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A  B  S  T  R  A  C  T  
 

Gravitropism is a finely regulated tropistic response based on the plant perception of directional cues. Such 

perception allows them to direct shoot growth upwards, above ground, and root growth downwards, into the 

soil, anchoring the plant to acquire water and nutrients. Gravity sensing occurs in specialized cells and depends 

on auxin distribution, regulated by influx/efflux carriers. Here we report that AtHB40, encoding a transcription 

factor of the homeodomain-leucine zipper I family, was expressed in the columella and the root tip. Athb40 

mutants exhibited longer primary roots. Enhanced primary root elongation was in agreement with a higher 

number of cells in the transition zone and the induction of CYCLINB transcript levels. Moreover, athb40 mutants 

and AtHB40 overexpressors displayed enhanced and delayed gravitropistic responses, respectively. These phe- 

notypes were associated with altered auxin distribution and deregulated expression of the auxin transporters 

LAX2, LAX3, and PIN2. Accordingly, lax2 and lax3 mutants also showed an altered gravitropistic response, and 

LAX3 was identified as a direct target of AtHB40. Furthermore, AtHB40 is induced by AtHB53 when the latter is 

upregulated by auxin. Altogether, these results indicate that AtHB40 modulates cell division and auxin distri- 

bution in the root tip thus altering primary root length and gravitropism. 
 

 

 

1. Introduction 

 

Root development depends on the surrounding soil composition, 

severely influenced by climate fluctuations, particularly by frequent 

drought periods. Salt concentration increases in soils after water deficit 

episodes, which causes losses of arable land worldwide (Wicke et al., 

2011). Roots adapt to the environmental conditions by changing their 

patterns of growth and development (i.e., primary root growth, lateral 

root initiation and emergence, gravitropism, halotropism). Gravitropism 

is a tropistic response based on the perception of directional cues that 

allows plants to direct growth: shoot upwards and root towards gravity 

(Vandenbrink and Kiss, 2019). Shoot growth is necessary for photo- 

synthesis, gas exchange, and reproduction, whereas root growth is 

needed to anchor the plant and acquire water and nutrients. When 

plants are reoriented relative to gravity, they respond by curving their 

stems and roots. Among a plethora of environmental cues, plant roots 

perceive gravity and direct development in a response called 

gravitropism which can be divided into three phases, perception, signal 

transmission, and growth (Swarup and Bennett, 2009). These phases are 

temporally and spatially separated and take place by characterizing 

specialized cells. Gravity is perceived in the columella cells, as demon- 

strated by several elegant ablation experiments, and gravitropism takes 

place in the elongation zone after signal transduction (reviewed by Sato 

et al., 2015; Vandenbrink and Kiss, 2019). Columella cells contain dense 

starch-filled amyloplasts able to change their localization in the cells and 

redirect auxin from the sensing site (the root cap statocyte) to the 

response location in the elongation zone (reviewed by Su et al., 2017; Su 

and Masson, 2019). Plant adaptation to the environment depends on this 

process. 

Regarding the role of auxin in root gravitropism, auxin efflux/influx 

carriers (i.e. PINFORMED and AUX/LAX, respectively) create a hormone 

gradient between the upper and lower regions of the root (Rakusova´ 

et al., 2015; Zhang et al., 2019). 

Transcription factors (TFs) are crucial players in gravitropism that 
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modulate the expression of genes encoding auxin transporters and 

proteins involved in amyloplast synthesis (Motte et al., 2019). Such 

regulation, as in other developmental events, occurs, directly or indi- 

rectly, through other biomolecules acting as intermediates (Gonzalez, 

2016). The homeodomain-leucine zipper TF family (HD-Zip), which 

comprises clades I–IV (Capella et al., 2016), includes several gene 

members expressed in specific root cell types, but their roles in root 

development and gravitropism are only partially known (Perotti et al., 

2021). Only a few Arabidopsis members were assigned functions in root 

development. The paralogs AtHB7 and 12 were associated with 

aluminum stress response (Liu et al., 2020). AtHB13 was assigned a role 

as a negative regulator of early root growth (Silva et al., 2016). Its 

paralog, AtHB23 directly regulated LAX3 and LBD16, leading to an 

increased number of initiated lateral roots in amiR23-silenced plants 

(Perotti et al., 2019, 2020). AtHB52 plays a role in the crosstalk between 

auxin and ethylene (Miao et al., 2018). Moreover, AtHB52 mutants and 

overexpressors showed distorted auxin distribution and gravitropism 

and directly regulate the expression of PIN2 involved in auxin transport 

(Miao et al., 2018). AtHB53 was also linked to auxin/cytokinin signaling 

pathways in roots (Son et al., 2005), and AtHB40 was proposed as a 

direct regulator of LAX3, based on a yeast one-hybrid approach (Porco 

et al., 2016). 

Arabidopsis AtHB21, AtHB40, and AtHB53 are paralog genes of the 

clade VI of HD-Zip I TFs (Arce et al., 2011). AtHB40, evaluated by 

non-quantitative RT-PCR, was detected in flowers and siliques and 

regulated by ABA and NaCl in seedlings, and AtHB53 was expressed in 

roots, induced by auxin and repressed by cytokinin (Henriksson et al., 

2005), but no functional characterization of these genes was carried out 

so far (Son et al., 2005). The role of AtHB21 remains largely unknown. 

Recently, it was reported that its homolog in tung tree (VtHB1) is 

strongly expressed in densely shaded seeds during the rapid oil accu- 

mulation period (Zhang et al., 2021). Regarding the aerial organs, it was 

reported recently that these three genes are induced by BRC1, and these 

TFs act redundantly as positive regulators of NCED3 together with BRC1, 

a master regulator of axillary bud growth and are required for axillary 

bud suppression in shade (Gonza´lez-Grandío et al., 2017). Also in aerial 

organs, AtHB40 was identified as a modulator of the JUNGBRUNNEN1 - 

GA 2-OXIDASE regulatory module for gibberellin homeostasis (Dong 

et al., 2022). 

