Plant Molecular Biology (2022) 108:93-103
https://doi.org/10.1007/511103-021-01227-8

=

Check for
updates

Potent inhibition of TCP transcription factors by miR319 ensures
proper root growth in Arabidopsis
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Abstract

Key message Proper root growth depends on the clearance of TCP transcripts from the root apical meristem by
microRNA miR319.

Abstract The evolutionarily conserved microRNA miR319 regulates genes encoding TCP transcription factors in angio-
sperms. The miR319-TCP module controls cell proliferation and differentiation in leaves and other aerial organs. The current
model sustains that miR319 quantitatively tunes TCP activity during leaf growth and development, ultimately affecting its
size. In this work we studied how this module participates in Arabidopsis root development. We found that misregulation of
TCP activity through impairment of miR319 binding decreased root meristem size and root length. Cellular and molecular
analyses revealed that high TCP activity affects cell number and cyclin expression but not mature cell length, indicating
that, in roots, unchecking the expression of miR319-regulated TCPs significantly affects cell proliferation. Conversely, tcp
multiple mutants showed no obvious effect on root growth, but strong defects in leaf morphogenesis. Therefore, in contrast
to the quantitative regulation of the TCPs by miR319 in leaves, our data suggest that miR319 clears TCP transcripts from
root cells. Hence, we provide new insights into the functions of the miR319-TCP regulatory system in Arabidopsis develop-
ment, highlighting a different modus operandi for its action mechanism in roots and shoots.

Keywords microRNA miR319 - TCP transcription factors - Root apical meristem - Quiescent center - Arabidopsis thaliana

Introduction

The TCPs are a plant-specific transcription factor family
characterized by a motif, the TCP domain, which is predicted
to fold into a basic helix-loop-helix structure known from
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according to sequence similarity, one comprised by TCP3,
TCP4 and TCP10, the other by TCP2 and TCP24 (Citerne
et al. 2003; Li 2015). Plants with reduced activity of these
genes, such as loss-of-function mutants and the miR319-
overexpressing jaw-D mutant have larger leaves (Palatnik
et al. 2003; Efroni et al. 2008; Schommer et al. 2008; Koy-
ama et al. 2010; Bresso et al. 2018). On the contrary, those
with increased class II TCP activity have smaller leaves
(Palatnik et al. 2003; Koyama et al. 2010; Schommer et al.
2014). Such is the case of the suppressor of jaw-D 8 (soj8)
mutant which was isolated from an ethyl methanesulfonate
mutagenesis screen (Palatnik et al. 2007) and harbors a point
mutation in the miR319 target site, acquiring partial resist-
ance to microRNA regulation. Analyses of these mutants
with altered TCP activity, as well as transgenic lines car-
rying artificial microRNAs, suggest that class II TCPs are
key factors that connect the developmental program with
basic mechanisms of the cell cycle, and ultimately show that
the miR319-TCP regulatory node participates in different
aspects throughout leaf development, from cell proliferation
at early stages, through cell differentiation, to senescence at
the end of its life. However, although there is considerable
knowledge on the nature of this regulation in the shoot, little
is known about the role of miR319-regulated TCPs in root
development.

The root apical meristem (RAM) contains the quiescent
center (QC), a group of cells that seldom divide and con-
tribute to maintain a group of surrounding stem cells. These
originate the cell types that constitute the different root cell
layers, i.e., stele, pericycle, endodermis, cortex, epider-
mis, lateral root cap cells and columella. Initially, each cell
type amplifies in number by mitosis and eventually starts
elongation and differentiation in the transition zone, which
is located at the proximal end of the RAM. [reviewed in
(Petricka et al. 2012)].

