
AtHB23 participates in the gene regulatory network
controlling root branching, and reveals differences between
secondary and tertiary roots

Mar�ıa F. Perotti, Pamela A. Ribone†, Julieta V. Cabello†, Federico D. Ariel* and Raquel L. Chan*

Instituto de Agrobiotecnolog�ıa del Litoral, Universidad Nacional del Litoral, CONICET, FBCB, Centro Cient�ıfico Tecnol�ogico

CONICET Santa Fe, Colectora Ruta Nacional No 168 km. 0, Paraje El Pozo, 3000, Santa Fe, Argentina

Received 7 May 2019; revised 2 August 2019; accepted 19 August 2019.

*For correspondence (e-mail fariel@santafe-conicet.gov.ar; rchan@fbcb.unl.edu.ar).
†These authors equally contributed to this manuscript.

SUMMARY

In Arabidopsis, lateral root (LR) development is mainly controlled by several known auxin-regulated tran-

scription factors (TFs). Here, we show that AtHB23 (a homeodomain-leucine zipper I TF) participates in this

intricate network. Our study of the expression pattern of AtHB23 revealed that it is transcriptionally acti-

vated in the early stages of secondary LR primordium (LRP). We found that AtHB23 directly limits the

expression of LBD16, a key factor in LR initiation, and also directly induces the auxin transporter gene LAX3.

We propose that this HD-Zip I mediates the regulation of LAX3 by ARF7/19. Furthermore, AtHB23 plays dis-

tinct roles during the formation of secondary and tertiary roots, exhibiting differential expression patterns.

ATHB23 is expressed throughout the tertiary root primordium, whereas it is restricted to early stages in sec-

ondary primordia, likely later repressing LBD16 in tertiary LR development and further inhibiting root emer-

gence. Our results suggest that different genetic programs govern the formation of LRP from the main or

secondary roots, thereby shaping the global dynamic architecture of the root system.
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INTRODUCTION

The root system depends on the main root length, together

with the number and density of lateral roots (LRs), which

develop from auxin-dependent de novo meristems. LR

development mimics the organogenesis of the primary root

in terms of tissue composition and organization. Notably,

this process can be reiterated in subsequent higher-order

LRs (Osmont et al., 2007). Little is known about the formation

of tertiary roots, for example, LRs formed from emerged sec-

ondary roots, which ultimately contribute to the three-di-

mensional architecture of the root system. Knowledge about

the mechanisms governing LR development has consider-

ably increased in recent years, particularly in the model plant

Arabidopsis, and research has revealed the role of auxin as

an integrator of many internal and external signals that mod-

ulate LR formation (Lavenus et al., 2013).

Lateral roots initiate at regular intervals along the pri-

mary roots from founder cells, principally in the pericycle

(De Smet et al., 2007; Lucas et al., 2008), and undergo

asymmetric divisions. Fine coordination between cell cycle

activation and cell polarity/identity specification processes,

involving auxin, is needed for LR initiation. Auxin

integrates a wide range of intrinsic and environmental sig-

nals to modulate LR development, based on the spatial

expression diversity of auxin receptors (Calder�on Villalo-

bos et al., 2012).

In roots, auxin is transported toward the tip through the

central cylinder (Friml et al., 2003). In Arabidopsis, auxin

influx carriers, encoded by AUX1, LAX1, LAX2 and LAX3

genes, exhibit differential expression patterns and roles

(P�eret et al., 2012; Swarup and P�eret, 2012). AUX1 has been

described as a regulator of LR initiation and LAX3 induces

LR emergence, whereas LAX2 is involved in vascular pat-

terning in cotyledons (Marchant et al., 1999, 2002; De Smet

et al., 2007). LAX1 and LAX2 are together required for leaf

phyllotactic patterning (P�eret et al., 2012), and LAX2 has

also been linked to the regulation of xylem development

and lateral-vein symmetry (Moreno Piovano et al., 2017).

Root development involves transcription factors (TFs)

from different families in an intricate network (Lavenus

et al., 2015). Among these, lateral organ boundaries (LBDs)

and auxin response factors (ARFs) TFs are the main actors.

LBD16 and LBD29 have been associated with the acquisition
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of LR founder cell polarity and cell cycle activation (Okush-

ima et al., 2007; Lee et al., 2009; Goh et al., 2012). LBD18

and LBD33 have also been associated with cell cycle activa-

tion (Lee et al., 2009; Berckmans et al., 2011), whereas

LBD18 has been assigned a role in the upregulation of cell

wall remodeling genes (Lee et al., 2012). LBD16 and LBD29

are expressed in pericycle cells prior to LR initiation, and

researchers have proposed that these TFs have different

sets of targets (Porco et al., 2016). LBD14 was recently

linked to LR formation in response to abscisic acid (ABA;

Jeon et al., 2017). ARF- and LBD-encoding genes act in

modules (Lavenus et al., 2013). For example, in LR founder

cells, LBD16 and LBD29 are targets of the module indole

acetic acid (IAA)14–ARF7/ARF19, whereas in the cortex and

epidermis, the same module regulates LBD18 (Lee et al.,

2012) and the auxin transporter LAX3 (Swarup et al., 2008;

Kumpf et al., 2013). ARF7 and ARF19 activate early auxin-re-

sponsive genes, as shown by the double arf7/arf19 mutant

being impaired in LR development. The overexpression of

their targets, LBD16 and LBD29, induces LR formation, even

in the absence of ARF7 and ARF19 (Okushima et al., 2007). It

was recently shown that the direct recognition of LBD16 by

ARF7 in response to water availability is modulated by ARF7

SUMOylation, which modulates root hydropatterning

(Orosa-Puente et al., 2018).