In this work, we report the functional characterization of AtHB40 in 

roots. Using mutant and constitutive and inducible overexpressor lines, 

we show that this TF acts as a negative regulator of primary root growth 

and the gravitropistic response. ATHB40 is induced by auxin in the root 

tip and root vasculature. Moreover, it represses the CYCLINB1.1 gene in 

the transition zone of the root as well as genes encoding the auxin 

transporters LAX2, and LAX3 in the root tip and vasculature, and PIN2 in 

the lateral root cap. Among them, LAX3 seems to be a direct target of 

AtHB40, whereas the others require other unidentified intermediates. 

Notably, the modulation of gravitropism in plants with altered AtHB40 

levels occurs via auxin distribution in the root tip and does not affect 

amyloplasts formation. 

 
2. Materials and methods 

 

2.1. Plant material, growth conditions, transformation, and crosses 

 

Seeds of Arabidopsis thaliana (Col-0 ecotype), mutant, and over- 

expressor plants, were surface sterilized and placed at 1 cm from the top 

of square Petri dishes (12 × 12 cm) for 3 days at 4 ◦C before placing the 

dishes in the growth chamber at 22–24 ◦C under long-day (16/8 light/ 

dark cycles) with a light intensity of approximately 70 µmol m-2 s-1. The 

growing medium was Murashige-Skoog supplemented with vitamins 

(MS, PhytoTechnology Laboratories™. 

For roots surveys, photograph series were taken and analyzed with 

ImageJ and RootNav free software. 

Stable transformations of Arabidopsis plants were performed via a 

floral dip procedure as previously described (Clough and Bent, 1998). 

Agrobacterium tumefaciens strain, LBA4404, carrying the constructs 

described below, was used to transform. The selection was performed on 

the basis of their resistance to the appropriate selector chemical (Basta 

50 mg/l or kanamycin 50 mg/l). 

Transgene insertions were verified by PCR using genomic DNA as a 

template and specific oligonucleotides (Table S1). Three/four positive 

independent lines were further reproduced and homozygous T3 and T4 

plants were used to further tests. 

Transgenic plants transformed with AT40ind, HB40p:GUSt, HB53p: 

GUS, HB21p:GUS constructs were previously obtained and described 

(Gonza´lez-Grandío et al., 2017). 

Transgenic plants carrying AUX/LAX promoters fused to GUS, pre- 

viously described (prAUX1:GUS: Marchant et al. 1999, 2002; prLAX1: 

GUS: Bainbridge et al. 2008 and prLAX3:GUS: Swarup et al. 2008), were 

generously gifted by Dr. Swarup’ lab. DR5:GFP transgenic plants, as well 

as athb40 mutant lines (athb40-1, athb40-2, and athb40-3) were obtained 

from ABRC (Arabidopsis Biological Resource Center). 

 

2.2. Plant crosses 

 

Mutant plants athb40–1, athb40–2, and athb40–3 were fertilized with 

pollen from prCYCLINB:GUS, prAUX1:GUS, prLAX2:GUS, prLAX3:GUS, 

prPIN2:YFP and DR5:YFP genotypes, and then selected by the corre- 

sponding selector chemical, depending on the donor (kanamycin resis- 

tance for the constructs bearing the promoters of LAX2, LAX3, and AUX, 

and BASTA for the one bearing the PIN promoter). The same procedure 

was followed to obtain the crosses between athb40 and athb53 mutants 

with prAtHB53:GUS and prAtHB40:GUS plants. 

 

2.3. Genetic constructs 

 

prAtHB40:GUS: a 1995 bp DNA segment upstream of the + 1 of 

AtHB40 cDNA was amplified by PCR using the primers detailed in 

Supplementary Table S1 and genomic DNA from Arabidopsis thaliana. 

The PCR product was then cloned in the pENTR D-Topo and then 

recombined by the Gateway® system (Invitrogen) with the pK2GWFS7 

vector. 

35S:AtHB40: the AtHB40 cDNA was amplified by PCR using RNA 

extracted from flowers and the oligonucleotides listed in Supplementary 

Table S1. The amplicon was cloned in the pGEMT-easy vector and then 

restricted with SacI and KpnI and subcloned in the same sites of the 

pBI122 vector. 

 

2.4. GUS histochemistry 

 

In situ assays of GUS activity were performed essentially as described 

by Jefferson et al. (1987) with little modifications (Ribone et al., 2015). 

 
2.5. Fluorescence microscopy 

 

For confocal imaging, seedlings roots from different genotypes, 

including athb40 and AT40 mutants, were treated with 10 µg/ml pro- 

pidium iodide, rinsed with a drop of distilled water, and examined and 

imaged using a confocal inverted microscope (Confocal LEICA TCS SP8). 

The observations were done using a 20 × objective, a 514 nm excitation 

line laser for propidium iodide (18 % intensity) and YFP (50 % in- 

tensity), and appropriate emission at 498 nm, — 532 nm, 523 nm, and — 

594 nm bandpass filters, respectively. When the samples analyzed were 

the crosses with DR5:GFP and prPIN2:YFP the propidium iodide staining 

was omitted and the followed procedure was the same as described 

above. 