RAM architecture and function rely on plant hormones.
For example, the antagonistic interplay between auxin and
cytokinin establishes RAM size, and upon its wounding,
local jasmonic acid (JA) accumulation leads to the activa-
tion of CYCD6;1, stimulating divisions of QC cells and
promoting regeneration (Zhou et al. 2019b). Also, exog-
enously applied JA inhibits primary root growth, reduc-
ing cell proliferation and elongation, and altering RAM
morphology (Chen et al. 2011). Most conspicuously, some
of the validated target genes of the miR319-regulated
TCPs are involved in either hormone biogenesis or sign-
aling. For instance, they directly activate the promoters of
genes involved in auxin-cytokinin interaction, like SMALL
AUXIN UP REGULATED 65 and INDOLE-3-ACETIC
ACID INDUCIBLE/SHORT HYPOCOTYL 2 (IAA3/SHY2)
(Koyama et al. 2010). Gain-of-function shy2-2 mutants have
larger cotyledons and altered auxin-dependent root devel-
opment, resulting in shorter roots (Tian et al. 2002). More
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specifically, SHY2 contributes to maintain the size of the
root meristematic zone (Dello Ioio et al. 2008; Weigel and
Glazebrook 2009). Additionally, several JA biosynthesis
genes have TCP-binding sites in their promoters and respond
to altered miR319 or TCP4 levels (Schommer et al. 2008).
Among them is LIPOXYGENASE?2 (LOX?2) which catalyzes
the first dedicated step in the biosynthesis of the oxylipin JA,
and has at least two validated TCP4-binding sites (Bell et al.
1995; Schommer et al. 2008).

Despite the many advances in understanding gene regula-
tory networks involving the TCP transcription factors, much
of the molecular complexity inherent to them remains to
be elucidated. Here, we characterize a so far unknown role
of miR319 in the Arabidopsis root. We demonstrate that
impairing the miR319-driven control of TCP activity sig-
nificantly affects root growth and root meristem architecture.
Furthermore, we show that miR319 is a potent inhibitor of
TCP activity in roots that qualitatively eliminates TCP tran-
scripts from the meristematic zone. Our results provide new
insights to the importance of this microRNA regulatory node
in Arabidopsis development and reveal different functioning
modes in roots and leaves.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana accession Col-0 was used through-
out this study. See Supplemental Table S1 for a list
and description of the transgenic lines used. Origins of
soj8 and tcp mutant lines and the transgenic marker line
promAGL42:GFP and DR5:3xVENUS-N7 have been
described before (Heisler et al. 2005; Nawy et al. 2005;
Palatnik et al. 2007; Schommer et al. 2008; Bresso et al.
2018).

Plants were grown in growth cabinets at 23 °C under
long day conditions (16 h light/8 h dark). Regular illumi-
nation was 125 pmol m~ s~'. Plants were grown verti-
cally in square plates (125 % 125X 15 mm) on plant growth
medium: 1 X Murashige and Skoog (MS) salt mixture, 1%
W/V sucrose, and 2.3 mM 2-(N-morpholino) ethanesulfonic
acid (MES), pH 5.8, in 1% W/V plant cell culture tested
agar. Kanamycin was added at 50 pg/1 for the selection of T1
plants, stable lines were grown without kanamycin.

Root length measurements

Plates were placed vertically in a growth cabinet after two
days of stratification at 4 °C. On the first day after germi-
nation (DAG) the position of the root tip for each plant in
the plate was recorded by marking a dot with a permanent
marker at Zeitgeber time 6. On consecutive days a new dot
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was recorded at the same time. Plates were photographed
with a digital camera. Images were analyzed using open-
source Fiji software (Schindelin et al. 2012). Briefly, for each
plant, the trail of the root between each of the marked dots
was measured and recorded. The mean and standard error for
each time point and genotype is shown in the corresponding
line plots.

Confocal microscopy and phenotypic analyses

Plant material was visualized under a Zeiss LSM880 confo-
cal scanning microscope, using the 488-nm laser line for
excitation, a 515/30-nm band-pass filter for GFP detec-
tion, and a 605/75-nm band-pass filter for propidium iodide
detection. Images were acquired after staining the roots with
10 pg/ml propidium iodide in water. Determination of the
root meristematic zone length was performed by measuring
the distance from the base of the QC up to the cell in the
cortex file that is twice the length of the immediately pre-
ceding cell (Ercoli et al. 2018a). The number of cortex cells
between those two points was recorded as the cortex cell
number in the meristematic zone. Length of fully elongated
(mature) cortex cells was measured in cells located five opti-
cal fields shootward from the end of the meristematic zone
towards the plant apex. The number of analyzed plants for
each genotype is indicated in text.

Confocal images of roots were obtained at five days after
germination (DAG).

Fluorescence intensity measurements were performed as
described before (Ercoli et al. 2018a).

