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Abstract

Root growth is modulated by different factors, including phytohormones, transcription factors, and microRNAs 
(miRNAs). MicroRNA156 and its targets, the SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes, de-
fine an age-dependent pathway that controls several developmental processes, including lateral root emergence. 
However, it remains unclear whether miR156-regulated SPLs control root meristem activity and root-derived de 
novo shoot regeneration. Here, we show that MIR156 and SPL genes have opposing expression patterns during 
the progression of primary root (PR) growth in Arabidopsis, suggesting that age cues may modulate root devel-
opment. Plants with high miR156 levels display reduced meristem size, resulting in shorter primary root (PRs). 
Conversely, plants with reduced miR156 levels show higher meristem activity. Importantly, loss of function of 
SPL10 decreases meristem activity, while SPL10 de-repression increases it. Meristem activity is regulated by SPL10 
probably through the reduction of cytokinin responses, via the modulation of type-B ARABIDOPSIS RESPONSE 
REGULATOR1(ARR1) expression. We also show that SPL10 de-repression in the PRs abolishes de novo shoot re-
generative capacity by attenuating cytokinin responses. Our results reveal a cooperative regulation of root meri-
stem activity and root-derived de novo shoot regeneration by integrating age cues with cytokinin responses via 
miR156-targeted SPL10.

Keywords:  Arabidopsis thaliana, de novo shoot regeneration, meristem, microRNA156, root, SPLs.
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Introduction

The functions of the root system (RS) are partially dependent 
on the root length, which is determined by the number of 
proliferating cells in the meristem and their final mature size 
(Zobel, 1986; Beemster and Baskin, 1998). In Arabidopsis, 
the RS comprises a primary root (PR), lateral roots (LRs) 
and, eventually, adventitious roots. The Arabidopsis RS has a 
single embryonic-derived PR, which generally remains ac-
tive throughout the plant life cycle (Hodge, 2006; Osmont 
et  al., 2007). Root growth is maintained by the root meri-
stem, a sustainable and self-renewable system the activity of 
which depends upon a number of different factors, including 
phytohormones, transcription factors, and microRNAs 
(miRNAs) (Dello Ioio et  al., 2008; Takatsuka and Umeda, 
2014; Couzigou and Combier, 2016). However, how these dif-
ferent factors are integrated to control meristem size and root 
growth remains unclear.

Auxin and cytokinin are essential for root growth and de-
velopment as they control meristem activity and root organo-
genesis (Dello Ioio et al., 2007, 2008; Di Mambro et al., 2017). 
In the PR, auxin establishes positional information for cell fate 
decisions and maintains root meristem activity by promoting 
cell division. The cell proliferation zone is characterized by 
intermediate auxin concentrations, whilst low levels of auxin 
are found in the elongation and differentiation zones along 
the root longitudinal axis (Burstrom, 1957; Petersson et  al., 
2009; Jurado et al., 2010). These auxin gradients are partially 
generated by PIN-FORMED (PIN) auxin-efflux carriers, 
which funnel auxin efflux between cells (Blilou et  al, 2005; 
Vieten et  al, 2005; Wisniewska et  al, 2006). PIN1, PIN3, and 
PIN7 have been shown to be essential to control root meri-
stem size (Dello Ioio et al., 2007). On the other hand, cyto-
kinin antagonizes auxin by promoting cell differentiation in 
roots. Cytokinin controls root meristem size by activating 
the nucleus-localized type-B ARABIDOPSIS RESPONSE 
REGULATORS (ARRs) ARR1 and ARR12. Type-B ARRs 
are GARP transcription factors that control the expression of 
cytokinin-regulated genes, including type-A ARRs such as 
ARR5 (Mason et al., 2004). Type-B ARR1 and the ARR12 
repress the expression of the PIN genes through the SHY2/
IAA3 protein, a repressor of auxin signaling (Dello Ioio et al., 
2007; 2008). Thus, cytokinin and auxin antagonistically interact 
at the transition zone to balance cell differentiation with cell 
division, which is essential to stabilize meristem size and to 
ensure continuous root growth (Dello Ioio et al., 2007; 2008). 
Similar to PR growth, the balance between auxin and cyto-
kinin is critical for LR development. This process initiates with 
the establishment of LR primordia, regulated by local auxin 
accumulation in pericycle cells termed ‘founder cells’, leading 
to LR organogenesis (Fukaki et al., 2002; De Smet et al., 2007, 
2010; Péret et al., 2009; Dastidar et al., 2012). Resembling LR 
initiation, formation of callus (a mass of growing cells) from 
PR explants initiates with pericycle cell divisions driven by 
local auxin maxima in the founder cells (Che et  al., 2007; 
Sugimoto et al., 2010). Competent cells from callus tissue are 
committed to a shoot or root fate according to the auxin/cyto-
kinin balance. A high cytokinin:auxin ratio directs these cells 

to undergo shoot formation, while a low ratio induces root 
differentiation (Skoog and Miller, 1957). Importantly, explants 
derived from different tissues share the anatomical and mo-
lecular determinants of organ-primordia formation with root 
explants (Sugimoto et al., 2010).

MiRNA-regulated pathways are also fundamental for 
root growth and patterning (Rubio-Somoza and Weigel, 
2011; Couzigou and Combier, 2016). miRNAs are a group 
of small RNAs (21–24 nt) that modulate gene expression 
in both animals and plants (Lagos-Quintana et  al., 2001; 
Jones-Rhoades et al., 2006). Several miRNA-regulated path-
ways affect different root developmental processes. For in-
stance, the miR396/GROWTH RESPONDING FACTOR 
(GRF) pathway regulates the transition of root stem cells to 
transit-amplifying cells (Rodriguez et  al., 2015). While the 
miR164/NAM, ATAF, CUC2 (NAC) and miR160/AUXIN 
RESPONSE FACTOR10 (ARF10) pathways are crucial in 
controlling LR initiation (Mallory et al., 2004; Guo et al., 2005; 
Wang et al., 2005), the miR167/ARF6/8 and miR390/TAS/
ARF3/4 pathways act subsequently during emergence and 
elongation of the LR (Gifford et al., 2008; Marin et al., 2010; 
Yoon et al., 2010). In addition, the regulation of the class III 
homeodomain zipper transcription factors by miR166/165 
in the root endodermis and stele periphery is crucial in 
determining xylem cell types in a dosage-dependent manner 
(Carlsbecker et al., 2010).

MiR156 and its targets, the SQUAMOSA PROMOTER-
BINDING PROTEIN-LIKE (SPL) family of transcription 
factors (Wu and Poethig, 2006; Morea et al., 2016), define an 
age-dependent pathway that is crucial for several developmental 
processes (Wu and Poethig, 2006; Wu et al., 2009; Xie et al., 2012; 
Silva et  al., 2014, 2019; Xu et  al., 2016). Increasing miR156-
targeted SPL levels lead to a progressive decline in de novo shoot 
regenerative capacity of aerial tissues (leaves and hypocotyls) as 
the plant ages (Zhang et al., 2015). Increasing miR156 expres-
sion in rice leads to the development of more roots with smaller 
size (Xie et al., 2012), whereas high expression of miR156 is ne-
cessary for adventitious root formation in Malus xiaojinensis (Xu 
et al., 2017). Arabidopsis plants overexpressing MIR156 genes 
produce more LRs, while reduced miR156 levels leads to fewer 
lateral and eventually adventitious roots (Yu et  al., 2015; Xu 
et al., 2016). MiR156-targeted SPL3, SPL9, and SPL10 are in-
volved in repressing LR primordium emergence, with SPL10 
playing a dominant role (Yu et al., 2015). These findings sug-
gest an important role of the miR156/SPL pathway in control-
ling root system architecture, yet the mechanisms underlying 
the functions of miRNA156-targeted SPLs in this develop-
mental process are largely unknown. MiR156-targeted SPLs 
may affect shoot meristem size (Wang et al., 2008; Fouracre and 
Poethig, 2019), but it is unclear if such a regulation is shared 
with the root meristem. Moreover, it is unknown whether the 
miR156-controlled network intersects with auxin and cyto-
kinin to modulate root meristem activity and de novo shoot re-
generative capacity of root explants.

