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Abstract
Key message Overexpression of miR166/165 downregulates target HD-ZIP IIIs and promotes root growth
by enhancing cell division and meristematic activity,
whereas overexpression of HD-ZIP IIIs inhibits root
growth in Arabidopsis thaliana.
Abstract Post-embryonic growth of higher plants is
maintained by active meristems harbouring undifferentiated cells. Shoot and root apical meristems (SAM and
RAM) utilize both similar and distinct signalling mecha-
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nisms for their maintenance in Arabidopsis thaliana. An
important regulatory role in this context has the interaction of microRNAs with their target mRNAs, mostly
encoding transcription factors. One class of microRNA166/165 (miR166/165) has been implicated in the
maintenance of SAM and vascular patterning. Here, we
show that miR166/165 plays an important role in root
growth also by negatively regulating its target transcripts,
HD-ZIP IIIs, in the RAM. While overexpression of
miR166 promotes RAM activity, overexpression of its
targets reduces RAM activity. These results reveal a
conserved role of miR166/165 in the maintenance of SAM
and RAM activity in A. thaliana.
Keywords miR166/165  microRNA  RAM  Root
meristem  Small RNA
Abbreviations
ARF
AUXIN RESPONSE FACTOR
ATHB
Arabidopsis thaliana HOMEOBOX
dag
Days after germination
eTM
Endogenous target mimic
HD-ZIP III CLASS III HOMEODOMAIN-LEUCINE
ZIPPER
miR166/165 microRNA166/165
PHB
PHABULOSA
PHV
PHAVOLUTA
PLT
PLETHORA
QC
Quiescent centre
RAM
Root apical meristem
REV
REVOLUTA
SAM
Shoot apical meristem
SCR
SCARECROW
SHR
SHORT ROOT
WOX5
WUSCHEL-RELATED HOMEOBOX 5
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Introduction
Roots, the underground organs of higher plants, play crucial
roles in the uptake of water and nutrients, and in anchorage.
Post-embryonic root growth is largely dependent on the
continuous activity of root apical meristem (RAM) (Aichinger et al. 2012). Both, protein-coding genes and phytohormone signalling regulate root growth and development
in Arabidopsis thaliana (Aichinger et al. 2012; Perilli et al.
2012). Previous reports suggest that phytohormones such as
auxin, cytokinin, gibberellins, and ethylene mutually
interact to maintain RAM activity (Benkova and Hejatko
2009; Perilli et al. 2012). Coordinated and antagonistic
activity of cell division-promoting auxin and differentiation-promoting cytokinin is necessary for maintenance of
root meristem size and proper root growth (Moubayidin
et al. 2010). Among molecular regulators, SCARECROW
(SCR), SHORT ROOT (SHR), WUSCHEL-RELATED
HOMEOBOX 5 (WOX5), and PLETHORA (PLT) play
important roles in the specification of the quiescent center
(QC) and the stem cell niche (Aida et al. 2004; Overvoorde
et al. 2010; Sarkar et al. 2007). The SHR protein is
expressed in the central part of the roots (stele) and moves
to the endodermis where it induces the expression of SCR,
which in turn induces the expression of WOX5 in the QC
(Aichinger et al. 2012; Nakajima and Benfey 2002; Sarkar
et al. 2007). A gradient of auxin-dependent expression of
PLT proteins is necessary for maintenance of RAM and root
growth (Aida et al. 2004; Galinha et al. 2007).
Recently, small non-coding RNAs of 20–24 nucleotide
length, including microRNAs (miRNAs), have been
implicated in various aspects of plant development
including root development (Chen 2012; Khan et al. 2011;
Meng et al. 2010). The activity of miR160 in the columella
and the lateral root controls root growth and branching by
negatively regulating the targets AUXIN RESPONSE
FACTOR 10 (ARF10), ARF16 and ARF17 (Khan et al.
2011). Transgenic plants overexpressing miR160 have
shorter and agravitropic roots due to an uncontrolled proliferation of RAM and undifferentiated columella cells
(Wang et al. 2005). The adventitious root development in
Arabidopsis is regulated by miR167 through post-transcriptional down-regulation of ARF6 and ARF8 and
through a crosstalk with miR160 (Khan et al. 2011). It has
been shown that miR164 interferes with auxin signalling to
regulate lateral root development by targeting NAC1 (Xie
et al. 2000). Further, another class of small RNAs, known
as trans-acting short interfering RNA (tasi-RNA), regulate
lateral root emergence (Marin et al. 2010).
One of the important miRNAs, microRNA166/165
(miR166/165) is required for shoot meristem activity, leaf
polarity and vascular patterning of shoot and root in
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Arabidopsis and in maize (Carlsbecker et al. 2010; Chen
2012; Chitwood et al. 2009; Williams et al. 2005). The
endodermis-specific expression of miR166b/165a restricts
the CLASS III HOMEODOMAIN-LEUCINE ZIPPER (HDZIP III) target transcripts to specific vascular tissues and
regulates radial patterning of Arabidopsis roots (Carlsbecker et al. 2010; Miyashima et al. 2011) and the nodulation
process in Medicago truncatula roots (Boualem et al.
2008). In A. thaliana, miR166 and miR165, which differ by
only single nucleotide sequence, are processed from the
precursor transcripts of seven MIR166 (A-G) and two
MIR165 (A-B) genes, respectively. Five members of the
HD-ZIP III gene family (PHB, PHV, REV, ATHB8 and
ATHB15) are targeted and negatively regulated by miR166/
165 (Rhoades et al. 2002). Loss-of-function mutations in
members of class III HD-ZIP affect various aspects of
plant growth and development such as enlargement of
shoot apical meristem (SAM) and alteration in vascular
development (Prigge et al. 2005; Williams et al. 2005).
Spatiotemporal regulation of miR166/165 and their targets
is likely to contribute to the functional diversity of this
microRNA family. Although miR166 is abundantly present
in root meristems (Jung and Park 2007), its role in root
growth and meristematic activity remains to be understood.
Here, we describe that the balanced regulation of HD-ZIP
IIIs through miR166/165 is necessary for proper growth of
the primary root.
Materials and methods
Plant materials, growth condition and root growth assay
Arabidopsis thaliana (ecotype Columbia) was used for
mutational analysis, generation of transgenic lines, root
growth assay, and all other related works. The mutant allele
phv-11 has been described earlier (ABRC #CS6966)
(Prigge et al. 2005). Plants were grown in a controlled
environment at 22 ± 2 °C, under 16:8 h (light:dark) photoperiodic cycle; white light intensity was around 200 Lux.
The root growth assay was performed according to Singh
et al. (2012). In brief, seeds were sterilized with a solution
containing 70 % ethanol and 0.01 % (v/v) Triton X,
washed four times with sterile water and germinated on
half-strength Murashige and Skoog (MS) medium (HiMedia, Mumbai, India) supplemented with 1 % sucrose and
0.8 % agar in square Petri plates (under aforesaid conditions). Wild type (WT) (control) and miR166a-Oe or eTMmiR166/165 (see details below) plants were grown vertically on the same plate in replicates for 4–9 days after
germination (dag). Root length was measured either
directly (with scale) or with the ‘ImageJ’ program using
images.
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Table 1 PCR primers and their specifications used in this study
Sl. no.