HD-Zip TFs belong to the superfamily of homeodomain

(HD)-containing proteins (Chan et al., 1998), first discov-

ered in animals from the homeotic effect resulting from

their mutation or ectopic expression (Gehring, 1987). The

association between the HD and the leucine zipper (LZ)

dimerization motif is unique to plants, and HD-Zip proteins

have been classified in four groups, I–IV, according to their

structure and the presence of additional motifs (revised in

Ariel et al., 2007). HD-Zip I members have been associated

with the responses to stress and different developmental

events (for review, see Perotti et al., 2017). In the model

legume Medicago truncatula, the HD-Zip I member MtHB1

was reported to be a regulator of LR emergence in

response to stress, via the direct repression of the LBD TF

MtLBD1 (Ariel et al., 2010a,b).

AtHB23 is a member of subfamily I of HD-Zip TFs and,

according to structural features resolved in phylogenetic

trees, has a paralog, AtHB13 (Henriksson et al., 2005; Arce

et al., 2011). However, these TFs exhibit independent func-

tions and different expression patterns. AtHB23 has been

described as being expressed in the adaxial region of

leaves (Kim et al., 2007), and also as being involved in

hypocotyl elongation and cotyledon expansion under red

light (Choi et al., 2014). AtHB13 has a role in abiotic and

biotic stress responses, pollen hydration and seed germi-

nation (Hanson et al., 2001, 2002; Cabello and Chan, 2012;

Gao et al., 2014; Ribone et al., 2015; Silva et al., 2016).

Both AtHB13 and AtHB23 are involved in the inhibition of

inflorescence stem elongation, which drives cell

proliferation, although their roles are not redundant

(Ribone et al., 2015). The roles of AtHB13 and AtHB23 in

root development remain unexplored.

The ability of roots to branch contributes substantially to

their capacity to explore the soil for water and nutrients,

which has allowed plants to successfully colonize land

(Motte and Beeckman, 2019). Extensive work has been

devoted to uncovering the mechanisms underlying LR

development, for example, the initiation, primordium for-

mation and emergence from primary roots. Notably, hor-

mone and salt stress signaling differ significantly between

LRs and the primary root. Salinity stress activates high

levels of ABA signaling exclusively in LR growth, and the

primary root is less sensitive to salt treatment compared

with LRs (Duan et al., 2013). It is well known that LR initia-

tion is dependent on auxin accumulation and, once the new

organ protrudes from the main root, the novel meristem

can produce auxin (Lijung et al., 2005), but at which precise

stage such ability occurs remains unclear. Remarkably, the

molecular and physiological mechanisms governing LR

development from secondary roots (tertiary roots) remain

unexplored, but it is likely assumed that LR formation is

governed by the same genetic program, whether initiated

from the main or a secondary root.

In this work, we investigate the role of AtHB23 in root

development. AtHB23 is expressed at the base of the sec-

ondary LR primordium (LRP); we show by chromatin

immunoprecipitation-quantitative polymerase chain reac-

tion assays (ChIP-qPCR) that this TF directly controls

LBD16. Furthermore, AtHB23 can directly regulate the

auxin transporter gene LAX3. Remarkably, LAX3 promoter

activity in secondary roots is dependent on AtHB23.

AtHB23-silenced (artificial miR23, 35S:amiR23) plants

exhibited more initiated LR than wild-type (WT) plants. Fur-

thermore, we discovered that AtHB23 is differentially

expressed during LR initiation and emergence, depending

on if the primordium is formed from the main or a sec-

ondary root. Accordingly, amiR23 plants exhibited more

initiated and emerged tertiary roots. Altogether, our results

indicate that ATHB23 participates in different molecular

mechanisms that drive LR formation in the main or sec-

ondary roots by the direct regulation of auxin-related

genes. Our work expands our understanding of the com-

plex regulatory and dynamic network orchestrating LR

development from primary or secondary roots.

RESULTS

AtHB23 represses the initiation of secondary roots

The analysis of the AtHB23 promoter region that drives the

expression of the GUS reporter gene first indicated this

role of this TF in LR development. Along the main root,

AtHB23 promoter activity was detected in zones surround-

ing the first divisions of LR development (Figure 1a). Until
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LR developmental stage IV (Malamy and Benfey, 1997), the

activity of the AtHB23 promoter is restricted to the base of

the LRP (defined according to Malamy and Benfey, 1997).

However, from stage IV until emergence, no expression

was detected in the newly formed LR. Later, GUS staining

was clearly visible in the vascular system of the secondary

root, but not visible in the main root (Figure 1b, and addi-

tional independent transgenic lines in Figure S1a). Histo-

logical sections, taken from the primary root, showed that

AtHB23 expression is limited to the base of the LRP (Fig-

ure 1c). The promoter activity of AtHB23 revealed the tran-

sient phase of expression of this gene in early-stage

primordia, for example, from stages II to IV, hinting at the

role of AtHB23 in the initiation of LR.