Sample collection for gene expression analyses

Plants were grown on vertical square plates and their elonga-
tion recorded as described in the previous section. On the
fifth DAG, the elongated portion of the root tip from the
previous 24 h was dissected and collected in a tube in liquid
nitrogen, from 50 individuals per replicate (sample “root”).
From the same individuals, the apices were dissected by
removing the hypocotyl and cotyledons and collected inside
a second tube (sample “shoot”). Four biological replicates
were collected.

Expression analyses

For real time quantitative polymerase chain reaction (RT-
gPCR) assays, RNA was extracted using TRIzol reagent
(Invitrogen), and 0.5 pg of total RNA was treated with RQ1
RNase-free DNase (Promega). First-strand cDNA synthe-
sis was carried out using SuperScriptTM III Reverse Tran-
scriptase (Invitrogen) with the appropriate primers. PCR
reactions were performed in a Mastercycler ep realplex
thermal cycler (Eppendorf) using SYBR-Green I (Roche)

to monitor dsDNA synthesis. Relative transcript levels were
determined for each sample and normalized to PROTEIN
PHOSPHATASE 2A levels. Mature miR319 levels were
determined by stem-loop RT-qPCR (Chen et al. 2005).
Primer sequences are the following: CYCBI;2: TCCCTC
CATGCTTGCTGCTTC; CCTGCTCTCACCGCATCTC;
LOX2: AGGACTCATGCCTGTACGGAGCCA; CCATGT
TCTGCGGTCTTATCTTCC; miR319: specific RT oligo:
GTTGGCTCTGGCAGGTCCGAGGTATCGCCAGAGCCA
ACA(G/A)GGAG; GCGGCGGTTGGACTGAAGGGAG;
TTGGCTCTGGCAGGTCCGAGGT; PP2A: CCTGCGGTA
ATAACTGCATCT; CTTCACTTAGCTCCACCAAGCA;
SHY2: GGTGCACCATACTTGAGGAAA; CAACCCAAG
CACAGACAGAGAT TCP4: AGCAACCGATACAGGAAA
CGGA; TGAGGATCAAACCAAGCACGGA.

To visualize reporter activity, transgenic plants were sub-
jected to GUS staining (n=25 for each genotype) similar
as described by (Donnelly et al. 1999). Briefly, roots were
placed in 90% acetone on ice for 15 min, and then incu-
bated for 16 h in X-Gluc buffer solution (750 mg/ml X-Gluc,
100 mM, NaPO4 (pH 7), 3 mM K3F3(CN)6, 10 mM EDTA,
0.1% Tween).

Plasmid construction and generation of transgenic
lines

Transgenic constructs were generated by introducing
TCP2 and TCP4 cDNAs (wild-type and miR319 resistant
versions) as BamHI/Sall fragments from previous pub-
lished vectors (Palatnik et al. 2003) into CHF3 binary vec-
tor backbone (Jarvis et al. 1998). GFP was introduced to
the same vector as Sall/Pstl fragment. In the case of the
promTCP4:TCP4:GFP constructs the 35S promoter of
CHEF3 was replaced by 2.3 kb of TCP4 promoter sequences,
introduced as Munl/Kpnl fragment. Table S1 visualizes the
wild type miR319 target site in TCP2 and TCP4, as well as
the silent mutations in the miR319 target site of the micro-
RNA-resistant (r) versions. Binary constructs were intro-
duced into A. tumefaciens strain: ASE. Arabidopsis plants,
accession Col-0 were transformed by floral dip (Clough and
Bent 1998).

Results

miR319-regulation of TCP4 is necessary for proper
root growth

In the shoot, high levels of microRNA-regulated TCPs dra-
matically affect plant morphology (Palatnik et al. 2003;
Efroni et al. 2008; Koyama et al. 2010; Schommer et al.
2014; Bresso et al. 2018), but their importance in root
growth has not been addressed so far. Here, we set out to
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Fig. 1 Unchecking miR319 control from TCP4 inhibits root growth » (A)

and increases target gene expression. a Schematic representation of 5' TCP domain 3
TCP4. Intron indicated as black line; exons, as boxes; untranslated _ -_

regions, in light green; the 7CP domain, in blue; and the miR319 tar-

get site, in olive green. Below are the TCP4 target sequences in wild-

type and the s0j8 mutant. The images are from seedlings grown verti-

cally for five days, showing the shorter roots of s0j8 compared to wild

type.; scale bar: lcm. b Average root length for wild-type (wt) and wtTCP4  5' AGAGGGGUCCCCUUCAGUCCAGU 3'
s50j8 mutant line (n=25 each line); x-axis is days after germination miR318a 3' UCCCUCGAGLEAAGUCAGGUU &'