Primer name

Primer sequences (50 –30 )

Purpose

1

MIR166A-F

CCATGGAAATAGGCTCAATATAG

Constructing miR166-Oe

2

MIR166A-R

GGTCACCAAGAGGAGAAAGA

Constructing miR166-Oe

3

miR166F1

CGGCGGTCGGACCAGGCTTCA

Stem-loop qRT-PCR

4

UvRP

GTGCAGGGTCCGAGGT

Stem-loop qRT-PCR

5

miR166-SLP

GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACGGGGA

Stem-loop RT (1st std. cDNA)

6

ACTIN2-F

GGTAACATTGTGCTCAGTGGTGG

qRT-PCR

7

ACTIN2-R

AACGACCTTAATCTTCATGCTGC

qRT-PCR

8

HD-ZIPIII(T)F

GACTGTCCTAAACCGAGCTC

qRT-PCR

9

HD-ZIPIII(T)R

GGCGTTTTCTGTCTTGAGCTA

qRT-PCR

10

PHB-F

GGCGTTTTCTGTCTTGAGCTA

PHB probe construct

11

PHB-R

TCCATACAAGATCAGACATTCGTC

PHB probe construct

Cloning and generation of transgenic plants
Construction of MIR166A overexpression lines: 879 bp
genomic sequence containing pri-MIR166A along with 50
and 30 flanking region was PCR amplified using
MIR166A-FP and MIR166A-RP primers, and subcloned
in pCAMBIA1301 binary vector under the control of the
35S promoter (for primer details see Table 1) to make
p35S:MIR166A. Positive clones were confirmed through
restriction digestion analysis and sequencing and transfected into Agrobacterium strain GV3850. Wild type
Arabidopsis plants were transformed with Agrobacterium
harbouring p35S:MIR166A via the floral dip method
(Clough and Bent 1998). T1 transgenic plants were
selected on  MS medium plates (as described above)
containing hygromycin (50 lg/ml), transferred on to soil
and grown to obtain seeds. Transgenic plants homozygous for transgene (in T3 generation) were selected for
strongly expressing lines (see next sections). Generation
of transgenic plants overexpressing endogenous targeting
mimic of miR166/165 (eTM-miR166/165) have been
described earlier (Wu et al. 2013). To make PHABULOSA (PHB) probe construct, *3 kb cDNA fragment was
PCR amplified using PHB-F and PHB-R primers
(Table 1) and LongAmp Taq DNA polymerase (New
England BioLab, MA, USA), and subcloned into the
pJET1.2 cloning vector (Fermentas/ThermoFisher Scientific, MA, USA) according to manufacturer’s instructions.
Positive clones with the required orientation were
screened through restriction digestion and further confirmed with sequencing.
RNA isolation and cDNA synthesis
Total RNA was isolated from roots of 5 dag WT and T1
transgenic plants (miR166a-Oe) using TRI-reagent (SigmaAldrich, St. Louis, MO, USA) and further treated with

RNase–free DNase I (Fermentas/ThermoFisher Scientific,
MA, USA) and purified as described in the manufacturer’s
instructions. First-strand cDNA synthesis was performed
using 2 lg of purified RNA, 200 units of SuperScript III
reverse transcriptase (Invitrogen, Carlsbad, CA, USA),
20 pmol of random hexamer primer mix and 20 pmol of
oligo (dT) primer as per manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA). Reverse transcription of
mature miR166/165 was done differently (see next section).
Regular and stem-loop quantitative RT-PCR (qRTPCR)
To obtain transcript level of total HD-ZIP IIIs, the forward
and reverse primers were designed in a conserved 50 region
of all five HD-ZIP IIIs. For individual HD-ZIP III (PHB/
PHV/ATHB8/ATHB15), primers were designed in the
region flanking miR166/165 binding site (see Table 1 for
sequences) (Jung and Park 2007). First-strand cDNA, as
described above, was used as a template to perform realtime qRT-PCR using 7900HT Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The transcript level was normalized using ACTIN2 (ACT2) as
an endogenous control. The specific primer sequences for
each gene are listed in Table 1.
The expression level of mature miRNA was analysed by