In order to investigate the role of AtHB23 in LR forma-

tion, we obtained silenced and overexpressor plants trans-

formed with 35S:amiR-AtHB23 (an artificial-miRNA against

AtHB23 30-UTR, completely different from its closest homo-

log gene AtHB13, or amiR23). We chose three independent

lines that we consistently characterized throughout this

work (amiR23-1 in the main figures, and amiR23-2 and -3

in the associated supplementary figures). Additionally, we

used independent 35S:AtHB23 lines (called hereafter

AT23). AtHB23 transcript levels were assessed in three

independent lines of both transgenic genotypes compared

with Col 0 (Figure S2). Primary root length and the density

of initiated and emerged roots were quantified. No signifi-

cant differences were detected between genotypes for the

8-day-old main root length or the density of emerged LRs

assessed in the three independent lines (Figures 1d,f and

S3a,c). However, the density of initiated LRs was signifi-

cantly higher for amiR23-silenced plants than for the con-

trol Col 0 or the overexpressor AT23 (Figures 1e and S3b),

which influenced the total number of LRs (Figures 1g and

S3d). Interestingly, a detailed characterization of LRPs in

each genotype revealed that the higher density of initiated

LRs in amiR23 plants corresponds to an increased propor-

tion of initiated roots at stage IV compared with Col 0 and

overexpressor plants (Figure 1h). Moreover, the differential

phenotype of amiR23 plants was rescued when trans-

formed with the construct 35S:AtHB23 (Figure S4). The

results indicate that AtHB23 participates in LR initiation.

AtHB23 is an auxin-responsive gene, and amiR23-silenced

plants exhibit altered sensitivity to exogenous auxin

Considering the integrating role of auxin in LR develop-

ment, we wondered whether it may regulate AtHB23

(a)

(d) (e) (f) (g) (h)

(b) I II III IV V VI VII (c)

Figure 1. AtHB23 is expressed in the secondary root initiation zone and acts as a repressor of lateral root initiation.

(a) GUS expression driven by AtHB23 promoter in the main root of 8-day-old seedlings. Arrows indicate lateral root (LR) initiation zone.

(b) I–VII represent different stages of lateral root primordium (LRP) and LR indicates emerged roots as described by Malamy and Benfey (1997). Black bar repre-

sents 50 lm.

(c) Histological longitudinal cut of the main root after GUS histochemistry.

(d) Relative primary root length of 8-day-old Col 0, amiR23-1 and AT23-1 plants (AtHB23-silenced and overexpressor plants, respectively).

(e, f) Relative density of LRP or LR, calculated as the number of LRP or LR/mm of main primary root.

(g) Relative density of total lateral roots (LRP + LR).

(d–h) The values were normalized with those measured in the Col 0 control, taken as 1 (one); absolute values for reference were 1 = 30.44 mm (d); 1 = 0.33 LRP/

mm (e); 1 = 0.17 LR/mm (f); 1 = 0.50 total LR/mm (g).

(h) Proportion of LRP in each developmental stage as defined by Malamy and Benfey (1997). The assays were repeated at least three times with N: 15/genotype.

Error bars represent SEM. Asterisks indicate significant differences doing a Student’s t-test between Col 0 and each transgenic line (**P < 0.01, ***P < 0.001,

****P < 0.0001).
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expression. Thus, we treated 7-day-old seedlings with

exogenous 1 lM IAA, and showed that AtHB23 transcript

levels significantly decrease after 3 h and peak at 12 h

(Figure 2a). The 12-h induction was further corroborated

by analysis of transgenic plants carrying the AtHB23

promoter that drives GUS expression (Figure 2b). Fur-

thermore, we assessed the effect of auxin treatment on

amiR23, AT23 and Col 0 seedlings. The formation of

LRP responded differently to auxin in amiR23 plants.

This is because the three genotypes (amiR23, AT23 and

WT) had similar numbers of LRP after the treatment,

indicating that auxin can compensate for AtHB23 knock-

down (Figures 2c–f and S5). Additionally, the significant

difference in LR density between amiR23 mutants and

Col 0 disappeared in the presence of NPA (an inhibitor

of auxin efflux; Teale and Palme, 2018; Figure S6), thus

linking the role of AtHB23 with the presence of auxin in

the plant roots.

Auxin influx/efflux carriers’ transcripts and auxin

distribution are altered in amiR23 plants

Considering the link between AtHB23 and auxin, we

decided to investigate the expression of the selected auxin

carriers LAX1, AUX1 and LAX3, and the peak of auxin

response (shown by the DR5 synthetic reporter) in amiR23

plants. The selection of such carriers was done based on

their previously reported expression patterns in roots (P�eret

et al., 2012). AmiR23-silenced plants were crossed with

DR5:GUS plants (showing the peak of auxin response;

Ulmasov et al., 1997), as well as with plants transformed

with LAX1, AUX1 and LAX3 promoters that drive the

expression of GUS. Interestingly, the histochemical analy-

ses of each cross under the same conditions hint at the

reduction of GUS-derived products compared with the cor-

responding parental plants (Figure 3). Most notably, the

expression pattern of the LAX3 promoter was specifically

Figure 2. AtHB23-silenced plants are less sensitive to auxin.

(a) Transcript levels of AtHB23 in 7-day-old roots of seedlings grown in standard conditions or with 1 lM indole acetic acid (IAA) added for 1, 3, 6 or 12 h.

(b) GUS histochemistry of 8-day-old AtHB23:GUS roots grown in control conditions (upper panel) or treated with 1 lM IAA (lower panel) during 12 h. Black bar

indicates 50 lm.

(c) Relative primary root length of 8-day-old Col 0, amiR23-1 and AT23-1 plants (AtHB23-silenced and overexpressor plants, respectively) grown in control condi-

tions or treated with 1 lM IAA.

(d, e) Relative density of lateral root primordium (LRP) or lateral root (LR), calculated as the number of LRP or LR/mm of main primary root, grown in control

conditions or treated with 1 lM IAA.

(f) Relative density of total LR (LRP + LR), treated or not with 1 lM IAA.