(DAG). Error bars depict standard error. ¢ Relative LOX2 RNA lev- ¢ ITeI+ IT-ITIIIIIIII-

els in wt and s0j8 roots. d Relative SHY2 RNA levels in wt and soj8 soj8 5' AGRAGGGGUCCCUUUCAGUCCAGU 3!
roots. Asterisks in (c¢) and (d) indicate significant differences from
wild type (Student’s t-test, p <0.01)

investigate the importance of miR319 regulation of TCP4
in the Arabidopsis root. The suppressorofjaw-D 8 (s0j8) line
was identified earlier in an ethyl methanesulfonate-screen
and harbors a single-nucleotide mutation in position 11 of
the miR319-binding site of TCP4, which affects microRNA-
guided cleavage of its mRNA and therefore increases its
in vivo transcript levels (Fig. 1a) (Palatnik et al. 2007). We
observed that soj8 roots grew slower than wild-type ones in
the first days after germination (Fig. 1a, b). In addition, we
compared the transcript levels of LOX2 and SHY2 as exam-
ples of known targets of miR319-regulated TCPs (Schom-

mer et al. 2008; Koyama et al. 2010). In the root of the
so0j8 mutant, the transcript levels of both, LOX2 and SHY?2, 90 — ot
increased more than two-fold compared to wildtype plants — o8
(Fig. 1c, d), which is consistent with higher TCP activity. 70
We also analyzed root growth of transgenic plants express- =3
ing a microRNA-resistant version of TCP4 (rTCP4) under % 50
its endogenous promoter (promTCP.:rTCP4:GFP). As these I
generally have severe developmental defects and do not set 330
seeds (Palatnik et al. 2003), we assessed primary transfor-
mants. In all but one line root growth was reduced in com- 10
parison to an empty vector control (Fig. S1) endorsing the 0
idea that diminishing miR319-driven control of TCP4 leads 2 4 6 8 10 12 14 16 18 DAG
to reduced root growth in Arabidopsis.
C D
Unchecking miR319-regulation of TCP4 reduces . RNA |e%,a>s(2in roots ®) RNA |e§,s|§n roots
RAM size
*
*
Alterations in root length can be caused by a change in the IS 3.0 5 301
number of cells, by cell elongation defects, or by a combina- § 2.5 A § 2.5
tion of both (Lucas and Shaw 2012; Wen et al. 2013; Bao % 201 % 20 1
et al. 2014; Ercoli et al. 2018b). Therefore, to establish the o 15 o 15
cause of the soj8 mutant phenotype we analyzed the RAM at T T
the cellular level using laser scanning confocal microscopy < 1.0 @ 1.0
(Fig. 2a). Analyzing 20 individuals for each genotype we 0.5 | 05 -
found that soj8 mutants presented a shorter meristematic 0.0 0.0 -
zone (MZ) with fewer cortex cells in comparison to the wild ’ wt soj8 ' wt  soj8

type (Fig. 2a, b). However, we observed no significant dif-
ference in the final length of cortex cells between wild-type
and mutant lines (Fig. 2b). These results indicated that the
short root phenotype of soj8 plants with its increased levels
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Fig.2 miR319 controls root apical meristematic size through regula-
tion of TCP4. a Representative confocal images of propidium iodide-
stained (magenta) wt and soj8 roots (n=50) five days after germina-
tion; white arrowheads indicate the end of the meristematic zone,
and yellow ones mark the QC (scale bar: 50pm). b Analysis of the
meristematic zone (MZ) length (left panel), y-axis in pm; length of
mature cortex cells (middle panel), y-axis in pm and number (No) of
cortex cells in the meristematic zone (MZ) (right panel). Error bars
depict standard error and asterisks indicate significant differences
from wt (Student’s t-test, p <0.01). ¢ Left panel: relative transcript
levels of CYCLINBI; 2 in wt and soj8 mutant roots, asterisk indicates
significant difference from wildtype as determined by Student’s t-test
(p<0.01); right panel: p-glucoronidase assay in wt and soj8 roots
expressing a CYCLINB1;1-GUS reporter. Images representative of
25 individuals for each line. Scale bar: 0.1 mm

of TCP4 is due to a defect in cell proliferation rather than
cell elongation.