Here, we show that the miR156/SPL module has a role 
in Arabidopsis PR growth by altering root meristem activity 
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mostly via modulating cytokinin responses. We found that 
high levels of miR156 reduced root meristem size, whilst low 
levels of miR156 increased it. Arabidopsis plants expressing a 
miR156-resistant version of SPL10 (rSPL10) exhibited longer 
PRs and increased meristem size, while loss-of-function of 
SPL10 produced shorter PRs and reduced meristem size. 
ARR1-dependent cytokinin responses were reduced by 
SPL10 and it may have unbalanced cell differentiation and 
cell division rates, thus readjusting meristem size and PR 
length. These modifications in cytokinin responses also had 
a negative effect on the de novo shoot regenerative capacity 
of rSPL10 PRs since they were unable to regenerate shoots 
and instead generated highly differentiated meristemoid-like 
structures. Together, our results suggest that the recruitment of 
age cues via miR156-targeted SPLs contributes to modula-
tion of root meristem activity and root-derived shoot regen-
erative capacity.

Material and methods

Plant material and growth conditions
The Arabidopsis thaliana plants used in this study were of the Columbia 
(Col-0) ecotype. Transgenic plants expressing p35S::MIR156A, miR156-
sensitive (pSPL3::sSPL3-GUS, pSPL6::sSPL6-GUS, pSPL9::sSPL9-
GUS, pSPL10::sSPL10-GUS), miR156-resistant (pSPL3::rSPL3-GUS, 
pSPL6::rSPL6-GUS, pSPL9::rSPL9-GUS, pSPL10::rSPL10-GUS, 
pSPL9::rSPL9, pSPL10::rSPL10), and the CRISPR/Cas9-derived 
spl10-2 have been described previously by Wu and Poethig (2006) and 
Xu et  al. (2016). Transgenic plants harboring a target mimic against 
miR156 (p35S::MIM156or MIM156) have been described previ-
ously by Franco-Zorrilla et al. (2007). Arabidopsis plants harboring the 
pMIR156A::MIR156A-GUS and pMIR156C::MIR156C-GUS con-
structs have been described by Yang et al. (2013). Plants harboring the 
reporter constructs pCYCLINB1;1::GUS, pDR5::GFP, pPIN1::PIN1-
GFP, and TCSn::GFP have been described previously by Ferreira et al. 
(1994) Ulmasov et al. (1997), Su and Zhang (2009), and Zürcher et al. 
(2013). Arabidopsis plants harboring the reporter pARR5::GUS were 
obtained by introducing the pARR5::GUS construct (D’Agostino et al., 
2000) into Col-0 plants using the floral dip method Clough and Bent 
(1998). At least 10 independent transgenic lines with similar expression 
patterns were obtained, and one was selected for further use at the T3 
generation. Arabidopsis arr1-4 plants have been described previously by 
Dello Ioio et al. (2007).

For cultivation of plants, seeds were surface-sterilized with 1.0% 
bleach for 10 min and washed three times with sterile water. The seeds 
were then sown on sterile plates containing half-strength Murashige 
and Skoog (MS) medium (Murashige and Skoog, 1962) supplemented 
with 1.0% (w/v) sucrose and 0.6% (w/v) phytagar. Seeds were placed 
at 4 °C for 2 d for stratification. The plates were then placed vertically 
in a growth chamber under long-day conditions (16/8 h light/dark) at 
22 °C.

Root growth assays and meristem size analysis
For root growth analyses, PRs from seedlings at 5, 10, and 15 d post-
germination (dpg) were scanned and measured using the ImageJ software 
(https://imagej.nih.gov/ij/). For root growth rate (RGR), seedlings at 
5 dpg were transferred to plates containing MS medium supplemented 
with 0.1  µM or 1.0  µM 6-benzyladenine (6-BA) and maintained for 
either 4 d or 5 d in a growth chamber. After the treatment with 6-BA, 
RGR was measured as the increment in the root length compared with 
that at the beginning of the treatment (n=45 seedlings) using ImageJ. 
Analyses of the meristem size were performed under a light microscope 
by counting the cortex cell number on a file of cells extended from the 

quiescent center to the transition zone (Dello Ioio et al., 2007, 2008). At 
least 10 seedlings were evaluated.

Root-derived de novo shoot organogenesis
Roots from 7- or 10-dpg seedlings of Col-0 were excised below the 
hypocotyl and transferred to a callus-induction medium (CIM) (Qiao 
et al., 2012) composed of B5 basal medium (Gamborg et al., 1968) sup-
plemented with 0.5 g l–1 2-(N-morpholino)-ethanesulfonic acid (MES), 
2.2 μM 2,4-dichlorophenoxyacetic acid (2,4-D), 0.2 μM kinetin, 20 g 
l–1 glucose, and 7.0 g l–1 agar, with pH adjusted to 5.75. After 4 d in the 
CIM, the explants were transferred to a shoot-induction medium (SIM) 
(Qiao et  al., 2012) composed of MS medium supplemented with 2.5, 
5.0, or 10.0 μM isopentenyladenine (2-iP), 0.9 μM indole-3-acetic acid 
(IAA), 10 g l–1 sucrose and 7.0 g l–1 agar, pH 5.75. The explants were then 
incubated at 25 °C under long-day conditions. The regenerative capacity 
was evaluated by counting the number of regenerated shoots from root 
explants derived from the 7- and 10-dpg seedlings. All experiments were 
repeated three times with similar results.

Histological analysis and SEM
Samples of root explants were fixed in Karnovsky solution (Karnovsky, 
1965), dehydrated in an increasing ethanol series (10–100%), and subse-
quently infiltrated into synthetic resin using a HistoResin Embedding 
Kit (Leica) according to the manufacturer’s protocol. Tissue sections 
were obtained using a rotary microtome and stained with Toluidine Blue 
0.05% (Sakai, 1973). Permanent slides were mounted with synthetic resin 
(Entellan®, Merck). For SEM, samples were fixed, mounted, and exam-
ined as described by Bharathan et al. (2002).

RNA extraction, RT-PCR, and qRT–PCR
Total RNA was isolated using Trizol reagent (ThermoFisher) according 
to the manufacturer’s instructions, then treated with DNase I (Invitrogen). 
Samples of the RNA (2 µg) were then used to generate first-strand cDNA. 
For mature miRNA, a stem-loop RT primer was designed to hybridize 
the mature miR156 molecule, and then reverse-transcribed in a pulsed 
RT reaction, according to Varkonyi-Gasic et al. (2007). The RT product 
was amplified using a miRNA-specific forward primer and the universal 
reverse primer. Reactions for RT-PCR and qRT-PCR were done as de-
scribed by Silva et al. (2014). qRT-PCR reactions were performed in a 
StepOnePlus™ real-time PCR system (ThermoFisher). Each sample was 
comprised of PRs from at least 50 seedlings. For RT-PCR expression 
analyses, three biological samples were used. Three biological samples 
with two technical replicates each were used in the qRT-PCR analyses. 
ACTIN-2 was used as the reference gene (Yu et al., 2015): we analysed 
ACTIN-2 expression levels in order to compare with other potential ref-
erence genes (Supplementary Fig. S1Aat JXB online; Czechowski et al., 
2005). Expression levels were then calculated relative to ACTIN-2 using 
the 2–ΔΔCT method (Livak and Schmittgen, 2001). The primers used are 
listed in Supplementary Table S1.