(c–f) The values were normalized with those measured in the Col 0 control, taken as 1 (one); absolute values for reference were 1 = 30.99 mm (c); 1 = 0.18 LRP/

mm (d); 1 = 0.21 LR/mm (e); 1 = 0.39 total LR/mm (f). The assays were repeated at least three times with N: 15/genotype. Error bars represent SEM. Different let-

ters indicate significant differences (Tukey test, P < 0.01).
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impaired, for example, it remained active in the main root,

whereas GUS overnight staining was completely abolished

from emerged LRs (Figure 3d). Note that GUS staining was

performed overnight. Figure S7(a) shows that the GUS

reaction after 3 h with ProLAX3:GUS exhibited a more

restricted expression pattern compared with that observed

Figure 3. LAX3 expression is repressed in AtHB23

silenced plants.

Left panel: (a–d) overnight histochemistry of GUS

in single transgenic (DR5:GUS, AUX1:GUS, LAX1:

GUS and LAX3:GUS) 8-day-old plants.

Right panel: plants described in left panel crossed

with the amiR23-1 plants. Black bar represents

50 lm.

© 2019 The Authors
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after 12 h, in accordance with previous reports (Swarup

et al., 2008). The AtHB23-mediated regulation of auxin

transporters seems to be specific to LAX3, as crossed plants

bearing LAX1 and AUX1 promoters did not show any

change in the pattern of GUS expression (Figure 3b,c).

These results strongly indicate a positive and tissue-specific

regulation of LAX3 by AtHB23, as well as a slight modula-

tion of the other two carriers and DR5 activity.

LBD16 and LAX3 regulation depends on AtHB23

Lateral organ boundaries (LBD) genes were associated with

events related to LR initiation and emergence. In particular,

LBD16 and LBD29 are induced by auxin, and LBD29 regu-

lates LAX3 expression at the early stages of LRP (Porco

et al., 2016). LBD14 was recently linked to LR emergence

(Jeon et al., 2017). The LBD14, LBD16, LBD29 and LAX3 pro-

moters were analyzed for the presence of target sequences

of HD-Zip I TFs. All presented one putative perfect pseu-

dopalindrome CAAT(A/T)ATTG, previously reported as a

target sequence of HD-Zip I proteins both in vitro and

in vivo (Palena et al., 1999; Johannesson et al., 2001; Ariel

et al., 2010a). To further decipher the underlying molecular

mechanism mediated by AtHB23 in auxin-dependent LR

development, the transcript levels of selected LBD genes

were firstly assessed in amiR23-silenced roots 7 days after

germination, treated or not with 1 lM IAA. LBD16 was sig-

nificantly more induced by auxin in amiR23 plants, indicat-

ing that AtHB23 represses LBD16 during LR formation

(Figure 4a). LBD29 and LAX3 did not show any difference

between WT (Col 0) and amiR23 roots in response to auxin

(Figure 4a,b). Furthermore, LAX3 was repressed in amiR23-

silenced plants later in development (8-day-old seedlings),

when LR emerged (Figure 4b). Considering the different

transcriptional effects of AtHB23 on LBD16 and LAX3, our

results indicate that this HD-Zip TF participates in alterna-

tive mechanisms that modulate auxin-responsive genes.

LBD16 and LAX3 genes are directly regulated by AtHB23

We then wondered if AtHB23 may directly regulate key fac-

tors in LR development. Therefore, we conducted ChIP

assays followed by qPCR (ChIP-qPCR) using seedlings

transformed with PromAtHB23:AtHB23:GFP:GUS (trans-

gene expression levels are shown in Figure S8). Then, we

assessed the direct binding of AtHB23 to the perfect HD-

Zip I target pseudopalindrome CAAT(A/T)ATTG present in

LBD14, LBD16, LBD29 and LAX3 (Figure 5a). Strikingly,

LBD16 and LAX3 promoters were recognized as direct tar-

gets of AtHB23, in contrast to LBD14 and LBD29 promoters.

Thus, we analyzed in more detail the promoter regions of

LBD16 and LAX3. For LAX3, AtHB23 specifically bound to

the perfect HD-Zip-predicted cis-acting element (�135 bp,

P3), whereas none of the other further regions analyzed,

including an imperfect HD-Zip box (P2), were retrieved

(Figure 5b). Altogether, these results indicate that AtHB23

is able to directly regulate both LBD16 and LAX3.

ARF7 directly controls AtHB23, which mediates its

regulation over LAX3

In order to better determine the position of AtHB23 in the

intricate network of TFs that coordinate LR development,

the transcript levels of AtHB23, LBD16 and LAX3 were

assessed in the arf7/arf19 mutant in standard conditions or

after auxin induction at 12 h (Figure 6a). The transcript

levels of AtHB23, LBD16 and LAX3 were induced by auxin

in Col 0, in accordance with previous reports, whereas the

expression of these genes in the arf7/arf19 mutant was

insensitive to auxin treatment. In view of these results, we

wondered if AtHB23 was a direct target of ARF TFs. To test

this hypothesis, a ChIP assay was carried out using iso-

lated nuclei from plants transformed with glucocorticoid

receptor-tagged PromARF7:ARF7:GR, inducible by dexam-

ethasone (Lavenus et al., 2015). Before harvesting, plants

Figure 4. LBD16 and LAX3 are regulated by AtHB23. Expression levels of LBD14, LBD16, LBD29 and LAX3 in 7-day-old roots treated (or not) with 1 lM indole

acetic acid (IAA).

(a) Transcript levels in Col 0 and amiR23-1 plants.

(b) LAX3 expression levels in 8-day-old in the same genotypes. All the values were normalized with the one obtained in Col 0 (a, b). Bars represent SEM. Data

were analyzed using a two-way ANOVA considering genotype and treatment. Different letters indicate significant differences (Tukey test, P < 0.01).