 

2.6. Gravitropism assays 

 

For root gravitropism assays, seeds were germinated on MS medium 
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plates and grown vertically for seven days under long-day conditions 

under a 16-h light/8-h dark cycle. Plates were then rotated 90◦. After 6 h 

of the gravitational stimulus, plates were photographed and images 

were used for the determination of root reorientation, employing the 

angle tool of ImageJ. The root tip angle of individual roots at time point 

zero was defined as 180◦ according to Muller et al. (2018). 

 

 

2.7. Amyloplasts staining and light microscopy observation 

 

To observe the amyloplasts in the columella cells of the root tips, 

15–20 Arabidopsis roots (5 day-old) were dipped in Lugol staining so- 

lution (Sigma-Aldrich) for 3–5 min, washed with distilled water, and 

then observed in an Eclipse E200 Microscope (Nikon, Tokyo, Japan, 

https://www.nikon.com/) equipped with a Nikon Coolpix L810 camera. 

 

 

2.8. RNA isolation and analysis 

 
Total RNA used in qRT-PCR was isolated from Arabidopsis roots 

using Trizol® reagent (Invitrogen) according to the manufacturer’s in- 

structions. One μg of RNA was reverse-transcribed using oligo(dT)18 

and M-MLV reverse transcriptase II (Promega). Quantitative real-time 

PCR (qPCR) was performed using a StepOnePlus Real-Time Systems 

(Applied Biosystems TM); Each reaction contained 10 μl final volume 

having 5 μl Taq TM SYBR® Green Supermix, 0,2 μl of each specific 

oligonucleotide (10 pmol/μl; Supplementary Table S1) and 1/20 of RT 

product. Fluorescence was measured at 72 ◦C during 40 cycles. Quan- 

tification of mRNA levels was achieved by normalization against ACTIN 

transcripts levels (ACTIN2 and ACTIN8) following the ΔΔCt method. All 

of the reactions were performed with at least three biological replicates 

and bars represent SEM. 

 

 
2.9. Chromatin immunoprecipitation followed by quantitative PCR 

(ChIP-qPCR) 

 

For ChIP-qPCR assays, 10-day-old seedlings bearing the construct 

LexA:minimal35S:HA:HB40 were harvested and nuclei prepared as 

described in Lucero et al. (2017). For the IPs, protein A Dynabeads 

(Thermo) and anti-HA ab9110 antibodies (Abcam) were used. In both 

ChIP-qPCR experiments, the anti-IgG ab6702 antibody (Abcam) was 

used as a negative control. Chromatin was sheared using the Picoruptor 

sonicator (Diagenode; 10 cycles 30” ON, 30” OFF). PCR with specific 

oligonucleotides (see Supplementary Table S1) was performed using the 

Sso Advanced Universal mix (BioRad) in a StepOne device (Applied 

Biosystems). 

 

 

2.10. Statistical analysis 

 

Error bars in the graphics showing the evaluation of primary root 

length, density of initiated and emerged secondary roots, and root tip 

angles represent SEM. Asterisks indicate significant differences doing a 

Student’s t-test between Col 0 and each transgenic line (*P < 0.05, ** P 

< 0.01, *** P < 0.001, **** P < 0.0001) or doing an ANOVA test be- 

tween Col 0 and each transgenic line (** P < 0.01, *** P < 0.001, **** P 

< 0.0001). The number of biological replicates for each assessment is 

indicated in the corresponding figures. 

 

 

2.11. Accession numbers 

 
AT4G36740 (AtHB40); AT5G66700 (AtHB53); AT2G18550 

(AtHB21); AT4G37490 (CYCLINB); AT2G38120 (AUX1); AT2G21050 

(LAX2); AT1G77690 (LAX3); AT5G57090 (PIN2). 

3. Results 

3.1. AtHB40 expression is localized at the primary and lateral root tips 

AtHB40 transcripts were detected in 12-day-old roots by non- 

quantitative RT-PCR (Henriksson et al., 2005), but no detailed expres- 

sion patterns were available so far. According to the information at the 

BAR and Root Atlas repositories (Brady et al., 2007; Dinneny et al., 

2008; Kilian et al., 2007; Zhang et al., 2019), the mRNA of this gene was 

detected in the lateral root cap, the phloem-pole-pericycle, the phloem 

companion cells, and the stem-cell niche. However, plants transformed 

with a 1000 bp genomic region upstream of the + 1 driving the 

expression of the GUS reporter gene did not show any expression in roots 

(Gonza´lez-Grandío et al., 2017), suggesting that some regulatory motifs 

were lacking. Therefore, we made a new construct with a 2 kb genomic 

segment upstream of the + 1 driving the expression of the GUS reporter 

gene. Several independent transgenic lines carrying this construct were 

obtained and analyzed by histochemistry (Fig. 1 and Supplementary 

Fig. S1). GUS activity was specifically localized in columella cells and, at 

lower levels, in the vascular system of the primary root and lateral roots 

(LR) and the tip of LR (Fig. 1). The expression was weak in 3-day-old 

seedlings and increased steadily until 15 days after sowing (Fig. 1 A). 

This observation indicated that the genomic region comprised between 

— 1000 and — 2000 was necessary for expression in roots. Besides, the 

expression was detected in axillary buds, shoot, the apical meristem, and 

in a generalized manner in young developing flowers in agreement with 

previous reports (Supplementary Fig. S2). In contrast, neither AtHB53 

nor AtHB21 was expressed in columella cells; AtHB53 showed specific 

expression in lateral roots (Supplementary Fig. S3; Gonzalez-Grandío 

et al., 2017), and AtHB21 activity was not detectable at all, suggesting 

that each member of this HD-Zip I clade has acquired specific functions 

in roots during evolution. 