stem-loop quantitative reverse transcription-PCR (RTPCR). Approximately, 20–100 ng aliquots of total RNA
was used for each of the reverse transcription reactions.
The stem-loop reverse transcription primer was designed
such that its 30 end binds to the 30 sequences of mature
miR166, and a stem-loop is formed with rest of its 50
sequence (Varkonyi-Gasic et al. 2007). Stem-loop reverse
transcription was performed with stem-loop primer (SLP)
using SuperScript III reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions with following modifications: The RT reaction
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program was as follows: 16 °C for 30 min: 1 cycle; 30 °C
for 10 s, 42 °C for 10 s, 50 °C for 1 s: 60 cycles; 85 °C for
5 min: 1 cycle; holding at 4 °C. A forward primer is
designed such that its 30 binds to the 50 sequence of
miR166, and it also possess a short 50 adapter to match the
annealing temperature of universal reverse primer (UvRP).
The combination of UvRP, which is specific to SLP, and
the forward primer was used for PCR amplification of
reverse transcribed mature miRNA. Real-time quantitative
PCR was performed with ‘‘7900HT Fast’’ real-time PCR
system (Applied Biosystems, Foster City, CA, USA) using
a SYBR green based assay. The primers sequences used for
the reaction were given in Table 1. All the real-time PCR
reactions (unless described otherwise) were performed at
the following standard conditions: 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s.
Confocal microscopy and meristem size determination
For confocal microscopy seedlings were grown vertically
on  MS medium (as described above) for 4–9 dag. Root
tips were cut and mounted on slides with a Propidium
Iodide solution (PI; Sigma-Aldrich, St. Louis, MO, USA).
1:1,000 9 dilution of 10 mg/ml stock in water was used as
working concentration of PI. After *1 min of incubation
roots meristems were imaged via confocal laser scanning
microscope using the TCS SP2 (Leica Microsystems,
Wetzlar, Germany). The excitation/absorption maximum
for PI is 535 nm and emission maximum is 617 nm. Cell
walls in red of root meristem are clearly visible on images.
The ImageJ software was used for determination of meristem size (marked with two white arrows) analysing confocal images of meristems. Meristem size was calculated
by measuring the distance between QC to TZ (transition
zone) where cells start elongating. The number of cortical
cells within the meristem (as above) was used to determine
the meristem (cortical) cell number.
Whole mount in situ hybridization
Linearized PHB probe construct was used for in vitro
transcription with T7 RNA polymerase (Roche, Mannheim,
Germany). The digoxigenin (Dig) labelled antisense PHB
riboprobe was prepared following manufacturer’s instructions (Roche), hydrolysed into small fragments (*200
bases) and purified as described (Haecker et al. 2004).
Whole mount in situ hybridization was performed as previously described (Sarkar et al. 2007). In brief, 5 dag old
seedlings of WT and eTM-miR166/165 plants were fixed in
1:1 fixation solution and n-heptane (Fixation solution: 4 %
PFA, 15 % DMSO, 0.1 % Tween 20 in PBS). Fixed
seedlings were passed through the process of permeabilization, rehydration, refixation, and hybridized with the
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antisense PHB probe. After washing and incubation with
anti-dig antibody, detection with NBT/BCIP solution
(Roche) was performed. Roots of the seedlings were
mounted onto a slide with 50 % glycerine and imaged for
hybridization signal using Nikon 80i microscope.