Next, we crossed soj8 plants with a CYCB1;1-GUS
reporter line to assess the proliferative capacity of the RAM.
CYCBI1;1 participates in the control of the G2/M transition
of the cell cycle and marks actively dividing cells in the mer-
istem (Colon-Carmona et al. 1999). Histological GUS stain-
ing showed a slight decrease in CYCB1;1 activity (Fig. 2¢)
and, in addition, RT-qPCR of RNA extracted from root tips
(encompassing the whole MZ) revealed significantly lower
CYCBI;2 transcript levels in the mutant background com-
pared with the wild-type plants (Fig. 2¢).Taken together,
these results not only correlate with the phenotypes observed
at the whole organ level, but also allow us to conclude that
the short length of the s0j8 mutant root is due to a reduction
in the number of cells, reflecting a lower proliferative activ-
ity of the RAM.

miR319 activity guarantees proper RAM
organization

A closer inspection of the median longitudinal optical sec-
tions of soj8 roots revealed that a high proportion of individ-
uals had an abnormal RAM (Figs. 3a, b, S2), with alterations
in cell morphology and arrangement, the QC being the most
affected (43 of 61 analyzed individuals). In contrast, almost
all wild-type QCs were normal (23 of 25 analyzed individ-
uals). We crossed the soj8 mutant to an AGL42 reporter
(promAGL42:GFP) which is expressed in the QC and the
surrounding stele and ground tissue (Nawy et al. 2005). Con-
sistent with a morphologically altered stem cell niche, we
found a lower and irregular GFP signal in soj8 background,
without the hallmark strong fluorescent expression that is
seen for the QC central cells in wild type (Figs. 3c, d; S3).
We also crossed the so0j8 mutant to the auxin reporter line
DR5:3xVENUS-N7 (Heisler et al. 2005), and observed that
the fluorescent signal was reduced in the mutant background
(Figs. 3e, f; S4), indicating a possible disturbance of the
auxin homeostasis in the mutant root.

Next, we set out to analyze the expression pattern
of TCP4 in the root. We analyzed T1 individuals of two
reporter constructs in which a wild-type and a microRNA-
resistant version of this transcription factor were fused
to GFP under control of the endogenous TCP4 promoter
(promTCP4:wtTCP4:GFP and promTCP4:rTCP4:GFP,
respectively). The promTCP4:rTCP4:GFP construct was
expressed at low levels in roots, mostly in the stele, but
also in the epidermis and lateral root cap, including the ini-
tial cells for these tissues (8 out of 10 plants) (Fig. 3e, f).
By contrast, we were not able to detect fluorescent signal
in promTCP4:wtTCP4:GFP plants (25 out of 25 plants;
Figs. 3g, h; S5), suggesting a tight control by miR319 on
TCP4 expression in the root. Not surprisingly, we observed
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Fig.3 Increased TCP4 levels affect the cellular organization of »

the RAM. a-h Representative confocal images of propidium
iodide-stained (magenta) root tips. a wt, notice the normal QC (23
of 25 observed roots). b 50j8, notice the disturbed QC (43 of 61
observed roots). ¢ promAGL42:GFP reporter line, notice expres-
sion in QC cells. d promAGLA42:GFP reporter line crossed with s0j8
mutant, notice altered expression pattern. e—f DR5:3xVENUS-N7
reporter line (image representative for 13 observed individuals) and
DRS5:3xVENUS-N7 reporter in soj§ mutant background (image repre-
sentative for 16 analyzed individuals). g-h promTCP4:rTCP4:GFP
(image representative for 8 out of 10 analyzed individuals). i-j
promTCP4:wtTCP4:GFP (image representative for 25 out of 25 ana-
lyzed individuals). Scale bars: 20 pm for (a, b) and 50 pm for (c-h).
In e and g, white arrowheads indicate the end of the MZ, and yellow
ones mark the QC. Separate PI and GFP channels and merged images
are shown in Fig. S5

distorted QCs in the promTCP4:¥rTCP4:GFP plants,
similar to those in the soj8 mutant, while the QCs of the
promTCP4:wtTCP4:GFP plants seemed normal (Figs. 3e—h,
S1).