 

3.2. AtHB40 is a repressor of primary root growth at the transition zone 

 

To investigate the role of AtHB40 in roots, three independent ho- 

mozygous mutant lines (named athb40-1, athb40-2, and athb40-3) were 

obtained (Fig. 2a). AtHB40 transcripts were not detectable in any of 

these alleles. Primary roots were significantly longer in 6-day-old mu- 

tants than in their wild-type counterparts (Fig. 2b). This difference was 

associated with an increase in cell number at the transition zone in two 

out of the three mutant lines, as observed by confocal microscopy after 

root staining with propidium iodide (Figs. 2c and 2d). In accordance, 

overexpressor plants exhibited the opposite phenotype. We obtained 

both estradiol-inducible (LEXA:AtHB40, thereafter AT40ind), and 

constitutive (35S:AtHB40, named AT40) AtHB40 overexpressors. The 

expression levels of AT40 (5–20 fold over the WT) and AT40ind (580 fold 

after 6 h induction) lines are shown in Supplementary Fig. S4a. AT40 

plants had shorter roots (Fig. 2g), whereas AT40ind lines showed the 

same phenotype after estradiol treatment (Fig. 2e). Moreover, AT40ind 

plants exhibited a curved root shape which suggested alterations in 

gravity sensing (Fig. 2f), while AT40 lines exhibiting very high expres- 

sion levels lead to aberrant or lethal phenotypes (Supplementary 

Fig. S4b). These results indicate that AtHB40 may be a repressor of the 

primary root elongation and is also involved in gravitropism. 

In contrast, AtHB40 does not seem to play a key role in LR devel- 

opment, at least in normal conditions; mutant and WT genotypes 

showed a similar number of total lateral roots, although the mutant 

genotype exhibited slightly fewer initiated roots (Supplementary 

Fig. S5). 

 

3.3. AtHB40 modulates the expression of CYCLINB1.1 

 

Aiming at understanding the molecular mechanism underlying 

AtHB40 function in root elongation, athb40 mutants, AT40, and 

AT40ind plants were crossed with plants transformed with the promoter 

http://www.nikon.com/)
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Fig. 1. AtHB40 is expressed in the tip of the main and lateral roots. Illustrative pictures showing GUS expression driven by AtHB40 promoter (prAtHB40:GUS 

plants) in the main (a) and in lateral roots of 7-day-old seedlings (b). (a) Kinetics of AtHB40 expression in the primary root during growing in Petri dishes in normal 

conditions, starting at 3 days until day 15. (b) Different developmental stages of lateral root development. The assays were repeated at least three times with N: 15. 

Black bars represent 40 µm. 

 

of CYCLINB1.1 driving the expression of the β-glucuronidase (GUS) re- 

porter gene (prCYCLINB1.1:GUS). Crossed lines were analyzed by his- 

tochemistry. Those of athb40, AT40, and AT40ind combined with 

prCYCLINB1.1:GUS exhibited a clear increase and decrease of GUS 

staining, respectively (Fig. 3a). This result suggested that in 7-day old 

seedlings, AtHB40 represses CYCLINB1.1 expression, and this is prob- 

ably the reason for the primary root length differential phenotype 

observed in the mutant and overexpressor plants. Next, transcript levels 

of CYCLINB1.1 were evaluated in whole roots of overexpressor plants 

(AT40 and AT40ind) and athb40 by qPCR. CYCLINB1.1 was down- 

regulated in AT40 and AT40ind, whereas no significant differences were 

observed in the mutants (Fig. 3b). The lack of significant differences in 

transcript levels in athb40 could be due to the dilution of the signal when 

sampling the whole root. 

 

3.4. AtHB40 plays a key role in root gravitropism 

 

To investigate whether AtHB40 plays a role in root gravitropism, we 

tested 7-day-old athb40 mutant and AT40 overexpressor plants grown in 

vertical plates. Such plates were turned 90◦ clockwise and after 6 h, 

angles formed by the root tip were measured (Fig. 4a–c). It is important 

to note that smaller angles indicate faster responses, whereas the 

opposite occurs when larger angles are measured (Muller et al., 2018). 

All the mutant lines showed a significantly smaller angle than controls 

(Fig. 4b), indicating an enhanced response to gravitropism. In contrast, 

AT40 plants exhibited larger angles (Fig. 4c), suggesting that AtHB40 is 

a negative regulator of the gravitropic response. 

One of the events usually concomitant with alterations in gravi- 

tropism is amyloplast damage (Nakayama et al., 2012). Thus, amylo- 

plasts of mutant, AT40, and control plants were observed after staining 

with Lugol solution but no significant differences were observed be- 

tween mutants and controls (Fig. 4d), indicating that the altered grav- 

itropistic response occurs through a different pathway. 

 

3.5. AtHB40 disturbs auxin distribution in the root tip 

 

To understand the altered gravitropic response of athb40 and AT40 

plants and considering the link between gravitropism and auxin, we 

studied whether AtHB40 could affect the expression of auxin influx 

carriers. For this, athb40 plants were crossed with prAUX1:GUS, prLAX1: 

GUS, prLAX2:GUS, prLAX3:GUS, and PIN2:YFP reporter lines. Seven- 

day-old athb40 x prLAX3:GUS seedlings exhibited a stronger GUS 

staining in the columella cells than prLAX3:GUS seedlings (Fig. 5a). 