Results
Overexpression of miR166 reduces target levels in roots
To address the role of miR166 in root growth, we have
developed transgenic A. thaliana plants overexpressing
miR166 (miR166a-Oe). A. thaliana has seven MIR166 (A-G)
genes that produce primary transcripts (pri-miR166). All
seven pri-miR166 transcripts are processed into exactly the
same mature miR166, suggesting that overexpression of any
MIR166 would have the same effect, as they all will target the
same transcripts. We have expressed the genomic sequence
of MIR166A (including pri-miRNA and flanking region)
under the control of the 35S promoter to generate
p35S:MIR166A Arabidopsis (hitherto referred to as miR166Oe). A total of 50 primary transformants (T1) were selected
and checked for known shoot phenotype and later transferred
to the soil to collect T2 seeds. T1 plants with the strongest
expression of miR166 were identified through real-time
quantitative stem-loop RT-PCR analysis for the mature
miR166 (Fig. 1a). The stem-loop RT-PCR technique is
specifically able to quantify the level of mature miRNAs,
which is the functional molecule that down-regulates the
target transcript (Varkonyi-Gasic et al. 2007). This also
validates the functionality of the construct in transgenic
plants. In the comparison between WT non-transgenic control, transgenic lines #44, #45 and #46 showed very high
levels of 7.18, 8.48 and 32.25 folds relative expression of
mature miR166 (Fig. 1a). These three lines were used for
further analysis of the root phenotype.
Overexpression of miR166 should lead to the downregulation of target HD-ZIP IIIs transcript levels. To further validate our result, we checked the expression level of
HD-ZIP III transcripts in roots of miR166-Oe plants. Using
real-time qRT-PCR analysis, we found that the total transcripts of HD-ZIP IIIs in miR166a-Oe line (#44) were only
up to 30 % of the WT roots (Fig. 1b). Total transcripts
were amplified using primers designed in the conserved
upstream region of the miR166/165 cleavage site of HDZIP IIIs (for primer sequence see Table 1). To quantify
uncleaved transcript levels of individual HD-ZIP III, a
qRT-PCR analysis was performed with primers designed at
the flanking site of miR166 cleavage site, which would not
be able to amplify cleaved transcripts. This analysis
revealed that uncleaved transcript levels of PHB, PHV and
ATHB15 were down regulated in miR166a-Oe by more
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Fig. 1 miR166/165 promotes root growth by targeting HD-ZIP III in
Arabidopsis. a, b Real-time quantitative RT-PCR showing (a) relative
expression of mature miR166 in three transgenic lines overexpressing
miR166 (p35S:MIR166A) (miR166a-Oe, #44, 45 and 46) and (b) total
HD-ZIP III transcript level is reduced in miR166-Oe root at 5 day
after germination (dag). c Root growth assay showing longer roots in
miR166a-Oe and phv-11 (a HD-ZIP III mutant) than wild type at
5 dag (n = 10). d Primary root length (cm) measurement in miR166-