© 2019 The Authors
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were treated for 4 or 12 h with 1 lM IAA to promote ARF7

activation. In the promoter region of AtHB23, we were able

to identify two putative cis-acting elements described as

bound by ARF TFs (Figure 6b). Remarkably, both cis-ele-

ments present in AtHB23 promoter were directly bound by

ARF7, with LBD16 promoter used as a positive control

(Lavenus et al., 2015; Orosa-Puente et al., 2018), in contrast

to other regions used as negative controls (Figure 6c,d).

Interestingly, LBD16 promoter was bound with 4 h treat-

ment but not with 12 h, in accordance with the previously

reported dynamic modulation of this gene (Orosa-Puente

et al., 2018). In contrast, one of the cis-acting elements of

AtHB23 promoter was bound both with 4 and 12 h of treat-

ment, whereas binding to the other site was only noticed

at 4 h, indicating different dynamic kinetics of both ARF7

targets. Altogether, our results show that ARF7 directly

controls AtHB23 expression during LR development.

Secondary and tertiary roots exhibit different gene

expression patterns and developmental programs

As shown above, the transcriptional regulation of LAX3 by

AtHB23 specifically occurs in the emerged LR, although this

gene is expressed during secondary and tertiary LR devel-

opment (Figure S7a,b). Therefore, we further explored how

AtHB23 is expressed in this lateral organ. Surprisingly, GUS

expression driven by AtHB23 promoter along secondary

roots revealed a strong and extended activity in LRP, the so-

called tertiary roots (Figure 7b,c). This staining clearly dif-

fers from the expression pattern of a secondary LRP, for

example one formed from a primary root (Figures 1a,b and

7a). Furthermore, GUS expression continued to be steady

and strong during the emergence of tertiary roots (Fig-

ures 7c and S1b). Note that from stage V to the emergence

of the tertiary root, the AtHB23 expression pattern is partic-

ularly different from secondary roots, in which AtHB23

expression suddenly shut off (Figure 1b). Moreover, the

secondary root remained stained upon the emergence of

the tertiary root, whereas the primary root at the equivalent

stage did not show GUS staining (for an easy comparison,

see Figure S1). Overnight GUS staining revealed that Pro-

LAX3 activity is extended throughout the primordium of

emerged secondary and tertiary roots (Figure S7a,b). How-

ever, ProLAX3 is still active in the amiR23-1 background in

tertiary roots (but not in secondary roots), which suggests

that ProLAX3 activation can bypass AtHB23 only in tertiary

roots (Figure S7c). Taken together, our results suggest that

a differential AtHB23-mediated genetic program takes place

in the formation of secondary and tertiary roots.

These observations led us to explore in more detail ter-

tiary root development and compare it with that of sec-

ondary roots. Notably, we were unable to find in the

literature any characterization of this developmental con-

text in any dicot species.

Figure 5. AtHB23 directly regulates LBD16 and LAX3. Chromatin immuno-

precipitation assay (ChIP-PCR) using nuclei obtained from PromAtHB23:

AtHB23:GFP:GUS 10-day-old seedlings.

(a) The consensus HD-Zip target sequences present in the promoters of

LBD14, 16, 29 and LAX3 were assessed for AtHB23 binding in vivo.

(b) Different putative regulated sequences were evaluated in LAX3 with Pro-

mAtHB23:AtHB23:GFP:GUS nuclei.

(c) Putative regulated sequences evaluated in LBD16 gene with the same

seedlings. In (b, c) schematic representation of LAX3 and LBD16 genes indi-

cating where the designed oligonucleotides match for each box (P1, P2, P3

and P4). PP2A was used as negative control, determining the background

level. Values are expressed as the ratio between AtHB23:GFP IP and IgG IP

used as negative control. Bars represent SE.
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Considering these observations, we assessed tertiary

root formation in Col 0 and amiR23-silenced plants.

Remarkably, 15 days after germination, AtHB23 knockdown

resulted in a higher density of initiated and emerged TLRs

than did WT (Figures 7d and S9), indicating that AtHB23 is

involved in the initiation of secondary and tertiary roots but

participates also in the emergence of tertiary roots. Alto-

gether, our results suggest that the initiation and develop-

ment of tertiary and secondary roots are regulated by

alternative transcriptional complexes involving AtHB23,

Figure 6. Transcriptional activation by auxin of

LBD16, LAX3 and AtHB23 is dependent on ARF7/19.

(a) Transcript levels of LBD16, LAX3 and AtHB23 in

7-day-old Col 0 and arf7/19 mutant roots of seed-

lings grown in standard conditions or with 1 lM
indole acetic acid (IAA) added for 12 h. Bars repre-

sent SEM. Different letters indicate significant dif-

ferences (Tukey test, P < 0.01).

(b) Schematic representation of AtHB23 and LBD16

promoters indicating where the designed oligonu-

cleotides used in (c, d) match for each box (P1, P2

for LBD16 and P1, P2, P3 and P4 for AtHB23).

(c, d) Different putative regulated sequences were

evaluated in LBD16 and AtHB23 promoters with

PromARF7:ARF7:GR 15-day-old seedlings treated

during 4 h (c) or 12 h (d) with 1 lM IAA plus 2 lM
dexamethasone. PP2A was used as negative con-

trol, determining the background level. Values are

expressed as the ratio between ARF7:GR IP and IgG

IP used as negative control. Bars represent SE.
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which modulates the three-dimensional shape of the root

system. The enhanced density of emerged tertiary roots in

amiR23 plants is consistent with the direct regulatory role

of AtHB23 over LBD16. AtHB23 represses LBD16 only during

LR initiation from the main root, whereas the expanded

expression pattern of AtHB23 in tertiary roots allows the

downregulation of LBD16 during the initiation, develop-

ment and emergence of tertiary roots.