High levels of TCP2 also affect root growth
and meristem organization

To further characterize the role of miR319 in roots, we
turned to TCP2, another miR319-regulated TCP, the over-
expression of which has weaker effects compared to TCP4
(Palatnik et al. 2003). We transformed plants with a wild-
type TCP2 (prom35S:wtTCP2:GFP) and a microRNA-
resistant TCP2 (prom35S:rTCP2:GFP) construct (Fig. 4a)
along with an empty vector control. Even though several of
the primary transformants did not set seeds we were able to
select nine independent lines for the first construct and six
for the second, and five lines carrying the empty vector that
we used as control. We measured root length in young seed-
lings and found that, whereas the prom35S:wtTCP2:GFP
lines showed no difference from the control, those lines
expressing prom35S:rTCP2:GFP did have significantly
shorter roots seven days after germination (Fig. 4b). We con-
firmed for one of the stronger prom35S:¥rTCP2:GFP lines
that the transcript levels of TCP2 were strongly increased,
whereas at the same time the expression of CYCBI;2 was
reduced (Fig. S6). Therefore, we conclude that lifting micro-
RNA control from TCP2 expression can also reduce root
length in Arabidopsis.

We also analyzed the RAM of prom35S:wtTCP2:GFP
and prom35S:rTCP2:GFP as well as control plants. We
found that almost all (12 of 13) analyzed independent trans-
genic prom35S:wtTCP2:GFP plants had a normal RAM and
very low fluorescent signal (Figs. 4c, d; S7). Opposingly,
47% of the prom35S:rTCP2:GFP individuals (15 of 32) had
distorted RAMs: 34% mildly (11 of 32; Figs. 4e; S7) and
13% severely (4 of 32; Figs. 4f; S7). Plants with strong
phenotypes turned out sterile and hence did not allow for
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analysis in the following generations. However, from the
individuals that did set seeds we chose three for each con-
struct and confirmed the persistence of RAM defects in the
following generations (Fig. S8).
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Fig.4 Excess of TCP2 affects root growth and RAM organiza-
tion. a Schematic representation of the TCP2:GFP constructs. Dark
green box indicates coding region with TCP domain highlighted in
blue and miR319 target site in olive green; 35S promoter and GFP
are indicated by lighter green boxes. b Line plot showing mean root
length of independent transgenic lines for prom35S:wtTCP2:GFP,
prom35S:rTCP2:GFP and empty vector control. X-axis is days
after germination (DAG). The line for each transgenic construct
represents the mean for all analyzed individual lines (nine lines for
prom35S:wtTCP2:GFP, six lines for prom35S:rTCP2:GFP and five
lines for empty vector). The average of each independent line was
taken as a single datum; out of these, new means and standard errors
were calculated and plotted. Asterisk indicates significant difference

We further used the prom35S:wtTCP2:GFP and
prom358:¥TCP2:GFP lines to assess miR319 activ-
ity in the root. After confirming homogenous and ubiq-
uitous activity of the promoter in root tissues with a
prom35S:nuclearGFP control vector (Figs. 4g, h; S7)
we analyzed the prom35S:rTCP2:GFP primary transfor-
mants and found GFP expression throughout the RAM
as expected (Figs. 4k, I; S7). However, GFP expression
from prom35S:wtTCP2:GFP roots was much weaker and
could only be detected in the epidermis, cortex, lateral
root cap and the tip of the columella, but not in the stele,
endodermis or QC (20 out of 25 plants; Figs. 41, j; S7),
suggesting that miR319 may act in all dividing tissues in