GUS staining and GFP analysis
The GUS (ß-glucoronidase) staining protocol followed that of Senecoff 
et al. (1996). GFP images were obtained with the Zeiss Epifluorescence 
imager D2 using a specific filter for GFP analysis. For each line and treat-
ment, at least 10 seedlings were analysed.

Accession numbers
SPL2 (AT5G43270), SPL3 (AT2G33810), SPL4 (AT1G53160), SPL5 
(AT3G15270), SPL6 (AT1G69170), SPL9 (AT2G42200), SPL10 
(AT1G27370), SPL11 (AT1G27360), SPL13 (AT5G50570), SPL15 
(AT3G57920), MIR156A (AT2G25095), MIR156C (AT4G31877), 
PIN1 (AT1G73590), PIN3 (AT1G70940), PIN7 (AT1G23080), 
ARR1 (AT3G16857), ARR12(AT2G25180), SHY2 (AT1G04240), 
CYCLINB1;1 (AT4G37490), and ACTIN-2 (AT3G18780).
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Results

MIR156 expression decreases with time during 
PR growth

The Arabidopsis genome contains eight MIR156 genes and 
their expression patterns have been extensively studied in 
leaves (Yang et  al., 2013; Xu et  al., 2018). In the aerial tis-
sues, MIR156A and MIR156C are the major sources of mature 
miR156 and their expression declines as the plant ages; how-
ever, the situation in roots is unclear (Yang et al., 2013; Yu et al., 
2015; Xu et al., 2018). We therefore examined the expression of 
MIR156A and MIR156C in roots at 5-, 10-, and 15-dpg. First, 
we used GUS staining to evaluate gene expression in transgenic 

plants separately harboring the pMIR156A::MIR156A-
GUS (MIR156A-GUS) and pMIR156C::MIR156C-GUS 
(MIR156C-GUS) constructs previously described by Yang et al. 
(2013). Expression of MIR156A (Fig. 1A–D) and MIR156C 
(Fig. 1F–I) was detected in all zones of the PR in seedlings 
at 5-, 10-, and 15-dpg; importantly, GUS staining decreased 
over time for both MIR156A-GUS (Fig. 1A) and MIR156C-
GUS (Fig. 1F). To confirm these temporal expression patterns, 
we examined the levels of MIR156A and MIR156C precursor 
transcripts in roots of Col-0 using qRT-PCR and found that 
both also decreased over time (Fig. 1E, J). These results indi-
cated that MIR156A and MIR156C may also have roles in 
controlling PR growth during plant development.

Fig. 1.  MIR156 is dynamically expressed during the progression of root growth in Arabidopsis. (A–D) Expression patterns as indicated by GUS staining 
of MIR156A in primary roots (PRs) of seedlings at (A) 5, 10, and 15 d post-germination (dpg). MIR156A-GUS is detected in (B) the maturation, (C) 
elongation, and (D) meristematic zones of roots at 10 dpg. (E) Expression of MIR156A in roots of wild-type Col-0 seedlings as determined by qRT-PCR. 
Expression is relative to that of roots at 5 dpg, the value of which was set to 1. (F–I) Expression patterns as indicated by GUS staining of MIR156C in PRs 
of seedlings at (F) 5-, 10-, and 15-dpg. MIR156C–GUS is detected in the (G) maturation, (H) elongation, and (I) meristematic zones of roots at 10 dpg. 
(J) Expression of MIR156C in roots of wild-type Col-0 seedlings as determined by qRT-PCR. Expression is relative to that of roots at 5 dpg, the value of 
which was set to 1. (K–N) Microscope images of epifluorescence from the root tips of seedlings expressing miR156-GFP. (K, L) Seedlings at 5 dpg either 
(J) without or (K) with the miR156 target site (indicated by – and +, respectively), and (M, N) seedlings at 10 dpg either (M) without or (N) with the target 
site. (O) Expression of mature miR156 in roots of wild-type Col-0 seedlings as determined by qRT-PCR. Expression is relative to that of roots at 5 dpg, 
the value of which was set to 1. Scale bars are 250 µm (A, F), 100 µm (B–D, G–I), and 50 µm in (K–N). The images shown are representative individuals of 
at least five seedlings of each genotype. Data in (E, J, O) are means (±SE) of three biological samples. (This figure is available in colour at JXB online.)
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Next, we used transgenic plants harboring a GFP-based 
miR156 sensor (+) and plants without the miR156 sensor 
(–) (Nodine and Bartel, 2010) to evaluate the activity of ma-
ture miR156 in PRs. Compared with the –miR156 sensor, 
the +miR156 sensor had a reduced GFP signal throughout 
the meristematic and transition zones, and it increased in PR 
at 10-dpg compared with 5-dpg (Fig. 1K–N). Similarly, ma-
ture miR156 transcript levels decreased during PR growth 
(Fig. 1O). Together, these results indicated that miR156 was 
localized and active throughout the meristematic and transi-
tion zones, and that its levels and activity decreased during the 
progression of PR growth.

miR156-dependent regulation is required for the 
spatiotemporal expression of SPLs in the PR

MIR156 expression decreased in the PRs over time, and 
therefore an opposing expression pattern of SPLs would be 
expected. Ten SPL genes are post-transcriptionally regulated 
by miR156 in Arabidopsis and they are grouped into four 
clades, with SPL3, SPL6, SPL9, and SPL10 being their rep-
resentative members (Guo et al., 2008). To determine whether 
SPLs had roles in modulating PR growth, we examined the 
spatiotemporal expression patterns of these representative 
members and the contribution of miR156 to these patterns. 
We compared transgenic plants expressing either a miR156-
sensitive (pSPL::sSPL) or a miR156-resistant (pSPL::rSPL) 
version of the fusion protein tagged with GUS under the con-
trol of their own promoters (Xu et al., 2016). The resistant ver-
sions are characterized by the insertion of silent mutations into 
the miR156 response element that abolish the interaction of 
mature miR156 with SPLs, and are hereafter referred to as 
rSPL3-GUS, rSPL6-GUS, rSPL9, and rSPL10 (Li et al., 2012; 
Xu et al., 2016).

GUS staining was not detected in the PR of the miR156-
sensitive version of the SPL3 reporter (sSPL3-GUS) at 5, 10, 
or 15 dpg (Supplementary Fig. S1B–D); however, staining 
was observed in the miR156-resistant version (rSPL3-GUS), 
mostly in the transition and elongation zones, and (as expected) 
it increased from 5dpg to 15 dpg (Supplementary Fig. S1E–G). 
Expression of rSPL3-GUS was not observed in the meri-
stematic zone (Supplementary Fig. S1E, F). qRT-PCR data 
confirmed that SPL3 transcript levels increased in the PR of 
wild-type Col-0 plants from 5dpg to 15 dpg (Supplementary 
Fig. S1H). GUS staining in the miR156-sensitive version of the 
SPL6 reporter (sSPL6-GUS) was not detected at any devel-
opmental time-point (Supplementary Fig. S2A–C); however, 
in the resistant version (rSPL6-GUS) it was detected at low 
but consistent levels in pericycle cells of the meristematic and 
transition zones of the PR at 10 and 15 dpg (Supplementary 
Fig. S2 D–F). Moreover, qRT-PCR data showed no changes in 
transcript levels of SPL6 over time during the growth of the 
PR (Supplementary Fig. S2 G).