Oe, phv-11 and wild type (n = 10 or more for each genotype). e,
f Confocal images showing RAM size (the distance between two
arrows) of wild type and miR166-Oe roots at 5 dag (n = 6).
g Quantification of RAM size (lm) and h cortical cell number in
RAM in wild type and miR166-Oe (#44) roots (n = 5). n Represents
number of plants. At least two biological replicates were used. Error
bars represent standard deviation (SD). Asterisks indicate significant
difference at P \ 0.05 (ANOVA). Scale bars represent 100 lm (e, f)

than five-fold (Suppl. Fig. 1a). However, the ATHB8
transcript level was less affected (Suppl. Fig. 1a). Taken
together, these results indicate that overexpression of
miR166 has drastically reduced the expression level of HDZIP IIIs by cleaving their transcripts.

of miR166 mediated down-regulation of HD-ZIP IIIs
caused the elongation of roots in the miR166a-Oe plants.
Root growth is often affected by the meristematic
activity (Perilli et al. 2012). We observed by confocal
image analysis that roots of miR166a-Oe plants have
larger meristems than WT (Fig. 1e–g; Suppl. Fig. 1b–g).
Since organ size is related to cell division and differentiation (Perilli et al. 2010), we quantified the cortical
cell count of meristems using confocal images. The
number of cortical cells from quiescent centre (QC) to
transition zone (where cells elongate) was used as estimation of the cell number of proximal root meristem.
We have observed that root meristems of miR166-Oe
have higher numbers of average cortical cell count
(*53) than WT (*40) at 5 dag (Fig. 1h; Suppl. Fig. 1h,
i). This suggests that a higher meristematic activity leads
to increased root growth in miR166a-Oe plants.

Overexpression of miR166 and mutation in HD-ZIP III
promote root growth
To investigate if overexpression of miR166 has any
impact on root growth, we have grown miR166a-Oe
plants on  MS plates along with WT for a root growth
assay. Roots of miR166a-Oe plants were longer than WT
at 5 dag (Fig. 1c, d). This root phenotype was not distinguishable among all three transgenic lines. Since
overexpression of miR166 significantly down-regulates
most of the HD-ZIP IIIs, we suspected that mutation in
HD-ZIP IIIs might also affect root growth. To scrutinize
this hypothesis, we analysed the root growth pattern of
phv-11 (loss-of-function mutant of a HD-ZIP III) plants
and found their roots to be longer than WT but similar
to miR166a-Oe (Fig. 1c, d). This indicates that an excess

Quenching of miR166/165 inhibits root growth
Since the overexpression of miR166 leads to root elongation, we have investigated if overexpression of HD-ZIP
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Fig. 2 Endogenous target mimic (eTM) of miR166/165 inhibits root
growth. a Root growth assay showing short root in p35S:eTMmiR166/165 (eTM-miR166/165) than wild type (left) at 4 dag.
b Comparison of primary root length (cm) between eTM-miR166
and wild type. c, d Confocal images showing RAM size (the distance
between two arrows) of wild type and eTM-miR166/165 roots at
9 dag. e Quantification of RAM size (lm) and f cortical cell number
in RAM of wild type and eTM-miR166/165. g, h Whole mount in situ

hybridization showing localization of PHB transcripts in wild type
and eTM-miR166/165 roots at 5 dag (using antisense PHB riboprobe);
arrows indicate expression domain and arrow head indicates
expanded expression domain of PHB. At least 5 or more plants of
each genotype were used in an experiment. At least two biological
replicates were used. Error bars represent standard deviation (SD).
Asterisks indicate significant difference at P \ 0.05 (ANOVA). Scale
bars represent 100 lm (c, d)