Empty vector fe——

prom35,
nucGFP

prom35S:
wWtTCP2:GFP  ——

_4
prom358S: -
wtTCP2:GFP

prom35S:
rTEP2:GFRE&S S

)

prom35S:
rTCP2:GEP | —

prom35S::
rTCP2:GFP

at seven DAG for prom35S:¥TCP2:GFP from empty vector control
(ANOVA, p<0,01). c—f Representative confocal images showing PI
detecting channel (and merged image of PI and GFP detecting chan-
nel in inset) of QCs for: control (c), prom35S:wt:TCP2:GFP (d),
prom358:r:TCP2:GFP with mild distortion of QC as observed in
34% of plants (e) and prom35S:r:TCP2:GFP with severely distorted
QC as observed in 13% of plants (f). g-1 GFP expression in the RAM
of 35S:nuclearGFP control (g-h), prom35S:wtTCP2:GFP (i—j) and
prom35S:rTCP2:GFP (k-1). In g, I and k, white arrowheads indi-
cate the end of the MZ, and yellow ones mark the QC. Scale bars: c-f
20 pm, g-1 50 pm. Separate PI and GFP channels and merged images
are shown in Fig. S7

the RAM and is able to regulate TCP2, and most likely the
other TCPs with an miR319 target site as well.

miR319 functions in different ways in leaves
and roots

To conclude, we decided to compare leaf and root phe-
notypes of the soj8 mutant where TCP4 activity partially
escapes miR319 control with those of plants that have
reduced TCP levels. We used individual and subsequent
combinations of loss-of-function alleles for four out of five
miR319-regulated TCPs, and the miR319-overexpressing
jaw-D mutant in which all of them are down-regulated. As
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previously observed (Palatnik et al. 2003; Schommer et al.
2008), simple, and multiple zcp knock-out lines as well as
the jaw-D mutant, exhibit changes that range from a slight
increase in leaf size to extensive alterations in leaf shape,
while s0j8 presented opposite aerial phenotypes (Fig. 5a).
However, when we analyzed the roots of the different rcp
mutants and jaw-D, we saw no difference in length compared
to wild-type roots (Fig. 5a, b). In good agreement, an analy-
sis of publicly available data sets describing gene expres-
sion in root confirmed that miR319 regulated TCPs are not
detected or expressed at very low levels in this organ (Fig.
S9) (Brady et al. 2007; Tsukagoshi et al. 2010; Klepikova
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Fig.5 Reduction of TCP activity does not affect root growth. a Leaf
and root phenotypes of mutant lines with decreasing TCP activ-
ity. Upper panels: 5th rosette leaf; lower panels: seedlings grown
vertically for five days. Scale bar: 1 cm. b Root length in different
tcp mutants and jaw-D mutant compared to wild type, until seven
days after germination (DAG). ¢ Relative expression levels of TCP4
mRNA and mature miR319 in wild-type and soj8 shoot apices and
roots. Asterisks indicate significant differences in soj8§ from wildtype
as determined by Student’s t-test (p <0.01)
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et al. 2016). These results suggest that miR319-regulated
TCPs do not have an obvious function during normal root
growth in Arabidopsis, but that it is rather necessary to keep
them under the post-transcriptional control exerted by the
microRNA.

We measured mature miR319 and TCP4 transcript levels
in 5-day-old root tips and shoot apices of wild-type and soj8
plants by RT-qPCR (Fig. 5c). In wild type, TCP4 transcript
levels were more than 10 times higher in shoot than root
apices. Then, we analyzed TCP4 transcript levels in soj§ and
found an increase of approximately four times in the apex
compared to wild type. Surprisingly, when we measured
TCP4 transcript levels in soj8 roots, we found an increase
of more than ten times with respect to wild-type plants, indi-
cating that mis-regulation of TCP4 due to a mutation in the
miR319 target site has a larger relative impact on root than
on shoot apices. Interestingly, T7CP4 transcript levels were
similar in s0j8 shoots and roots, suggesting that the promoter
has a similar strength in both, but that the miR319-regulation
has a different contribution in these two tissues. Our results
suggest that, while the miR319/TCP quantitative balance
regulates leaf development, the miRNA functions as a potent
inhibitor of TCP expression in roots.