DISCUSSION

Main roots and LRs grow in the soil in three dimensions,

sensing and uptaking water and micronutrients, and

responding to soil biotic and abiotic signals. Methodologi-

cal limitations led the scientific community to explore the

root system of model species mostly in two dimensions,

particularly focusing on the formation of secondary roots,

rather than on higher-order LRs.

A deep understanding of which genes, pathways, inter-

actions and relationships are involved in root architectural

development can impact crop improvement (de Dorlodot

et al., 2007). LR formation follows a complex mechanism

in which each cell type has specific and determinate roles,

under the fine regulation of several TFs and hormones.

LRs are mainly differentiated from the primary root due to

their post-embryonic origin from the pericycle cell layer of

the primary root (Malamy and Benfey, 1997). Other differ-

ences in growth have been described; however, the mech-

anistic basis underlying such distinctions is unclear (Duan

et al., 2013). The response to gravity also differs between

the primary and LRs (Kiss et al., 2002; Guyomarc’h et al.,

2012). In contrast to the immediate response of the primary

root to gravity, even before germination (Ma and Hasen-

stein, 2006), newly emerged LRs in Arabidopsis become

gradually more gravitropic over time. These differences

have important effects on the final root system architecture

and enable the plant to explore larger domains in the soil

environment. Differences in the branching capacities of pri-

mary and secondary roots remain completely unexplored.

In the model plant Arabidopsis, TFs from several fami-

lies were duplicated and trebled during evolution and

(a) (c)

(d)

(e)

(g)

(b) I II III IV V VI VII

Figure 7. AtHB23 expression pattern is different in primary and secondary roots.

AtHB23 expression in primary (a) and secondary (b) roots of 15-day-old PromAtHB23:GUS seedlings. Arrows indicate lateral root (LR) initiation zone.

(c) AtHB23 expression pattern during formation of tertiary roots. I–VII represent different stages [following the classification done for lateral root primordium

(LRP) by Malamy and Benfey, 1997] of tertiary lateral root primordium (TLRP) and tertiary emerged roots (TLR). Black bar represents 50 lm.

(d) Relative density of total lateral root length, TLRP, TLR and total tertiary roots (TLRP + TLR) in Col 0 and amiR23-1 10-day-old silenced plants. The values were

normalized with those measured in the Col 0, taken as 1 (one). Absolute values for reference were in (d); 1 = 38.4 mm (root length), 1 = 0.36 TLRP/mm, 1 = 0.06

TLR/mm, 1 = 0.42 total TLR/mm. The assays were repeated at least three times with N: 15/genotype. Values were calculated as the number of total TLRP or TLR

per the sum of total LR length and normalized with the value of the wild-type (WT) control.

(e) Proposed model for the regulation of secondary and tertiary roots development. All arrows between actors indicate direct regulation (Orosa-Puente et al.,

2018). Blue inside the root indicates AtHB23 expression pattern.

© 2019 The Authors
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sometimes seem to be redundant. However, deep studies

have demonstrated that each TF has a particular expres-

sion pattern and function. For example, ARF ARF19 and

ARF7 seem to be involved in the same mechanisms; how-

ever, arf19- and arf7-isolated mutants exhibit auxin-resis-

tant phenotypes and the double-mutant has stronger

differential behavior, indicating that both are necessary (Li

et al., 2006). Their differential expression patterns indicate

that their contributions to auxin signaling in LR develop-

ment are unique, although each is capable of rescuing the

other mutant and they share the same targets (Li et al.,

2006). LR initiation and post-initiation events require auxin

accumulation (Benkov�a et al., 2003; P�eret et al., 2009a),

which is produced in the aerial organs (Lijung et al., 2005).

Roots are also a source of auxin, but only after LR emer-

gence. For this reason, root-produced auxin has been sug-

gested to not play a role in LR emergence (Lijung et al.,

2005).

Many research groups have studied LR development

from different points of view and in a variety of plant spe-

cies; however, several aspects are still poorly understood.

In this work, we identified a TF from the HD-Zip I family as

an actor in the complex scenario of LR development. We

determined that AtHB23 is an auxin-responsive gene

expressed in the early stages of LR development and is

later restricted to the base of the LRP. The phenotypic char-

acterization of AtHB23-silenced (amiR23) plants indicated

that this TF acts as a negative modulator of LR initiation.

Furthermore, we demonstrated that AtHB23 directly

represses LBD16, a key factor in LR development. In accor-

dance with the link between LBD and HD-Zip I TFs, previ-

ous reports indicated that in M. truncatula, MtHB1

repressed MtLBD1 in response to salinity stress. The com-

parison of these two HD-Zip/LBD relationships highlights

common and different critical features: AtHB23 is not the

closest Arabidopsis member of MtHB1, which is closely

related to the pair AtHB7/12 and, in Medicago, MtHB1 func-

tion is related to LR emergence and main root elongation

(Ariel et al., 2010a,b), whereas AtHB23 is involved in sec-

ondary root initiation, as well as in tertiary root initiation

and emergence. Strikingly, AtHB23 turned out to be a

direct activator of LAX3, suggesting that HD-Zip TFs may

act as activators or repressors of transcription, depending

on their interacting partners. Based on in vitro EMSA

assays, it was first proposed that ARF7 and ARF19 directly

regulate LBD16 (Okushima et al., 2007; Lee et al., 2015).