IIIs affects root growth. HD-ZIP IIIs are targeted by both
miR166 and miR165, which differ only by one nucleotide.
Thus, it is possible to overexpress all the HD-ZIP IIIs by
blocking the activity of miR166/165. For this purpose, we
used a transgenic plant overexpressing a recently identified endogenous sequence that mimic the target sequences
of miR166/165 (hitherto referred to as eTM-miR166/165)
(Wu et al. 2013). The eTM-miR166/165 produces small
RNA fragments which are very similar to the miR166/165
cleavage site on HD-ZIP III transcripts. Therefore, eTMmiR166/165 (expressed constitutively under the 35S promoter) should quench miR166/165 leading to the overexpression of all target HD-ZIP IIIs (Wu et al. 2013). In
the root growth assay eTM-miR166/165 plants have
shorter roots in comparison to control plants (Fig. 2a, b).
Confocal image analysis of roots shows that the RAM
size (length) is smaller in eTM-miR166/165 plants

(*127 lm) than WT (*517 lm) (Fig. 2c–e). We have
also observed that root meristems are narrower in eTMmiR166/165 plants (Fig. 2c, d). Quantification of meristematic/cortical cell numbers of the RAM reveals that
eTM-miR166/165 roots have much less cells (*17) in the
proximal root meristem than WT (*51) (Fig. 2f). To
analyse if HD-ZIP IIIs were really up-regulated, we
checked the PHB transcript localization using whole
mount in situ hybridization with 5 dag old seedlings. This
revealed that PHB transcripts were mainly present in the
stele region of the proximal root meristem in WT,
whereas its expression was stronger and the domain was
expanded in the eTM-miR166/165 root meristems
(Fig. 2g, h; arrows and arrow head). This result suggests
that in the absence of sufficient miR166/165, ectopic
expression of HD-ZIP III transcripts lead to reduced root
growth due to reduced meristematic activity.
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Discussion
Small RNAs regulate various aspects of plant development
including root development (Chen 2012; Khan et al. 2011;
Meng et al. 2010). Besides tasi-RNA (trans-acting short
interfering RNA), miR160, miR164, miR167, and miR390
have been reported to regulate root branching by negatively
controlling their respective target genes (Khan et al. 2011;
Meng et al. 2010). However, the role of miRNAs in regulation of meristem size and root growth is still not well
understood. A columella-specific expression of miR160,
which targets ARF10, ARF16 and ARF17, has been shown
to regulate root growth and gravitropism. Transgenic plants
overexpressing miR160 have shorter and agravitropic roots
(Wang et al. 2005). In addition, miR166/165 regulates
shoot stem cells, SAM activity and vascular patterning in
roots (Carlsbecker et al. 2010; Chen 2012; Chitwood et al.
2009; Khan et al. 2011; Williams et al. 2005). Endodermally produced miR166/165, derived from the SHR/SCRdependent expression of miR166a and miR165a, regulates
root vascular and radial patterning by restricting the target
HD-ZIP III transcripts to the vascular bundle (Carlsbecker
et al. 2010; Miyashima et al. 2011). In A. thaliana most of
the MIR166 (A-G) genes are expressed in the root meristem
(Jung and Park 2007). However, a role of miR166/165 in
meristem size regulation or root growth remained elusive.
Our results showed that miR166/165 play important roles in
root growth by negatively regulating its targets, HD-ZIP
IIIs, in the RAM. Here, we have shown that overexpression
of miR166 down-regulates HD-ZIP IIIs in root and promotes root growth by enhanced meristematic activity and
cell division. This observation was further supported by the
similar root phenotype observed in the phv-11 (a HD-ZIP
III) mutant, which suggests the role of PHAVOLUTA
(PHV) in root growth. It has recently been shown that an
endogenous sequence that mimics the target of a miRNA
can be used to block the concerned miRNA from cleaving
the real target(s) (Wu et al. 2013). We show that in
35S:eTM-miR166/165 target mimic lines, which efficiently
quench mature miR166/165 and lead to over-accumulation
of HD-ZIP III transcripts, root growth is inhibited by
drastically reducing meristematic activity and cell division.
This suggests that a balanced level of miR166/165 and HDZIP III transcripts in RAM is necessary for proper maintenance of RAM activity and root growth, in addition to its
role in vascular patterning.
Several phytohormones like auxin, cytokinins, and gibberellins interact to control root growth by regulating cell
division and meristematic activity (Bianco et al. 2013;