GUS staining in the miR156-sensitive version of SPL9 re-
porter (sSPL9-GUS) was observed in the stele of the meri-
stematic, transition, and elongation zones (Fig. 2A–D, I). In the 
resistant version, rSPL9-GUS was strongly expressed throughout 
the PR, as well as in LRs (Fig. 2E–H, J). Interestingly, SPL9 

transcript levels peaked at 10 dpg and were reduced at 15 dpg 
(Fig. 2O), as was also observed by GUS staining in both the 
miR156-sensitive and -resistant versions at 15 dpg (Fig. 2A, E), 
suggesting the existence of a miR156-independent mechanism 
of SPL9 regulation at this developmental stage. GUS staining 
in the sensitive version of the SPL10 reporter (sSPL10-GUS) 
was observed specifically in the meristematic zone of PRs at 
10 and 15 dpg (Fig. 2K), but not in LRs (Fig. 2M). On the 
other hand, the resistant version, rSPL10-GUS, was observed 
in the meristematic and transition zones and LRs at all devel-
opmental times, and it increased over time (Fig. 2L, N). qRT-
PCR data showed that transcript levels of SPL10 increased 
throughout root growth, confirming the data observed by 
GUS staining (Fig. 2P). Thus, the data indicated that the repre-
sentative members of the SPL clades displayed distinct expres-
sion patterns during the progression of PR growth, and their 
regulation in the PR was mostly miR156-dependent. SPL10 
expression in the meristematic and transition zones suggested 
it had a possible role in the maintenance of PR meristem ac-
tivity, and hence in growth.

Disruption of the miR156/SPL balance affects the size 
of the root meristem and PR growth

It has been shown that emergence of LRs in Arabidopsis is 
regulated by miR156-targeted SPL3, SPL9, and SPL10 (Yu 
et al., 2015), but the mechanisms by which these SPLs modulate 
the root system are still unclear. To investigate how miR156-
targeted SPLs affected PR growth, we initially evaluated their 
expression in roots of transgenic Arabidopsis seedlings that 
overexpressed either miR156 (p35S::MIR156A) or a target 
mimic in which miR156 was sequestered (p35S::MIM156 
or MIM156) (Wu and Poethig, 2006; Franco-Zorrilla et  al., 
2007). The transcript levels of miR156-regulated SPL genes 
(including SPL3, SPL6, SPL9, and SPL10) decreased in 
p35S::MIR156A and increased in MIM156 roots at 10 dpg 
(Supplementary Fig. S3). We then examined the PR pheno-
types of p35S::MIR156A and MIM156 seedlings, and assessed 
PR growth in transgenic plants expressing the miR156-
resistant versions of SPL3, SPL6, SPL9, and SPL10. We evalu-
ated PR growth from 5 dpg because at that developmental 
time the meristem size has already been established (Dello Ioio 
et al., 2008). Since root growth in these plants is reported not 
to be influenced by photoperiod (Yu et al., 2015), all experi-
ments were performed under long-day conditions.

At 5-dpg, the MIM156 and rSPL10 seedlings displayed longer 
PRs than the Col-0 wild-type, whereas p35S::MIR156A had 
PRs of similar length (Fig. 3A–D). This may have been because 
miR156 was already present at high levels in seedlings at 5dpg 
(Fig. 1), and SPL gene expression was generally repressed at 
this time (Fig. 2). PR lengths of rSPL3-GUS, rSPL6-GUS, and 
rSPL9 seedlings at 5 dpg were similar to Col-0 (Fig. 3A–D, 
Supplementary Fig. S2H, I). Interestingly, p35S::MIR156A 
seedlings at 10 dpg and 15 dpg displayed shorter PRs than 
Col-0 (Fig. 3D). Conversely, MIM156 and rSPL10 seedlings 
consistently developed longer PRs at all developmental time 
points. PR length in rSPL3-GUS, rSPL6-GUS, and rSPL9 
seedlings remained similar to Col-0 at 10 and 15 dpg (Fig. 
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3A–D, Supplementary Fig. S2H, I). These findings suggested 
that at least SPL10 was involved in modulating PR growth. To 
confirm this, we evaluated PR length and root meristem size in 
the CRISPR/Cas9-derived spl10-2 mutant, which contains a 
35-bp deletion in SPL10 that generates a premature stop codon 
upstream of the SBP box (Xu et al., 2016). spl10-2 seedlings dis-
played shorter PR length at all the developmental times evalu-
ated (Supplementary Fig. S4A, B). Importantly, we also found 

that spl10-2 roots displayed shorter meristems compared to 
Col-0 (Supplementary Fig. S4C–D). These findings were sur-
prising, given the fact that SPL10 was only expressed at low 
levels in the early stages of root development (Fig. 2). Our data 
suggested that SPL10 contributed to the control PR length by 
modulating the meristem size during the early stages of root 
growth. To further substantiate that the down-regulation of 
SPL10 was at least partially responsible for the PR phenotype in 

Fig. 2.  Spatiotemporal expression of miR156-targeted SPL9 and SPL10 during the progression of root growth in Arabidopsis. Expression of the 
miR156-sensitive version of the SPL9 reporter (sSPL9-GUS) in (A–D) primary roots (PRs) and (I) lateral root (arrowhead) at 5-, 10-, and 15-d post-
germination (dpg). Expression of the miR156-resistant version of the SPL9 reporter (rSPL9-GUS) in (E–H) PRs and (J) a lateral root. SPL9 is differentially 
expressed during root growth. Expression of the miR156-sensitive version of the SPL10 reporter (sSPL10-GUS) in (K) PRs (arrowheads) and (M) in 
a lateral root. Expression of the miR156-resistant version of the SPL10 reporter (rSPL10-GUS) in (L) PRs and (N) a lateral root. SPL10 is differentially 
expressed during root growth. (O, P) Comparative expression analysis of (O) SPL9 and (P) SPL10 in PRs of wild-type Col-0 seedlings as determined 
by qRT-PCR. Expression is relative to that of roots at 5-dpg, the value of which was set to 1. Scale bars are 250 µm (A, E) and 100 µm (B–D, F–N). The 
images shown are representative individuals of at least five seedlings of each genotype. Data in (O, P) are means (±SE) of three biological samples. (This 
figure is available in colour at JXB online.)
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p35S::MIR156A seedlings (Fig. 3), we introduced the rSPL10 
construct into Arabidopsis plants harboring p35S::MIR156A. 
The de-repression of SPL10 in the p35S::MIR156A seedlings 
was sufficient to rescue PR growth so that is was similar to 
Col-0 (Supplementary Fig. S4E, F). Our observations there-
fore confirmed the importance of the miR156:SPL ratio in 
the control of PR growth. In agreement with this, growth was 
also affected in MIM156 seedlings in which several SPLs were 
de-repressed (Fig. 3; Supplementary Fig. S3).