Moreover, transcript levels of GUS were quantified in these crossed 

plants showing the same result; in other words, upregulation of the 

target in the mutant compared with prLAX3:GUS plants (Supplementary 

Fig. S6). Likewise, athb40 × prLAX2:GUS crossed seedlings showed 

stronger GUS activity than prLAX2:GUS plants, both in the tip and the 

vasculature (Fig. 5b) and athb40 × PIN2:YFP plants displayed enhanced 

fluorescence as compared to PIN2:YFP seedlings (Fig. 5c). This indicated 

that AtHB40 repressed the expression of these auxin carriers somewhere 

in the signal transduction pathway/s modulated by this TF. In contrast, 
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Fig. 2. AtHB40 is a repressor of root elongation. Schematic representation of three athb40 insertional mutants (athb40-1, athb40-2, athb40-3); filled boxes are 

exons and lines, introns, whereas, arrowheads indicate the locations of the T-DNA insertions for each mutant. (b) Primary root length of 6-day-old Col 0 (WT), 

athb40-1, athb40-2, and athb40-3 plants. (c) Illustrative picture of Col 0 (WT), athb40-1, athb40-2, and athb40-3 plants taken with the confocal microscope after 

staining with propidium iodide. Arrows indicate the beginning and the end of the transition zone (TZ). The white bar represents 100 µm. (d) The number of cells in 

the TZ. (e) Primary root length of 8-day-old Col 0 (WT), and AT40ind plants in standard growth conditions (left), or after elicitation with estradiol (right). (f) 

Illustrative pictures of the same plants as in (e). (g) Primary root length of 8-day-old Col 0 (WT), and constitutive AT40 plants (two independent lines AT40-1 and 

AT40-2), and (h) illustrative pictures of same the plants as in (g). White bars represent 5 mm. 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 < 0.05, ** P < 0.01, *** 

P < 0.001, **** P < 0.0001). 
 

prAUX1:GUS and prLAX1:GUS did not respond to changes in ATHB40 

levels (Supplementary Fig. S7). 

Furthermore, transcript levels of LAX2, LAX3, and PIN2 were 

measured in athb40 plants, where a significant induction of LAX2 and 

PIN2 was detected relative to WT (Figs. 5e and 5f). On the other hand, 

LAX3 transcript levels did not show differences between mutants and 

controls (Fig. 5g), probably because the induction is visualized only in a 

few columella cells, whereas the expression is detected in the whole 

vascular root system (Fig. 5a) provoking the signal dilution. Regarding 

PIN2 modulation by AtHB40, and that PIN3, PIN4, and PIN7 also play a 

role in gravitropism, expression levels of the encoding genes were also 

quantified. None of them showed up or down-regulation in such mutants 

(Supplementary Fig. S8). However, it cannot be ruled out that, since the 

expression of AtHB40 is localized in a few columella cells, the extraction 

of total RNA from whole roots masked induction/repression signals. In 

agreement with this possibility, a transcriptome analysis carried out 

comparing 7-day-old athb40 and WT roots revealed only 68 differen- 

tially expressed genes (Supplementary Table S1). Among them, a few 

related to abiotic and biotic stresses and several encoding TFs were 

modulated. However, we were not able to detect an enriched network or 

signal transduction pathway. Moreover, none of the auxin carriers 

analyzed here was in this shortlist (Supplementary Table S2). 

These results led us to further investigate auxin distribution/ 

response in the athb40 and AT40 root tips by crossing these plants with 

those carrying the auxin response reporter DR5:GFP. Although athb40 

mutants did not show alterations in DR5:GFP, AT40, displayed a 

significantly diminished GFP signal, suggesting that ATHB40 represses 

auxin transport to the root tip (Fig. 5d). 
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Fig. 3. CYCLINB expression is modulated by AtHB40. 

Illustrative pictures of 7-day-old prCYCLINB:GUS, 

AT40ind× prCYCLINB:GUS, AT40-1 × prCYCLINB:GUS, and 

athb40 × prCYCLINB:GUS (athb40-2 and athb40-3) roots 

after histochemical staining. The black bar represents 

40 µm, Transcript levels of CYCLINB in 7-day-old AT40 

overexpressor lines (AT40ind, AT40-1, -2, and -3) and 

athb40 mutants, compared with the control Col 0, grown in 

standard conditions. All the values were normalized with 

the one obtained in Col 0, and represent biological tripli- 

cates. Error bars represent SEM. Asterisks indicate signifi- 

cant differences doing an ANOVA test between Col 0 and 

each transgenic line (** P < 0.01, *** P < 0.001, **** 

P < 0.0001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Altogether, these results suggested that AtHB40 modulates auxin 

distribution through the regulation of its transporters, which in turn 

affects the gravitropistic response. 

 

3.6. AtHB40 alters the gravitropic response through the auxin carriers 

LAX2, LAX3, and PIN2 

 
We investigated whether the regulated genes were direct targets of 

AtHB40. The promoters of CYCLINB1.1, LAX2, LAX3, and PIN2 were 

analyzed for the presence of target sequences of HD-Zip I TFs (Palena 

et al., 1999; Johannesson et al., 2001). Among them, only LAX3 pre- 

sented one perfect binding motif, the pseudopalindrome CAAT(A/T) 

ATTG. In addition, both LAX3 and CYCLINB1.1 exhibited an imperfect 

pseudopalindrome binding motif (8 out of 9 bases match with the target, 

Fig. 6a, and Supplementary Fig. S9) in their promoters. LAX2 and PIN2 

did not have putative binding sites in their regulatory regions, sug- 

gesting that these genes are not direct targets of AtHB40 and other in- 

termediate proteins are necessary for the observed regulation. 

To further test whether AtHB40 directly binds CYCLINB1.1 and LAX3 

promoters, we conducted chromatin immunoprecipitation assays fol- 

lowed by qPCR (ChIP-qPCR) using 10-day-old AT40ind seedlings, in 

which AtHB40 has a HA tag. Then, we assessed the direct binding of 

AtHB40 to the promoters of LAX3 and CYCLINB1.1. AtHB40 bound the 

LAX3 promoter whereas it did not bind the CYCLINB1.1 promoter 

(Fig. 6a and Supplementary Fig. S9). We analyzed in more detail the 

promoter region of LAX3 and found that AtHB40 specifically bound both 

the perfect and imperfect putative binding motifs (— 135 bp, P3, and 

— 530 bp P2). Other regions (P1 and P4) were not bound by AtHB40 

(Fig. 6b). Altogether these results indicated that AtHB40 can directly 

regulate LAX3 but not CYCLINB1.1. The regulation of the latter might 

occur by a pathway involving downstream TFs. 

