programs to start operat-

ing. We found particularly high ratios at the young seed-

ling stage both at ED and EN (Table S2; Figure S6), which

correlated with a sensitive stage for responses in the TPS1

knockout and knockdown lines. In this scenario, sucrose is

in high demand after germination and is eventually pro-

vided through the establishment and stabilization of photo-

synthesis. The concomitant increase of T6P finally results

in increased sucrose consumption and signaling events,

leading to the repression of miR156 expression and pro-

moting the transition to the adult phase.

With the data presented in the present study, we cannot

rule out the possibility that sugars impact the vegetative

phase change in parallel, independently of the T6P path-

way (Figure 7). However, our results favor a model in

which the T6P pathway strongly suppresses the miR156-

SPL-mediated age pathway to promote the vegetative

phase change in Arabidopsis (Figure 7). Apart from acting

through miR156, it is possible that the T6P pathway has an

effect on the expression of SPL genes, similar to what we

have previously shown for the floral transition (Figure 7)

(Wahl et al., 2013). In conclusion, this study reveals a func-

tion of the T6P pathway as part of an endogenous mecha-

nism which affects plant age through repressing the

miR156-SPL module.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

All plants used in this work are of the Columbia (Col-0) accession
(Arabidopsis thaliana (L.) Heynh.). The tps1-2 GVG::TPS1 (referred
to as ind-TPS1 #201 in the original publication) (van Dijken et al.,
2004), 35S::amiRTPS1 (line #6), 35S::miR156, and 35::MIM156 lines
have been described elsewhere (Schwab et al., 2005; Franco-Zor-
rilla et al., 2007; Todesco et al., 2010; Wahl et al., 2013). Genotypes
were confirmed by PCR (Table S2). Plants were grown in cham-
bers either at 23°C, 65% relative humidity under a 2:1 mixture of
Cool White and Gro-Lux Wide Spectrum fluorescent lights, with a
fluence rate of 125–175 µmol m�2 sec�1, or at 22°C, 65% relative
humidity under Philips Fluors fluorescent lights (F17T8/TL741),
with a fluence rate of 130–160 µmol m�2 sec�1. LD and SD were
defined as 16 h light/8 h dark and 8 h light/16 h dark, respectively.

DEX application to the tps1-2 GVG::TPS1 plants (Figure 1c) was
carried out by soil application. The soil medium was soaked with
5 µM DEX solution starting from germination. In order to ensure
the continued expression of TPS1, the soil DEX application was
prolonged until the emergence of the first two adult leaves. Soil
application with a DEX solution proved to be more efficient and
eliminated the possibility of uneven wetting of leaves, which usu-
ally is a problem with spraying.

Phenotypic analyses

Juvenile leaf numbers were recorded based on the absence of tri-
chomes on the abaxial surface of the rosette leaf. Leaves with tri-
chomes on the proximal-distal axis of the leaf were considered as
adult leaves. Leaf shape was digitally documented from flattened
leaf series under a thin glass plate or pasted on a paper and pho-
tocopied.

RNA extraction, cDNA synthesis, and RT-qPCR analysis

RNA extraction from leaves and seedlings, cDNA synthesis, and
RT-qPCR analyses were performed according to the methods
described in Wahl et al., 2013. Oligonucleotides used in this study
can be found in Table S3.

Metabolite measurements

For metabolite measurements whole rosettes of LD- or SD-grown
plants were harvested at EN and/or ED. T6P and G6P were
extracted with methanol/chloroform and measured using enzy-
matically authenticated standards and a [2H]T6P internal standard
to correct for ion suppression and matrix effects as previously
described (Lunn et al., 2006). Sucrose, glucose, and fructose levels
were measured as described in Jones et al. (1977) using an assay
adapted to microtiter plates (Gibon et al., 2002).
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in long day conditions and in the 5th leaf in short day conditions.

Figure S4. Expression levels of MIR156 genes in 35S::amiRTPS1
plants compared to Col-0.

Figure S5. Effect of exogenous sucrose supplementation on vege-
tative phase transition.

Figure S6. Sugars and T6P measured in Col-0 rosettes throughout
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