High levels of miR156-resistant SPL9 lead to shorter shoot 
apical meristems (Wang et al., 2008). Although the expression of 

SPL6 and SPL9 was higher in the transition and meristematic 
zones of rSPL6-GUS and rSPL9 seedlings (Fig. 2, Supplementary 
Fig. S2), de-repression of SPL6 andSPL9 did not affect PR 
growth or root meristem size (Fig. 3; Supplementary Figs S2J, 
K, S5). We next evaluated whether root meristem size was af-
fected in p35S::MIR156A, MIM156, and rSPL10 seedlings. As 
expected, the meristem size of wild-type Col-0 seedlings re-
mained constant after 5 dpg, whereas MIM156 and rSPL10 had 
larger root meristems (Fig. 3E, F) (Dello Ioio et al., 2007). In 
contrast, p35S::MIR156A displayed shorter meristems at 10 dpg 
and 15 dpg. This was in agreement with the root phenotypes 

Fig. 3.  Disruption of the miR156/SPL module in Arabidopsis affects growth of the primary root and root meristem size. (A–C) Root architecture of 
seedlings of wild-type Col-0, p35S::MIR156A, MIM156, rSPL3-GUS, rSPL9 and rSPL10 plants at (A) 5 d post-germination (dpg), (B) 10 dpg, and (C) 15 
dpg. ‘r’ indicates the miR156-resistant version of the SPL reporters. Scale bars are 1 cm. (D) Length of the primary roots of the seedlins shown in (A–C). 
Data are means (±SE) of n=50 seedlings. (E) Root meristem cell number of seedlings of Col-0, p35S:: MIR156A, MIM156, and rSPL10. Data are means 
(±SE) of n=20 seedlings. (F) Representative images of root meristems of Col-0, p35S::MIR156A, MIM156, and rSPL10 seedlings at 10 dpg. Scale bars 
are 100 µm. Arrowheads at the bottom of the images indicate the quiescent center and those at the top indicate the cortex transition zone. Composite 
images were obtained using differential interference contrast microscopy as described by Dello Ioio et al. (2008). Significant differences in (D, E) were 
determined using Student’s t-test: *P<0.05. (This figure is available in colour at JXB online.)
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of the p35S::MIR156A, MIM156, and rSPL10 seedlings (Fig. 
3A–D) and suggested that the miR156/SPL balance had 
opposing effects on the root and shoot apical meristems (Wang 
et al., 2008; Fouracre and Poethig, 2019). Interestingly, at 10 dpg 
and 15 dpg, root length and meristem size were slightly greater 
in rSPL10 than MIM156 seedlings (Fig. 3). This was most likely 
because the accumulation of SPL10 transcripts was almost 
3-fold higher in rSPL10 than in MIM156 roots (Fig. 4A), sug-
gesting a quantitative effect of de-repression of SPL10 on PR 
growth. In agreement with the effect of SPL10 in modulating 
meristem activity, spl10-2 roots displayed shorter meristems 
(Supplementary Fig. S4).

De-repression of SPL10 increases root meristem size 
by affecting cell cycle activity

The rSPL10 seedlings consistently displayed more cortex cells 
in the meristematic zone (Fig. 3), suggesting that miR156-
dependent de-repression of SPL10 may have increased the 
division potential of the meristematic cells. To test this hypoth-
esis, we examined the expression of the G2–M-specific Cyclin-
dependent protein kinase CYCB1;1 in Col-0 and rSPL10 PRs 
at 10 dpg. To visualize CYCB1;1 expression in rSPL10, we 
transferred the pCYCLINB1;1::GUS construct (Ferreira et al., 
1994) into rSPL10 plants (Ubeda-Tomás et al., 2008), and found 
an increase in the expression levels of the pCYCB1;1::GUS re-
porter in the rSPL10 root tips (Fig. 4B). It is possible that the 
alterations in CYCB1;1 expression in the rSPL10 seedlings re-
flected a faster progression and/or an earlier G2/M transition 
of the cell cycle, thus suggesting that miR156-targeted SPL10 
may be involved in cell cycle control.

The miR156/SPL module affects cell proliferation and 
differentiation in roots by altering auxin and cytokinin 
responses

Given that the miR156/SPL module affected root meristem 
activity (Figs 3, 4), we sought to determine whether miR156-
targeted SPLs modulate the balance between auxin and cyto-
kinin signaling, a crucial component of meristem activity 

(Dello Ioio et al.,2008, Di Mambro et al., 2017).We first in-
vestigated the auxin response by analysing the pDR5::GFP re-
porter in Col-0, p35S::MIR156A, and MIM156 seedlings at 
10 dpg. In the Col-0 background, pDR5::GFP is expressed 
in the quiescent center (QC) and columella cells (Fig. 5A). 
In the p35S::MIR156A background, pDR5::GFP was also 
expressed in the QC and columella layers, but apparently at 
slightly lower levels. In the MIM156 background, pDR5::GFP 
was ectopically expressed, and was more laterally spread in the 
columella in comparison to the control. We next examined the 
expression levels of PIN1, PIN3, and PIN7 by qRT-PCR. In 
agreement with the ectopic auxin response that was observed, 
PIN1 and PIN3 were up-regulated in MIM156 roots, whereas 
no changes could be detected in the PR of p35S::MIR156A 
(Fig. 5B). This indicated that a correct miR156:SPL ratio is 
important but not essential for PIN expression. Furthermore, 
only particular SPLs might be involved in the regulation of 
these PINs since no significant changes in their transcript levels 
were observed in the PR of rSPL10 (Fig. 5C). We also ob-
served that the levels of the PIN1-GFP protein were increased 
in the PR of MIM156 at 10 dpg (Fig. 5D), which was in agree-
ment with the high PIN1 transcript levels observed (Fig. 5B). 
This suggested that the overall miR156-targeted de-repression 
of SPL affected auxin transport in the root meristem, at least 
partially by altering the expression of the transporter PIN1, 
thereby affecting the maintenance of the root meristem.

Given that PIN1 expression was up-regulated in PRs 
of MIM156 (Fig. 5B, D) and that miR156-targeted SPLs 
(including SPL9 and SPL10) modulate cytokinin responses 
through type-B ARRs (Zhang et  al., 2015), we investigated 
the effect of miR156-targeted SPL de-repression on cytokinin 
responses by evaluating ARR1 expression in roots of Col-0, 
p35S::MIR156A, and MIM156 at 10 dpg. While ARR1 tran-
script levels were slightly higher in PRs of p35S::MIR156A, 
they were significantly reduced in MIM156 (Supplementary 
Fig. S6A), suggesting a decrease in cytokinin responses. 
Cytokinin reduces the auxin response by activation of the tran-
scription of SHY2 via ARR1. SHY2 in turn negatively regu-
lates the expression of the PIN genes in the roots (Dello Ioio 
et al., 2008). We therefore measured SHY2 expression in PRs of 

Fig. 4.  De-repression of SPL10 affects cell division rate in root meristems of Arabidopsis. (A) Comparative expression analysis of SPL10 in roots of wild-
type Col-0, MIM156, and rSPL10 plants at 10 d post-germination (dpg) as determined by qRT-PCR. Expression is relative to that of Col-0, the value of 
which was set to 1. Data are means (±SE) of three biological samples. Significant differences were determined using the Mann–Whitney test (*P<0.05). 
(B) Light microscope images showing the expression of pCYCB1;1::GUS, a G2/M phase marker, in Col-0 and rSPL10 roots at 10 dpg. Scale bars are 
100 µm. The images are representative individuals of at least five seedlings. (This figure is available in colour at JXB online.)
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Col-0, p35S::MIR156A, and MIM156 at 10-dpg. Surprisingly, 
SHY2 was up-regulated in MIM156 (Supplementary Fig. 
S6B), suggesting that the SPL-dependent PIN expression (Fig. 
5) was independent of the control of SHY2 expression. We 
then analysed ARR1 and SHY2 transcript levels in rSPL10 
PR, in which PIN expression was similar to Col-0 (Fig. 5C) 
and higher cell proliferation was observed in the root meristem 
(Fig. 4). While ARR1 transcript levels were strongly reduced 

in PRs of rSPL10 at 10-dpg, SHY2 expression was similar to 
Col-0 (Fig. 6A). Interestingly, ARR12 was similarly expressed 
in rSPL10 and Col-0. Importantly, ARR1 was up-regulated in 
PRs of spl10-2 at 10 dpg (Supplementary Fig. S4G). Together, 
our observations indicated that SPL10 modulated cytokinin 
responses by affecting ARR1 transcript levels. However, this 
modulation did not seem to result in adjustments to auxin 
transport, because neither SHY2 nor PIN expression changed 