In agreement with these results, DAP-Seq analyses (carried out with 

in vitro-obtained TFs and free-chromatin genomic DNA) indicated that 

AtHB40 can bind the LAX3 promoter but not the CYCLINB1.1 promoter 

(Bartlett et al., 2017). 

If the enhanced gravitropistic response of athb40 mutants was due to 

increased levels/activity of LAX2 and LAX3, the model predicts that lax2 

and lax3 mutants would have a reduced gravitropistic response. Indeed, 

root gravitropism was evaluated in lax2 and lax3 mutants and we 

confirmed that both lax2 and lax3 mutants exhibited a slight but sig- 

nificant delay in the gravitropistic response (Fig. 6c). These observations 

strongly suggest that the altered root gravitropism displayed by the 

AtHB40 mutant and overexpressor lines occurs, at least in part, via the 

regulation of these auxin carriers. 

 

3.7. AtHB40 expression and subsequent role in the root tip could be 

modulated by its paralog AtHB53 

 
To investigate further the altered gravitropistic response of athb40 

and AT40 plants, we studied whether AtHB40 responded to auxin. For 

this, 7-day-old prAtHB40:GUS seedlings were treated with IAA (1 µM). 

We observed that GUS was induced relative to untreated plants, mostly 
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Fig. 4. AtHB40 is a negative regulator of gravitropism. Illustrative pictures of WT, athb40 (lines athb40-1, athb40-2, and athb40-3), and AT40 (lines AT40-2 and 

AT40-3) seedlings, showing altered gravitropism. Inset on the right: amplification of the root tip. Black bars represent 100 µm. Bottom: schematic representation of 

the measured angles. (b) The angle was measured in WT, athb40-1, athb40-2, and athb40-3 genotypes, 6 h after turning the plate 90◦. (c) The angle measured in 

AT40-2, and AT40-3 overexpressor lines compared with that of control Col 0. (d) Illustrative pictures of root tips (5-day-old) stained with Lugol of Col 0, athb40-3 

mutant seedlings (left), and AT40 (right) grown in normal conditions. The bar represents 30 µm. Error bars represent SEM. Asterisks indicate significant differences 

doing a Student’s t-test between Col 0 and each mutant line (*P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). 

 

in the root tip but also in the vascular tissue (Fig. 7a). 

Next, we studied the putative relationship of AtHB40 with AtHB53, 

one of its close paralogs in the root. For this purpose, we generated 

athb40 × prAtHB53:GUS and athb53 × prAtHB40:GUS lines and analyzed 

their GUS expression in roots (Fig. 7b). Interestingly, athb53 × 
prAtHB40:GUS exhibited reduced staining in the root tip as compared 

with prAtHB40:GUS plants, suggesting that AtHB53 is a positive regu- 

lator of AtHB40. In contrast, AtHB40 did not seem to affect AtHBB53 

expression in roots. Moreover, AtHB53 was induced by IAA in the root 

vascular system and columella (Fig. 7c), which raised the possibility that 

the AtHB40 induction by auxin was mediated by AtHB53. To test this 

hypothesis, prAtHB40:GUS × athb53 seedlings were treated with IAA 

and analyzed by histochemistry (Supplementary Fig. S10). We observed 

that in athb53 mutants, AtHB40 was still expressed in the columella cells 

but not in the root vasculature. This suggests that the auxin-induced 

expression of AtHB40 in the vascular tissue is dependent on AtHB53. 

In contrast, AtHB40 did not seem to affect AtHB53 expression in the tip 

of the primary root because neither athb40 × prAtHB53:GUS nor 

prAtHB53:GUS lines displayed GUS staining. 

Altogether, these results indicated that AtHB53 modulates the 

expression of AtHB40 both in the vascular system and the root tip, but 

not vice versa. Both paralogs are regulated by auxin, albeit their action 

on the targets was not IAA-dependent (Fig. 7d). 

 

4. Discussion 

 

Root gravitropism has been well explained at the beginning of the 

20th century by the starch-statolith model stating the sedimentation of 
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Fig. 5. AtHB40 modulates auxin distribution in the root tip through the regulation of auxin transporter genes. Illustrative pictures of 7-day old prLAX3:GUS 

and athb40 × prLAX3:GUS (athb40-1, athb40-2, and athb40-3) roots after histochemical staining. (b) Illustrative pictures of 7-day-old prLAX2:GUS and athb40 × 

prLAX2:GUS (athb40-1 and athb40-3) roots after histochemical staining. Black bars represent 40 µm. (c) Illustrative pictures of 7-day-old prPIN2:YFP, and athb40-1 × 

prPIN2:YFP , visualized by confocal microscopy. The white bar represents 100 µm. (d) Illustrative pictures of 7-day-old DR5:GFP, athb40-1 × DR5:GFP, athb40-2 × 

DR5:GFP, athb40-3 × DR5:GFP, AT40-1× DR5:GFP, and AT40-2× DR5:GFP roots visualized by confocal microscopy. The black bar represents 100 µm. (e) Transcript 

levels of LAX2 in 7-day-old athb40 mutant (lines athb40-1, athb40-2, and athb40-3) roots compared with the control Col 0 (WT), grown in standard conditions. (f) 

Transcript levels of PIN2 in 7-day-old athb40 mutant (lines athb40-1, athb40-2, and athb40-3) roots compared with the control Col 0 (WT), grown in standard 

conditions. (g) Transcript levels of LAX3 in 7-day-old athb40 mutant (lines athb40-1, athb40-2, and athb40-3) roots compared with the control Col 0 (WT), grown in 

standard conditions. All the values were normalized with the one obtained in Col 0, and represent biological triplicates. Error bars represent SEM. Asterisks indicate 

significant differences doing an ANOVA test between Col 0 and each transgenic line (** P < 0.01, *** P < 0.001, **** P < 0.0001). 