Khan et al. 2011). The balance between cell division and
differentiation in the root meristem is regulated by a
complex antagonistic interaction between cytokinin and
auxin (Bianco et al. 2013). Cytokinin promotes cell
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differentiation (in the differentiation/transition zone of
root) by inhibiting cell division activity of auxin through
IAA3/SHY2 (Indole-Acetic Acid3/SHORT HYPOCOTYL2)
and PINs (PIN-FORMED, auxin transporters) (Bianco
et al. 2013). Exogenous application of cytokinin reduces
cell division and root growth. Gibberellins have been
shown to positively regulate cell division and root meristem size through negative regulation of cytokinin signalling (Bianco et al. 2013; Moubayidin et al. 2010). Recently,
a regulatory circuit involving PHB and cytokinin has been
hypothesized to regulate cell division, root meristem size
and root length (Dello Ioio et al. 2012). Increased expression of PHB leads to enhanced cytokinin activity (Dello
Ioio et al. 2012). We show that overexpression of miR166/
165 reduces HD-ZIP IIIs (including PHB) and promotes
root growth. It is possible that miR166 promotes root
growth in miR166/165-Oe plants through the negative
regulation of cytokinin signalling caused by reduced levels
of HD-ZIP IIIs. Reduced cell division and enhanced differentiation of the root meristem in eTM-miR166/165 is
likely to be caused by higher cytokinin activity due to an
up-regulation of HD-ZIP IIIs. Therefore, a balanced level
of miR166/165 and its target HD-ZIP III transcripts is
necessary for maintaining cytokinin activity to ensure
proper root meristem size and growth. It has been reported
that miR166 and miR165, amongst all small RNAs, are
most abundantly expressed in A. thaliana under hypoxia
stress, which was hypothesized to alter root growth and
branching pattern by modulating ROS (reactive oxygen
species) and Calcium signalling pathway (Moldovan et al.
2009). Although speculation, it is possible that miR166/
165, besides other miRNAs and protein-coding genes,
might also play a role in regulating the ROS-mediated root
patterning under hypoxia stress.
In Arabidopsis, SAM and RAM utilize both similar and
distinct molecular mechanisms for their maintenance and
activity (Aichinger et al. 2012; Sarkar et al. 2007). The role
of two members of WOX family transcription factors, WUS
(WUSCHEL) and WOX5, in maintenance of shoot and root
stem cell niche are interchangeable (Sarkar et al. 2007).
Signalling through CLV (CLAVATA) or CLV-like proteins
is also partially conserved in SAM and RAM (Aichinger
et al. 2012). Hormone signalling is crucial for maintenance
of proper meristem size in root and shoot. Disturbed auxin
distribution caused by mutations in PIN genes causes defects
in both the meristems and in organ patterning (Blilou et al.
2005; Friml and Palme 2002; Kaplinsky and Barton 2004;
Palme and Galweiler 1999). Cytokinin promotes enlargement of shoot meristem size and activity, while reduces the
size of root meristem (Bianco et al. 2013; Dello Ioio et al.
2007; Leibfried et al. 2005). Mutations in multiple IPT (ATP/
ADP-ISOPENTENYL TRANSFERASE) components of
cytokinin signalling, severely inhibits shoot growth, while
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promoting root growth (Bianco et al. 2013; Miyawaki et al.
2006). Cytokinins positively regulate WUS, which is
required for maintenance of SAM and stem cells (Gordon
et al. 2009; Leibfried et al. 2005). Although many miRNAs
are expressed both in shoot and root (Chen 2012) their
involvement in meristem functioning needs further elucidation. In Arabidopsis, the jba-1D (jabba-1D) mutant, which
overexpresses MIR166G, exhibits dramatic increase in WUS
expression, enlarged shoot meristem, and defective vascular
patterning (Williams et al. 2005). It has been shown that
endodermally produced miR166b/165a non-cell autonomously restricts the expression of HD-ZIP IIIs to the
peripheral stele and regulate patterning of ground/vascular
tissue in root (Carlsbecker et al. 2010; Miyashima et al.
2011). We here show that miR166/165 regulates root meristem size and growth. Therefore, it is likely that miR166/165
has a conserved role in the maintenance of SAM and RAM
activity. Since cytokinin signalling is involved in the maintenance of RAM and SAM activity (Aichinger et al. 2012;
Perilli et al. 2010) a crosstalk between miR166/165 and
cytokinin signalling in both meristems is plausible.
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