Fig. 5.  The auxin response is disturbed in primary roots of MIM156 plants of Arabidopsis. (A) Microscope images of epifluorescence in roots of 
pDR5::GFP plants at 10 d post-germination (dpg). Scale bars are 150 µm. The insets represent merged images. The arrow indicates ectopic GFP 
expression in the lateral root cap. (B, C) Comparative expression analysis of PIN1, PIN3, and PIN7 in roots of (B) wild-type Col-0, p35S::MIR156A, and 
MIM156, and (C) Col-0 and rSPL10 at 10 dpg, as determined by qRT-PCR. Expression is relative to that of Col-0, the value of which was set to 1. Data 
are means (±SE) of three biological samples. Significant differences compared with Col-0 were determined using the Mann–Whitney test (*P<0.05). (D) 
Microscope images of epifluorescence in roots of pPIN1::PIN1:GFP plants at 10 dpg. Scale bars are 100 µm. The arrows indicate the quiescent centers. 
The images are representative individuals of at least 10 seedlings. (This figure is available in colour at JXB online.)
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in the PRs of rSPL10 (Figs 5C, 6A). To further elucidate the 
interplay between SPL10 and ARR1-mediated cytokinin 
responses, we introduced the arr1-4 allele (Dello Ioio et  al., 
2007) into rSPL10 plants to generate rSPL10;arr1-4 plants. 
rSPL10;arr1-4 seedlings displayed longer PRs and larger root 
meristems that were similar to phenotypes of rSPL10 and arr1-
4 seedlings (Supplementary Fig. S7). These findings indicated 
that SPL10 in ARR1 acted in similar genetic pathways in con-
trolling PR growth.

To further substantiate the role of SPL10 in modulating 
cytokinin responses in PRs, we compared the responses to 
cytokinin in Col-0 and rSPL10 by using the Two Component 
signaling Sensor new (TCSn)::GFP reporter, which reflects the 
transcriptional activity of type-B ARRs (Müller and Sheen, 
2008; Zürcher et al., 2013). We also analysed the widely used 
pARR5::GUS cytokinin reporter (D’Agostino et  al., 2000). 
In the PRs of Col-0, GFP expression was observed in the 
columella cells of the root meristem and in the vasculature, 
whereas lower GFP levels were observed in similar cell types 
of rSPL10 PR (Fig. 6B) (Zürcher et al., 2013). Likewise, lower 
pARR5::GUS activity was detected in rSPL10 compared to 
Col-0 (Fig. 6C).

Exogenous cytokinin application reduces root meristem size 
and overall PR growth (Dello Ioio et al., 2007). We hypothe-
sized that the low response to cytokinin observed in rSPL10 
(Fig. 6A–C) may lead to a decrease in the effects of exogenous 

cytokinin. We therefore treated Col-0 and rSPL10 seedlings 
with two concentrations of 6-benzyladenine (6-BA), a syn-
thetic cytokinin (Dello Ioio et  al., 2007), and examined the 
growth rate of the PR (RGR) at 4 d and 5 d post-treatment 
(dpt; Supplementary Fig. S8)). Interestingly, RGR was similar 
between Col-0 and rSPL10 growing in control MS medium 
at 4 dpt and 5-dpt (Fig. 6D). At the low 6-BA concentration 
(0.1 µM), RGR was lower in Col-0 than in rSPL10 at both 
4-dpt and 5-dpt, suggesting that rSPL10 seedlings were less 
sensitive to this cytokinin treatment. At the higher 6-BA con-
centration (1.0 µM), the differences were less pronounced, but 
the PRs of rSPL10 were again less affected than Col-0. Overall, 
these results supported the idea that de-repression of SPL10 
leads to lower cytokinin responses in roots, thus inducing a 
higher rate of cell proliferation in the root meristem.

The miR156/SPL module controls root-derived de 
novo shoot organogenesis via cytokinin responses 

The miR156/SPL module influenced the growth of PRs by 
altering cytokinin and auxin responses (Figs 5, 6). Emergence 
of LRs is also affected by the miR156/SPL module (Yu et al., 
2015), probably also through the modulation of cytokinin and 
auxin responses. Because LR formation and de novo shoot or-
ganogenesis (DNSO) from PRs share their initial develop-
mental stages and because a correct auxin:cytokinin balance is 

Fig. 6.  De-repression of SPL10 attenuates cytokinin responses in Arabidopsis roots. (A) Expression of ARR1, ARR12, and SHY2 in roots of wild-type 
Col-0 and rSPL10 seedlings at 10 d post-germination (dpg), as determined by qRT-PCR.Expression is relative to that of Col-0, the value of which was 
set to 1. Data are means (±SE) of three biological samples. Significant differences compared with Col-0 were determined using the Mann–Whitney test 
(*P<0.05) (B) Microscope images of epifluorescence of TCSn::GFP expression in roots at 10 dpg. Scale bars are 100 µm. The insets represent merged 
images. (C) Expression of pARR5::GUS in Col-0 and rSPL10 seedlings at 10 dpg. Scale bars are 100 µm. (D) Root growth rate (RGR) of Col-0 and 
rSPL10 seedlings growing in MS medium with or without 6-benzyladenine (6-BA). RGR was evaluated at 4 d and 5 d post-treatment (dpt). Data are 
means (±SE) of n=45 seedlings. Significant differences compared with untreated MS medium were determined using Student’s t-test: **P<0.01. The 
experiment was repeated three times with similar results. (This figure is available in colour at JXB online.)
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crucial for DNSO (Atta et al., 2009; Sugimoto et al., 2010), we 
investigated the roles of the miR156/SPL module on DNSO 
from root explants.

We performed in vitro regeneration assays in which root ex-
plants were submitted to the traditional two-step regeneration 
procedure (Valvekens et  al., 1988). In the first step, callus is 
induced from explants cultured on auxin-rich callus-inducing 
medium (CIM). Subsequently, the explants were trans-
ferred to shoot-inducing medium (SIM) containing a high 
cytokinin:auxin ratio for inducing the differentiation of the 
callus into shoots (Valvekens et al., 1988; Duclercq et al., 2011). 
Given that miR156, SPL9, and SPL10 transcription is acti-
vated by auxin in roots (Yu et  al., 2015), we evaluated their 
expression patterns in intact PRs of Col-0 at 7 dpg and com-
pared them with root explants that had undergone different 
steps in the regeneration process: 4 d in CIM (which con-
tained high levels of dichlorophenoxyacetic acid or 2,4-D; Atta 
et  al., 2009) and 6 d in SIM. While transcripts of SPL9 and 
SPL10 accumulated at high levels in root explants under both 
CIM and SIM incubation compared to PRs at 7 dpg, miR156 
transcripts were only higher in the auxin-rich CIM medium 
(Supplementary Fig. S9). The high expression of miR156 and 
SPLs in the CIM medium indicated that both miR156 and its 
targets were positively regulated by 2,4-D during the callus-
induction stage, similar to their regulation by IAA in roots (Yu 
et al., 2015).