 

the dense starch-filled amyloplasts (reviewed by Sato et al., 2015). 

However, there are alternative hypotheses and models, based on 

changes in the pressure exerted by the cytoplasm on the plasma mem- 

brane in response to gravity (Wayne and Staves, 1996), which explain 

the weak differences in gravitropistic response shown starchless mutants 

(Kiss and Sack, 1989; Kiss et al., 1996; MacCleery and Kiss, 1999; Fit- 

zelle and Kiss, 2001). Several authors proposed that multiple perception 

mechanisms might act concomitantly, even outside columella cells 

(Baldwin et al., 2013). 

In this work, we investigated the role of an HD-Zip I TF, AtHB40, in 
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Fig. 6. AtHB40 alters root gravitropism by the regulation of the auxin 

carriers LAX2 and LAX3; the latter as a direct target. (a) Schematic repre- 

sentation of LAX3 gene indicating where the designed oligonucleotides match 

for each one (P1, P2, P3, and P4). PP2A was used as a negative control, 

determining the background level. (b) Chromatin Immunoprecipitation assay 

(ChIP-PCR) using nuclei obtained from LexA:minimal35S:HA:HB40 10-day-old 

seedlings. Values are expressed as the ratio between HA IP and IgG IP used 

as a negative control. Bars represent SE. (c) The angle was measured in lax3 and 

lax2 mutants after the gravitropism assay. Error bars represent SEM. Asterisks 

indicate significant differences doing a Student’s t-test between Col 0 and each 

transgenic line (* P < 0.05). 

 

root development. Expression analyses indicated that it is specifically 

expressed in columella cells of the primary root. Phenotypic analyses of 

AtHB40 loss/gain of function suggest that this gene affects root elon- 

gation: athb40 mutants and overexpressors displayed longer and shorter 

roots, respectively (Figs. 1, 2). This characteristic is associated with an 

increment of the cell number in the transition zone (Fig. 2). Besides the 

altered root length observed in the mutants, the phenotypic evaluation 

revealed that the AtHB40 inducible-overexpressors exhibit abnormal 

response to gravity resulting in a zigzag growth pattern of the root. 

Furthermore, classic gravitropism assays indicated that AtHB40 is a 

negative modulator of this response (Fig. 4) because mutants exhibited 

an enhanced reaction, whereas overexpressors did the opposite. 

Intriguingly, amyloplasts from athb40 mutant root tips did not present 

changes in their morphology or density (Supplementary Fig. S5). 

However, auxin distribution was significantly altered in athb40 mutants, 

as indicated by crosses between them and DR5:GFP, prLAX2:GUS, 

prLAX3:GUS, and prPIN2:YFP plants (Fig. 5). 

It has been proposed that the phytohormone auxin acts as the 

mediating signal between the gravity perception site in the columella 

where the sedimenting amyloplasts are, and the root elongation zone, 

where the cell response is finally triggered. Gravitropic stimulated roots 

from plants transformed with auxin reporters showed differential 

accumulation of this hormone between the lower and upper side 

(Ottenschla¨ger et al., 2003; Swarup and Bennett, 2009; Band et al., 

2012; Rakusova´ et al., 2015; Vandenbrink and Kiss, 2019). The direc- 

tional movement of auxin is mediated by auxin carriers, which compose 

a small family (Bennett et al., 1996). Among them, AUX1 is expressed in 

the columella and plays an important role in gravitropism; mutants in 

this gene cannot respond to gravitropic signals. In this work, we showed 

that AUX1 expression does not depend on AtHB40 (Supplementary 

Fig. S7), hinting at alternative pathways controlled by this TF impacting 

root gravitropism. 

Other key actors in root gravitropism are the efflux carriers PIN 

(PINFORMED), which are asymmetrically localized in the root apex. 

Auxin asymmetry is initiated by PIN3 and PIN7, whereas AUX1 and 

PIN2-dependent transport is shootward to the epidermal cells in the 

elongation zone, through the lateral root cap. PIN2 was found in the 

lateral root cap, and epidermal and cortical cells, and its asymmetric 

localization provides directionality to auxin movement (Luschnig et al., 

1998; Müller et al., 1998; Friml et al., 2002a, 2002b; Rakusova´ et al., 

2015). Notably, auxin concentration is enhanced and directed shoot- 

ward in athb40 mutants, and in contrast to AUX1, the expression of three 

auxin carriers (LAX2, LAX3, and PIN2) significantly increased. At the 

same time, athb40 mutants exhibited an enhanced gravitropic response, 

indicating that somehow AtHB40 inhibits such response by, directly or 

indirectly, repressing the transcription of LAX2, LAX3, and PIN2. It was 

reported that in adventitious and lateral root formation, the transcrip- 

tional module ARF7/ARF19-LBD16/LBD18 plays an important role via 

the AUX1/LAX3 carriers, albeit indirect (Lee et al., 2015, 2019). 