The direct regulation of LBD16 by ARF7 was later demon-

strated in vivo (Lavenus et al., 2015; Orosa-Puente et al.,

2018). LBD16 was previously reported as an inducer of LR

formation, along with LBD18 acting downstream of ARF7

and ARF19. This was suggested because double-mutants

had less emerged and total LR than did individual lbd16

and lbd18 mutants. It was proposed that LBD16 and LBD18

function in the initiation and emergence of LR formation

via a different pathway (Lee et al., 2009). Because LR initia-

tion is finely orchestrated by an intricate network of TFs

and AtHB23 exhibits in its promoter putative sequences

bound by ARF TFs (TgTCTC), we speculated that AtHB23

may be an additional connector between ARFs and LBD16

(Figure 7e). However, AtHB23 was not identified as an

ARF7-dependent auxin-responsive gene after 4 h of treat-

ment with 1 lM NAA (Lavenus et al., 2015). Considering

that AtHB23 exhibits a more delayed transcriptional

response to auxin (Figure 2a), we assessed AtHB23 behav-

ior in response to auxin in Col 0 and arf7/19 seedlings after

12 h with 1 lM IAA. Interestingly, AtHB23 induction was

impaired in the arf7/19 double-mutants, as was LBD16 and

LAX3. Our results indicate that AtHB23 acts downstream of

ARF7, although later than other auxin-responsive genes.

This observation agrees with the fact that AtHB23 is a neg-

ative regulator of LBD16 and LR development that likely

participates in an auxin-triggered negative feedback loop,

thereby fine-tuning LR formation in response to internal

and external stimuli, as has been proposed for other auxin-

responsive TFs (Gibbs et al., 2014). It was previously

shown that LBD16 is dynamically regulated by ARF7, nota-

bly peaking at 10 min of NAA treatment and gradually

decreasing afterward (Orosa-Puente et al., 2018). Here, we

assessed ARF7 binding with longer IAA treatments, consid-

ering the delayed activation of AtHB23 by auxin. We con-

firmed by ChIP-qPCR that AtHB23 is a direct target of

ARF7, appearing as a direct molecular link between ARF7

and LAX3. In the early stages of LR development, ARF7

activates LBD29 transcription and LBD29 directly promotes

LAX3 expression only in the surrounding cell layers of

young primordia (Figure 7e; Porco et al., 2016). In this

work, we showed that AtHB23 is directly induced by ARF7

later in LR development. Notably, AtHB23 knockdown

impairs LAX3 promoter activity only in emerged LRs, indi-

cating that alternative TFs regulate the expression of auxin

carriers at successive stages of LR development. Strikingly,

at 4 h treatment, we still detected ARF recognition of

LBD16 promoter, albeit to a lesser extent compared with

AtHB23. Remarkably, after 12 h IAA treatment, once

AtHB23 is already induced by exogenous auxin, ARF7

recognition over LBD16 is already undetectable, whereas

the binding to AtHB23 promoter is partially impaired. Our

results support the hypothesis of the ARF-mediated

dynamic coordination of TF expression throughout LR

development.

LAX3 is normally expressed in cortical and epidermal

cells overlying the LR, but not in the primordium itself, and

is induced by auxin in the cortex and epidermis (Swarup

et al., 2008). This expression pattern was visualized in this

work when doing GUS reactions for short times (3 h); how-

ever, staining for prolonged periods (overnight) led to a

full extended expression to the rest of the primordium (Fig-

ures 3 and S7a). The encoded auxin influx transporter

© 2019 The Authors
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promotes LR emergence by increasing the auxin content of

the cortical and epidermal cells directly facing the pri-

mordium (P�eret et al., 2009b). Here, we show that the

AtHB23-dependent response modulates auxin transport by

the direct regulation of LAX3 in the emerged secondary

roots.

Interestingly, LAX3 promoter activity during secondary

and tertiary LR formation seems to respond differently to

AtHB23 knockdown. Moreover, AtHB23 expression patterns

also differ between secondary and tertiary root develop-

ment, likely repressing LBD16 from expanded regions of

TLR primordia. Accordingly, the LR phenotypes that results

from AtHB23 deregulation are different between first- and

second-order root branching. Hence, our work on AtHB23

hints that alternative genetic programs regulate the devel-

opmental events that lead to the formation of secondary

and tertiary roots, thus expanding our understanding of

the molecular mechanisms underlying the complexity

of the root system. Moreover, the physiological behavior

of the primary and secondary roots differ in response to

the environment and hormones, such as auxin and ABA

(Lijung et al., 2005; Duan et al., 2013). Our findings con-

tribute to the understanding of the molecular mechanisms

governing developmental differences between secondary

and tertiary root formation.

EXPERIMENTAL PROCEDURES

Plant material, growth conditions, transformation and

crosses

For auxin treatments, ChIP assays and root phenotyping, Ara-
bidopsis thaliana plants (Col-0 ecotype) were grown in a growth
chamber at 22–24°C under long-day conditions (16/8 h light/dark
cycles) with a light intensity of approximately 70 lmol m�2 sec�1

in vertical square Petri dishes (12 9 12 cm) with Murashige–
Skoog medium supplemented with vitamins (MS; PhytoTechnol-
ogy Laboratories, https://phytotechlab.com/home). Seeds were
surface sterilized and placed 1 cm from the top for 3 days at 4°C
before placing the dishes in the growth chamber.

The lengths of the main root and LRs were measured using the
RootNav free software from photographs of the plates (Pound
et al., 2013).