We next evaluated the shoot regenerative capacity of root 
explants obtained from Col-0, p35S::MIR156A, rSPL9, and 
rSPL10 seedlings at 7 dpg and 10 dpg (Fig. 7A). De-repression 
of SPL9 markedly reduced shoot regeneration in rSPL9 roots 
(Fig. 7B, C), similar to previous reports for aerial tissues (Zhang 
et al., 2015). Strikingly, the de-repression of SPL10 completely 

abolished DNSO in both 7 dpg and 10 dpg rSPL10 explants. 
These observations were consistent with the roles of SPL9 and 
SPL10 in controlling LR emergence (Yu et al., 2015) and indi-
cated that SPL10 has a major role in regulating common path-
ways that control LR emergence and DNSO. Interestingly, we 
observed that p35S::MIR156A roots at 7 dpg and 10 dpg had a 
lower number of regenerated shoots compared with the wild-
type Col-0 (Fig. 7B, C), in contrast to p35S::MIR156A that 
has been shown to have higher regenerative capacity in aerial 
tissues (i.e. leaves and hypocotyls; Zhang et al., 2015). Higher 
levels of miR156 reduce the number of LR primordia (stages 
I–IV) but increase the number of emerged LRs compared 
with Col-0 (Supplementary Fig. S10; Yu et al., 2015). It may 
be speculated that fewer ‘founder cells’ necessary for DNSO 
(Motte et  al., 2014) are specified in miR156-overexpressing 
roots, perhaps due to the lower auxin response (Fig. 5A). On 
the other hand, the lower regenerative capacity of rSPL9 roots 
(Fig. 7) might be a result of reduced emergence of regenerated 
shoots (Yu et al., 2015; Zhang et al., 2015). These suggestions 
are worthy of further investigation.

Although DNSO was severely impaired in rSP10 roots (Fig. 
7), meristemoid-like structures were generated in them (Fig. 
8D–F), and these were not seen in Col-0 (Fig. 8A–C). SEM re-
vealed that these meristemoid-like structures contain stomata, 
which indicated premature epidermal differentiation of these 
structures compared with leaves derived from Col-0 shoots 
(Fig. 8C, F). To gain more insight on how these meristemoid-
like structures are generated in rSPL10 root explants, we 
examined longitudinal sections of explants cultured in CIM 
and SIM. After 4 d of incubation in CIM, Col-0 and rSPL10 
explants displayed similar periclinal cell divisions originating 
from the pericycle tissue (Fig. 8G, J). However, after 10 d of 

Fig. 7.  miR156-dependent regulation of SPLs is required for root-derived de novo shoot organogenesis in Arabidopsis. (A) Shoot regeneration assays 
using root explants from wild-type Col-0, p35S::MIR156A, rSPL9, and rSPL10 seedlings at 7 d post-germination (dpg). Root explants were cultured for 4 
d on callus-induction medium and then transferred to shoot-induction medium (SIM) for 20 d. (B, C) Quantitative analyses of regenerative capacity of the 
seedlings at (B) 7 dpg and (C) 10 dpg. The regenerative capacity is represented by the mean number of regenerated shoots after 20 d in SIM. Data are 
means (±SE) of three biological replicates. Significant differences compared with Col-0 were determined using Student’s t-test (*P<0.05). The experiment 
was repeated three times with similar results. (This figure is available in colour at JXB online.)
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cultivation in SIM, Col-0 showed an intense formation of cel-
lular mass (callus) protruding from the root explants (Fig. 8H) 
whereas rSPL10 did not show any apparent formation of cel-
lular mass (Fig. 8K). This might indicate a decrease in cell div-
ision in rSPL10 explants when cultured in the cytokinin-rich 
SIM. After 20 d of incubation in SIM, a shoot apical meristem 

and leaf primordia were visible in shoots derived from Col-0 
(Fig. 8I), but not in those from rSPL10 root explants (Fig. 8L).

Loss-of-function mutants for type-B ARRs, including 
ARR1 and ARR2, display decreased cell division and shooting 
in tissue culture, whilst their increased expression enhances 
the response to cytokinin in tissue culture (Hwang and Sheen, 

Fig. 8.  De-repression of miR156-targeted SPL10 abolishes shoot regeneration in Arabidopsis. (A, D) Representative images of regenerated shoots from 
root explants of (A) wild-type Col-0 and (D) rSPL10. Scale bars are 1 mm. SEM images of regenerated shoots from (B, C) Col-0 and (E, F) rSPL10; (C, F) 
are magnifications of the regions marked in (B, E). Arrowheads indicate stomata. Scale bars are 100 µm (B, E) and 20 µm (C, F). Longitudinal sections of 
(G–I) Col-0 root explants cultured for (G) 4 d in callus-induction medium (CIM), and then cultured in shoot-induction medium (SIM) for (H) 10 d and (I) 20 
d. Longitudinal sections of rSPL10 root explants cultured for (J) 4 d in CIM, and then cultured in SIM for 10 d and (L) 20 d. Scale bars are 100 µm (G–K) 
and 200 µm (L). (This figure is available in colour at JXB online.)
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2001; Sakai et al., 2001; Duclercq et al., 2011). Thus, it is pos-
sible that the reduced cell division and premature cell/tissue 
differentiation observed in rSP10-derived in vitro structures 
may have been a result of the down-regulation of ARR1 in the 
roots (Fig. 6A), resulting in the attenuation of the cytokinin 
response. To test this hypothesis, we evaluated pARR5::GUS 
expression in root explants of Col-0, p35S::MIR156A, 
and rSPL10 after incubation in CIM and SIM media (Fig. 
9). After 2 d in the SIM, GUS staining was stronger in the 
p35S::MIR156A;pARR5::GUS explants compared with Col-
0;pARR5::GUS (Fig. 9A). Conversely, lower GUS staining 
was observed in rSPL10;pARR5::GUS explants. These obser-
vations indicated that even in SIM (which contained a high 
cytokinin:auxin ratio; Valvekens et  al., 1988), the cytokinin 
response was impaired in rSPL10 root explants. To further 
substantiate this finding, we tested the regenerative capacity 
of the roots in different cytokinin (2-iP) concentrations. As 
expected, increasing cytokinin concentration in the SIM cor-
related with higher regenerative capacity from Col-0 root ex-
plants, but it did not improve the low regenerative capacity of 
p35S::MIR156A. Most importantly, elevation of cytokinin in 
the SIM was not able to restore the regenerative capacity of 

rSPL10 root explants (Fig. 9B–E). Together, these results indi-
cated that the unbalance between miR156 and SPL10 levels 
was sufficient to modify root-derived shoot regenerative cap-
acity via attenuating cytokinin responses.

Discussion

MiR156 and its targets are the master regulators of phase 
change, and this has been confirmed by numerous reports that 
have mostly focused on the aerial organs (Schwarz et al., 2008; 
Wang et al., 2008; Usami et al., 2009; Wu et al., 2009; Yu et al., 
2010; Silva et  al., 2019). Our results suggested that miR156 
and SPLs also play a role in the growth of PRs during the pro-
gression of seedling development. MIR156A and MIR156C 
(Yang et al., 2013; Xu et al., 2018) were expressed in roots and 
their transcription levels decreased as the seedling aged (Fig. 
1). SPLs such as SPL9 and SPL10 have regulatory sequences 
that can drive their transcription across a broad region (Xu 
et  al., 2016), most noticeably in the root meristematic and 
transition zones (Fig. 2). Our results demonstrate that post-
transcriptional repression by miR156 is necessary to achieve 