Discussion

In both plants and animals, microRNA circuits include the
clearance and/or potent inhibition of their target RNAs, as
well as the dampening and/or fine-tuning of target gene
expression (Flynt and Lai 2008; Voinnet 2009). Here, we
found that the miR319 regulatory network operates through
different modes in shoots and roots. In opposition to what
is seen in the shoot, we have shown that reduced levels of
microRNA-regulated TCPs have no effect on root growth,
and only escape from microRNA control and therefore
increased activity impairs the organ’s growth. Given our
observations and taking into consideration the high miR319
activity in root tissue, as shown in other reports (Ghosh
Dastidar et al. 2016), and low TCP4 levels in wild-type
roots, we conclude that miR319 regulates the TCPs by two
contrasting mechanisms: in the shoot, it quantitatively regu-
lates, i.e. fine-tunes them to achieve proper size and shape
of the organs; In roots, however, it qualitatively regulates,
and potently inhibits its targets preventing them from inter-
fering with correct growth and architecture of the organ.
Interestingly, miR 159 has been shown to completely silence
its targets MYB33 and MYB65 in vegetative tissues while
quantitatively repressing them in aleurone and the embryo
of germinating seeds (Alonso-Peral et al. 2012).
Furthermore, in this study we provide new insights about
the role of the miR319-TCP regulatory node in the Arabi-
dopsis root. We characterized the soj8 mutant line, which
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exhibits impaired regulation by miR319 resulting in higher
TCP4 activity. We found that increased TCP activity in
the root had effects on both, root growth and QC cellular
architecture. On one hand it slowed down elongation and
shortened the root. On the other hand, at the cellular level,
it disrupted the normal RAM architecture and reduced cell
proliferation, as judged by CYCB expression. This resulted in
a meristem with fewer cells but did not affect the final length
of the mature cortex cells.

Formation of different TCP protein-complexes has been
shown to regulate leaf complexity (Rubio-Somoza et al.
2014). It is possible that in the soj8 root unbalanced TCP
levels result in the generation of different protein-complexes.
Even a direct competition of the microRNA-regulated class
IT TCP4 with class I TCPs, which can have opposite effects
(Koyama et al. 2010; Ichihashi et al. 2011; Uberti-Manassero
et al. 2012) for their position in protein complexes might be
possible. For instance, class I TCP20 interacts with SCARE-
CROW and PLETHORA (Shimotohno et al. 2018), two QC
organizers, and should it be replaced by TCP4, the function
of the resulting protein complex might be compromised.

TCP transcription factors participate in various develop-
mental processes and regulate genes involved in the biosyn-
thesis and activity of phytohormones (Schommer et al. 2008;
Koyama et al. 2010), some of which are important in estab-
lishing and maintaining the root stem cell niche (Dello Ioio
et al. 2008; Chen et al. 2011). TCP3 and TCP15 directly bind
to the promoter of SHY2. Interestingly, the class II TCP3,
the closest related family member to TCP4, promotes SHY2
expression, while TCP15, a class I member of the fam-
ily, represses it (Koyama et al. 2010; Ichihashi et al. 2011;
Uberti-Manassero et al. 2012). SHY?2 is a key integrator of
auxin and cytokinin response in the root (Dello Ioio et al.
2008) and contributes to maintain the size of the root meris-
tematic zone. Therefore, hyperactivation of SHY2 in the soj8
background might imbalance the hormonal setting, resulting
in abnormal root growth. Interestingly, the expression of a
DRS5 auxin reporter line is reduced in the stem cell niche
region in soj8 mutant background which strengthens the idea
of an imbalanced hormonal setting upon the deregulation of
TCP4. One important integrator of the auxin signal in the
root is the homeodomain transcription factor WOXS5, which
is expressed in the QC where it avoids cell division. From
there it moves to the columella stem cells and prevents their
differentiation. Therefore, it would be interesting to test if
WOXS5 expression is affected in the soj8 mutant background
and at the base of the observed root defects. Another TCP
target up-regulated in soj8 is LOX2, an enzyme involved in
JA biosynthesis. This hormone inhibits primary root growth
in Arabidopsis and decreases mitotic activity of the RAM,
leading to irregular QC divisions and premature differen-
tiation of the columella stem cells, which in turn originate
altered daughter cells (Chen et al. 2011). It has also been

shown that wound-induced production of JA can stimulate
CYCD6;1 in the root stem cell niche (Zhou et al. 2019a).
Notably, soj§ appears to show a combination of the two
phenotypes described for the dominant mutant shy2-2 and
for JA-treated plants. Based on the clear SHY2 and LOX2
induction, we propose that the morphological and func-
tional changes in soj8 could reflect the joint alteration of
phytohormone pathways, although this would require fur-
ther confirmatory work. All in all, our results provide new
insights into the importance of the miR319-TCP regulatory
node during Arabidopsis root growth and highlight that the
same microRNA can operate through different modes, target
clearance or fine-tuning depending on the cellular context.
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