Although neither LAX2 nor PIN2 exhibit the cis-regulatory element 

recognized by HD-Zip I TFs (Palena et al., 1999), their transcript levels 

in athb40 mutants, as well as GUS/YFP reporters’ expression in the 

crosses athb40 × prPIN2:YFP and athb40 × prLAX2:GUS, were altered, 

indicating that these genes are indirect targets of AtHB40. On the other 

hand, LAX3 was previously reported as a direct target of AtHB40, sup- 

ported by a Y1H experiment (Porco et al., 2016), and by DAP-Seq 

analysis (Bartlett et al., 2017). Here, we corroborated the relationship 

by GUS histochemistry in athb40 × prLAX3:GUS crossed plants and the 

direct binding by a ChIP assay (Fig. 6). It was suggested that auxin 

carriers’ genes are fine-tuned by an endogenous auxin homeostasis 

mechanism involving several TFs and other biomolecules (Mellor et al., 

2015). 

An auxin reflux loop is created by a different localization of PIN2. In 

the distal elongation zone, this carrier was found on the shootward face, 

whereas in cortical cells on the rootward, both in epidermal cells (Blilou 

et al., 2005). Auxin distribution is modulated by many factors 

composing a complex scenario, including the small secretory peptide 

GOLVEN, the trafficking modulator TENin1, the phytohormone 

gibberellin, Ca2+, pH, ROS, nitric oxide, and post-translational modifi- 

cations, such as (de)phosphorylation (reviewed by Sato et al., 2015). 

Most of them conduct to PIN2 distribution, pointing to this carrier as the 

main actor in root gravitropism; however, pin2 mutants did not show a 

severe agravitropic phenotype (Blakeslee et al., 2007), indicating that 

other biomolecules are necessary for this crucial developmental 

response. 

Auxin asymmetry persists up to the point when the root tip angle 

reaches 40◦, which takes approximately 100 min, and then symmetry is 

restored, and amyloplasts move to the “new bottom” of the cell (Band 

et al., 2012). Notably, no significant differences between mutant and 

wild-type plants were observed regarding the morphology and the po- 

sition of statoliths likely because amyloplasts are not altered by AtHB40, 

at least in the usually analyzed periods. 

Because AtHB40 is one of the three members of the clade VI of HD- 

Zip I TFs (Arce et al., 2011), which exhibit redundant functions in 

branching (Gonz´alez-Grandío et al., 2017), we wondered whether they 

had also redundant functions in roots. The Bar database (Brady et al., 

2007; Dinneny et al., 2008; Kilian et al., 2007) indicates that AtHB53 
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Fig. 7. AtHB53 modulates AtHB40 expression in the root tip, impacting root growth and the gravitropic response. (a) GUS expression in prAtHB40:GUS roots 

treated (right) or not (left) with 1 µM IAA. (b) Illustrative pictures of GUS staining in the 7-day-old crosses athb53 × prAtHB40:GUS and (c) athb40 × prAtHB53:GUS; 

prAtHB53:GUS before and after induction by IAA. Black bars represent 40 µm. (d) Proposed model for the modulation of the gravitropistic response and primary root 

elongation exerted by AtHB40. Arrows between actors indicate direct regulation. Color codes: lavender indicates AtHB40 expression; green signals PIN2; magenta 

shows the overlapped expression of LAX2 and LAX3 and in blue, CYC expression. 

 

was specifically expressed in the procambium and lateral root primor- 

dium, whereas AtHB21 was detected in the xylem pole pericycle, phloem 

companion, and protophloem, but not in the columella (Perotti et al., 

2021a). However, plants transformed with the promoter regions of these 

paralog genes driving the reporter GUS did not show any staining in the 

root tip (Supplementary Fig. S3), in agreement with the Root Atlas data 

(Zhang et al., 2019). Another member from this family, AtHB23, was 

reported as playing a role in root gravitropism. However, AtHB23 action 

courses via a different mechanism that alters starch turnover and 

amyloplast formation (Perotti et al., 2022). On the other hand, AtHB52 

belonging to clade V (Arce et al., 2011) was involved in 

ethylene-mediated inhibition of primary root elongation, acting down- 

stream EIN3. Mutants in this gene were insensitive to ethylene whereas 

overexpressors presented shorter roots. Moreover, AtHB52 regulates the 

expression of the auxin transport-related genes PIN2, WAVY ROOT 

GROWTH1 (WAG1), and WAG2 but only the latter in a direct way, 

suggesting the involvement in crosstalk between auxin and ethylene 

responses and the need of other intermediate proteins (Miao et al., 

2018). The observations done in this work suggest an interplay between 

AtHB53 and AtHB40 to modulate auxin distribution related to gravi- 

tropism (Fig. 7). Further studies will be necessary to elucidate all the 

relationships established between these genes and the phytohormones. 

Summarizing, our data suggest that AtHB40 acts as a repressor in at 

least two events related to gravitropism (Fig. 7b). Root bending requires 

cell elongation and division, and AtHB40 emerged as a repressor of 

CYCLINB (Fig. 3). Interestingly, athb40 mutants exhibited more cells in 

the transition zone, hinting at a link between AtHB40-mediated 

repression of cell division and the enhanced gravitropistic response 

shown by these mutants. This hypothesis is further supported by the 

opposite phenotype exhibited by AtHB40 overexpressors. 

 

5. Conclusions 

 

The knowledge of gene transcriptional regulation during gravi- 

tropistic sensing and response is very limited so far. Here, we contrib- 

uted an additional piece to the complex existing scenario. The 

experimental evidence shown in this work indicates that the HD-Zip I 

AtHB40 is a repressor of gravitropism by the modulation of auxin dis- 

tribution through the direct or indirect transcriptional inhibition of the 

auxin carriers LAX2, LAX3, and PIN2 (Fig. 7b). Furthermore, AtHB40 

expression is modulated by auxin-induced AtHB53, which in normal 

conditions is not expressed in the tip of the primary roots. 
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