Fig. 9.  De-repression of miR156-targeted SPLs affects cytokinin responses during in vitro shoot organogenesis in Arabidopsis. (A) Representative 
images of root explants from wild-type Col-0, Col-0;pARR5::GUS, p35S::MIR156A;pARR5::GUS, and rSPL10;pARR5::GUS seedlings incubated 
in shoot-induction medium (SIM) for 2 d. Scale bars are 500 µm. (B) Quantitative analyses of regenerative capacity of root explants of Col-0, 
p35S::MIR156A, and rSPL10 incubated in SIM supplemented with 2.5 µM, 5 µM, or 10 µM of isopentenyladenine (2-iP). The regenerative capacity is 
represented by the mean number of regenerated shoots after 20 d in SIM. Different letters indicate significant differences according to ANOVA followed 
by Tukey’s HSD test (P<0.05). Data are means (±SE) from three replicates of two independent experiments. (C–E) Representative images of regenerated 
organs (shoots and meristemoid-like structures) from root explants of (C) Col-0, (D) p35S::MIR156A, and (E) rSPL10 incubated in SIM supplemented with 
5 uM 2-iP. Scale bars are 2 mm. (This figure is available in colour at JXB online.)
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the correct spatiotemporal expression patterns of the SPLs 
during the progression of root growth (Fig. 2, Supplementary 
Figs S1, S2). Importantly, miR156 activity was detected in the 
elongation and meristematic zones, suggesting its role in regu-
lating the expression of some SPLs in these regions (Fig. 1). 
miR156-targeted SPLs might also have a role in delineating 
the region between the elongating and mature root cells since 
they have higher and lower expression, respectively, in these 
zones, whilst miR156 shows the opposite expression pattern 
(Breakfield et al., 2012).

The correct balance between the rates of cell division and 
differentiation determines the size of the root meristem and 
the rate of root growth (Dello Ioio et  al., 2007). Roots with 
miR156-overpression and miR156-target mimicry displayed 
lower and higher meristem cell numbers, respectively (Fig. 3), 
suggesting that a correct threshold-dependent repression of 
SPL expression by miR156 (He et  al., 2018) contributes to 
regulate the balance between cell proliferation and differen-
tiation. In Arabidopsis leaves, SPLs that promote heteroblasty, 
namely SPL3, -4, -5, and -15, increase cell number and reduce 
cell size (Usami et al., 2009); however, how they regulate this 
is not yet clear. In developing roots, SPL10-dependent modu-
lation of meristematic cell division may occur through two 
overlapping mechanisms: (1) directly by increasing the overall 
division rate (visualized by the higher pCYCB1;1::GUS ex-
pression in rSPL10 roots; Fig. 4); and (2) indirectly by attenu-
ating the cytokinin responses in the roots (visualized by the 
intensity of cytokinin signaling, as assayed by TCSn::GFP and 
pARR5:GUS reporters and by the down-regulation of ARR1; 
Fig. 6). Our observations were consistent with the role of cyto-
kinins in controlling the rate of meristematic cell differentiation 
(Dello Ioio et al., 2007, 2008; Di Mambro et al., 2017). In add-
ition, the overall de-repression of miR156-targeted SPLs may 
also have affected meristem size and PR growth through auxin 
signaling, since MIM156 roots presented high levels of PIN1 
expression and showed an ectopic auxin response (Fig. 5).

Zhang et al. (2015) reported that miR156-targeted SPL9 as 
well as SPL10 directly bind to the type-B ARR2 protein, less-
ening the cytokinin responses (Heyl and Schmülling, 2003). 
This is consistent with our observations that TCSn::GFP and 
pARR5::GUS reporter levels were reduced in PRs of rSPL10 
(Fig. 6), which is also in agreement with the fact that type-A 
ARRs, including ARR5, were induced by 6-BA treatment in 
p35S::MIR156A but reduced in MIM156 plants (Zhang et al., 
2015). The transcriptional activator type-B ARR1 is crucial 
for controlling most of the genes under cytokinin regulation 
(Argyros et al., 2008). ARR1 transcript levels were reduced in 
MIM156 and rSPL10 roots (Fig. 6, Supplementary Fig. S6). 
This suggests that, in addition to regulating ARR transcrip-
tional activity (Zhang et  al., 2015), miR156-targeted SPLs, 
including SPL10, may modulate cytokinin-responsive genes in 
roots via ARR1 transcriptional regulation. However, whether 
this is achieved by a direct or indirect regulation of ARR1 re-
quires further investigation.

Cytokinin responses mediated by the miR156/SPL module 
also controlled in vitro regeneration (Fig. 7). Aerial tissues of 
young Arabidopsis plants exhibited high cytokinin responses 
and DNSO, due to the high levels of miR156. Conversely, high 

levels of SPLs directly inhibited the transcriptional activity of 
type-B ARRs, thus impairing shoot regenerative capacity. 
As a result, aerial explants from plants expressing miR156-
resistant versions of SPLs (rSPLs) display low regenerative 
capacity (Zhang et al., 2015). Similarly, root-derived explants 
from rSPL9 and rSPL10 displayed low and no regenerative 
capacity, respectively (Fig. 7). The role of SPL10 in DNSO has 
not previously been investigated, and we show here that the 
de-repression of SPL10 in rSPL10 plants completely abolished 
the shoot regenerative capacity of roots (Figs. 7–9). This loss 
of regenerative capacity in rSPL10 was more severe than that 
observed for rSPL9 plants, which were still able to generate 
shoots from aerial explants (Zhang et al., 2015) and from roots 
(Fig. 7). Although the direct targets of SPL10 in roots still need 
to be identified, the disruption of miR156-mediated regula-
tion of SPL10 in Arabidopsis induces genes associated with 
seed maturation before the embryo has been formed (Nodine 
and Bartel, 2010). Similarly, the premature differentiation of 
meristemoid-like structures in PRs of rSPL10 (Fig. 8) might 
be a result of a precocious induction of genes associated with 
DNSO. This precocious induction is likely to be coupled to 
changes in cytokinin levels/responses, since exogenous and en-
dogenous cytokinins influence the initiation of newly formed 
organs, as well as the pace of organ development (Pernisova 
et  al., 2018).The lower expression of pARR5::GUS and the 
high insensitivity of rSPL10 root explants to cytokinin treat-
ment (Fig. 9) strongly indicated that SPL10-dependent DNSO 
from roots occurs mostly through modulation of the cytokinin 
signaling. It is possible that the fundamental role of SPL10 in 
root-derived DNSO (Fig. 7–9) overlaps with its role in modu-
lating LR development (Yu et al., 2015).

In conclusion, our data suggest that the balance between 
meristem activity and lateral organ development in roots may 
be achieved by the maintenance of a correct miR156:SPL 
ratio during early stages of development.

Supplementary data

Supplementary data are available at JXB online.
Fig. S1. MiR156-targeted SPL3 is expressed in primary and 

lateral roots.
Fig. S2. MiR156-targeted SPL6 is expressed in PRs but it 

does not affect meristem size and root length.
Fig. S3. SPLs are down- and up-regulated in p35S::MIR156A 

and MIM156 roots, respectively.
Fig. S4. PR length and meristem size are reduced in the 

spl10-2 mutant.
Fig. S5. MiR156-targeted SPL9 de-repression does not af-

fect root meristem size.
Fig. S6. De-repression of miR156-targeted SPL decreases 

the expression of type-B ARR1 in roots.
Fig. S7. SPL10 and ARR1 act in similar genetic pathways 

during root growth.
Fig. S8. Representative images of rSPL10 and Col-0 seed-

lings in response to treatment with 6-benzyladenine.
Fig. S9. MiR156-targeted SPL9 and SPL10 as well as the 

mature miR156 are up-regulated in auxin-rich medium.
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Fig. S10. MIR156 overexpression increases the number of 
lateral roots as early as 5 d post-germination.

Table S1. Oligonucleotide sequences used in this work.
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