The stable transformations of Arabidopsis plants were per-
formed via a floral dip procedure (Clough and Bent, 1998) using
Agrobacterium tumefaciens strain, LBA4404, carrying the con-
structs described below. Transformed plants were selected based
on their resistance to the appropriate selector chemical (Basta
50 mg L�1 or kanamycin 50 mg L�1).

Transgene insertions were verified by PCR using genomic DNA
as a template and specific oligonucleotides (Table S1). Three posi-
tive independent lines were further reproduced, and homozygous
T3 and T4 plants were used for further analyses.

Transgenic plants carrying AUX/LAX promoters fused to GUS
have been previously described (PromAUX1:GUS: Marchant et al.,
1999, 2002; PromLAX1:GUS: Bainbridge et al., 2008; PromLAX3:
GUS: Swarup et al., 2008). These were generously gifted by Dr
Swarup’s lab. DR5:GUS transgenic plants were obtained from
ABRC (Arabidopsis Biological Resource Center).

AmiR23 plants were fertilized with pollen from PromAUX1:GUS,
PromLAX1:GUS, PromLAX3:GUS and DR5:GUS plants, and then
selected by GUS histochemistry.

Genetic constructs

35S::amiR23 and 35S::AtH23 were previously described (Ribone
et al., 2015).

PromAtHB23::GUS, a fragment of 1793 bp upstream of the start-
ing codon of AtHB23, was amplified from WT genomic DNA and
cloned into a pGEM T-easy vector, then subcloned into BamHI
and EcoRI sites in a pENTR3C plasmid. Finally, the promoter
region was cloned into a pKGWFS7 vector by GATEWAY recombi-
nation.

PromAtHB23:AtHB23:GFP:GUS, the CDS of AtHB23 (778 bp),
was amplified by PCR and cloned in a pGEM T-easy vector. Then,
it was subcloned between sites NotI and XhoI in the pENTR3C
vector carrying PromAtHB23:GUS (construct described above).
Finally, the entire fragment was cloned in pKGWFS7 by GATEWAY
recombination.

GUS histochemistry

In situ assays of GUS activity were performed essentially as
described by Jefferson et al. (1987), with a few modifications
(Ribone et al., 2015).

RNA isolation and analysis

The total RNA used in quantitative reverse transcriptase RT-qPCR
was isolated from Arabidopsis roots using Trizol� reagent
(Invitrogen, https://www.thermofisher.com/ar/), according to the
manufacturer’s instructions. One microgram of RNA was reverse-
transcribed using oligo(dT)18 and M-MLV reverse transcriptase II
(Promega, https://worldwide.promega.com/). Quantitative real-
time PCR (qPCR) was performed using a Mx3000P Multiplex qPCR
system (Stratagene, La Jolla, CA, USA, https://agilent.com); each
reaction contained a 20 ll final volume that included 2 ll SyBr
green (49), 8 pmol of each primer, 2 mM MgCl2, 10 ll of a 1/15
dilution of the RT reaction and 0.1 ll Taq Platinum (Invitrogen).
Fluorescence was measured at 72°C over 40 cycles. Specific pri-
mers were designed (Table S1). The quantification of mRNA levels
was achieved by normalization against ACTIN transcripts levels
(ACTIN2 and ACTIN8), following the DDCt method. All reactions
were performed with at least three biological replicates and bars
represent SEM.

Histology and microscopy

Arabidopsis root sections were harvested and subjected to histo-
chemistry. Then, sections were fixed, dehydrated and imbibed in
Histoplast, as previously described (Moreno Piovano et al., 2017).
Transverse root sections were mounted on slides and visualized
in an Eclipse E200 Microscope (Nikon, Tokyo, Japan, https://www.
nikon.com/) equipped with a Nikon Coolpix L810 camera.

Chromatin immunoprecipitation followed by quantitative

polymerase chain reaction

For ChIP-qPCR assays, 10-day-old seedlings bearing the con-
struct PromAtHB23:AtHB23:GFP:GUS were harvested and nuclei
prepared as described in Lucero et al. (2017). For ChIP-qPCR
assays in which PromARF7:ARF7:GR transformed plants were
used, 15-day-old seedlings were treated for 4 and 12 h with
1 lM IAA and 2 lM dexamethasone. For the IPs, protein A
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Dynabeads (Thermo, https://www.thermofisher.com/ar/) and anti-
GFP ab6556 or anti-GR ab3580 antibodies (Abcam) were used. In
both ChIP-qPCR experiments, anti-IgG ab6702 antibody (Abcam,
https://www.abcam.com/) was used as the negative control.
Chromatin was sheared using the Picoruptor sonicator (Diagen-
ode, https://www.diagenode.com/; 10 cycles 30″ ON, 30″ OFF).
PCR with specific oligonucleotides (Table S1) was performed
using the Sso Advanced Universal mix (BioRad, https://www.bio-
rad.com/) in a StepOne device (Applied Biosystems, https://
www.thermofisher.com/ar/).

Statistical analysis

The evaluations of primary root length and the number of initiated
and emerged secondary roots (shown in Figures 1 and 5, and
Figures S3, S4 and S8) were performed using one-way analysis
of variance (ANOVA) considering genotype as the main factor.
Significant differences (**P < 0.01, ***P < 0.001, ****P < 0.0001)
between means were analyzed using post hoc Tukey comparison.
The data shown in Figures 2, 3, 6 and S5 were analyzed using
a two-way ANOVA considering genotype and treatment. When inter-
action terms were significant (P < 0.01), differences between
means were analyzed using Tukey comparison and are indicated
by different letters. The numbers of biological replicates for each
assessment are indicated in the corresponding figures.
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