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Abstract

Roots are the anchorage organs of plants, responsible for water and nutrient uptake, exhibiting high plasticity. Root 
architecture is driven by the interactions of biomolecules, including transcription factors and hormones that are cru-
cial players regulating root plasticity. Multiple transcription factor families are involved in root development; some, 
such as ARFs and LBDs, have been well characterized, whereas others remain less well investigated. In this re-
view, we synthesize the current knowledge about the involvement of the large family of homeodomain-leucine zipper 
(HD-Zip) transcription factors in root development. This family is divided into four subfamilies (I–IV), mainly according 
to structural features, such as additional motifs aside from HD-Zip, as well as their size, gene structure, and expres-
sion patterns. We explored and analyzed public databases and the scientific literature regarding HD-Zip transcription 
factors in Arabidopsis and other species. Most members of the four HD-Zip subfamilies are expressed in specific cell 
types and several individuals from each group have assigned functions in root development. Notably, a high propor-
tion of the studied proteins are part of intricate regulation pathways involved in primary and lateral root growth and 
development.
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Introduction

The roots are the organs of anchorage, water, and 
nutrient uptake

Plants, being sessile organisms, have a plastic development that 
allows them to change their morphology and adapt to their 
environment. As anchorage organs, the roots alter their de-
velopment, extending through the soil to optimize water and 
nutrient uptake (de Dorlodot et al., 2007). However, genetic 

factors are also important determinants of root growth, as 
clearly evidenced by the different main root-system morph-
ologies present in monocots, which have many adventitious 
postembryonic roots derived from the shoot in parallel to the 
primary root, and in dicots, in which there is a dominant pri-
mary root from which lateral roots develop (Osmont et  al., 
2007; Atkinson et al., 2014).

After seed germination, the stem-cell niche cells start to 
divide and differentiate, resulting in the root meristem, which 
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contains three different zones: the meristematic, elongation, 
and differentiation zones. In addition, a transition zone lies be-
tween the meristematic and elongation zones, which is modu-
lated by the phytohormones auxin and cytokinin (Salvi et al., 
2020). The root apical meristem, which is established during 
embryogenesis, contains stem cells surrounding the quies-
cent center (QC), a group of cells forming a hemisphere with 
the flat face toward the root tip, where cell division proceeds 
very slowly or not at all after embryogenesis (Clowes et  al., 
1958; Taiz and Zeiger, 2006). Stem cells on the rootward side 
of the QC produce the columella root cap, while lateral and 
shootward stem cells generate the vascular, endodermal, cor-
tical, epidermal, and lateral root cap cells (reviewed by Petricka 
et al., 2012).

The pathways underlying root plasticity arise from the 
interaction of many biomolecules, among which transcription 
factors (TFs) and hormones are key actors. In the complex 
molecular events that determine root architecture and regulate 
plasticity in response to environmental factors, TFs from dif-
ferent families have specific functions, playing critical roles in 
development and/or adaptation (Gonzalez, 2016; Hong, 2016; 
Li et al., 2020b; Renau-Morata et al., 2020).

Among the TFs, members of the ARF and LBD families 
play a central role in lateral root development as well as in 
phytohormone crosstalk (Friml et  al., 2003; Lee et  al., 2009; 
Lavenus et al., 2013; Banda et al., 2019; Xu et al., 2020). These 
TFs are clearly critically important but they do not act alone 
in root development and adaptation.

The discovery of the HD-Zip family, unique to plants

Homeodomains (HDs) were first discovered in animals 
(Gehring, 1987) and a few years later, the first plant TF pos-
sessing an HD was discovered in maize. The ectopic expression 
of this TF, encoded by the Knotted1 gene, produced knotting in 
leaves (Vollbrecht et al., 1991). Almost simultaneously, the exist-
ence of a new class of TFs unique to plants, the homeodomain-
leucine zipper (HD-Zip) proteins, was discovered (Ruberti 
et  al., 1991). In these TFs, the HD is the DNA-binding do-
main, whereas leucine zippers (Zip or LZ) are dimerization 
motifs characterized by the presence of a leucine (or isoleu-
cine) residue every seven amino acids.

Compared with organisms from other kingdoms, plants ex-
hibit great plasticity to adapt to environmental conditions; this 
ability is governed, at least in part, by transcriptional programs 
in which TFs are key players. Therefore, as HD-Zip TFs are 
exclusive to the plant kingdom, they were postulated to be 
associated with environmental responses (Ruberti et al., 1991; 
Schena and Davis, 1992).

Since their discovery, knowledge about the HD-Zip TFs 
has increased substantially, and these proteins have been con-
nected with numerous developmental events beyond those re-
lated to environmental and stress conditions such as drought, 
salinity, flooding, and UV radiation (Mukherjee et  al., 2009; 

Harris et al., 2011; Turchi et al., 2015; Perotti et al., 2017; Sessa 
et al., 2018; Kovalchuk et al., 2019; He et al., 2020). Despite the 
availability of these reports about the involvement of HD-Zip 
members in plant stress responses, many members of the family 
are still poorly characterized, if at all, and others have been 
only partially studied. In particular, knowledge about their 
non-stress-related functions in plant development, and espe-
cially their role in root growth and branching, is limited. This 
limitation is particularly prominent for species not considered 
model plants.

HD-Zip subfamilies I–IV: structure and assigned 
functions in the plant kingdom

Many proteins with an HD-Zip domain have been identi-
fied and they have been classified into four subfamilies, I–IV 
(Schena and Davis, 1992; revised by Capella et al., 2016). The 
proteins in the different subfamilies differ significantly in their 
structure, patterns of expression, environmental responses, and 
functions. Within some subfamilies, there are further classifica-
tions (described below) according to the presence of additional 
motifs, which likely led to neofunctionalization (Henriksson 
et  al., 2005; Arce et  al., 2011). Moreover, as with other gene 
families, the HD-Zip TFs exhibit several pairs of paralogous 
genes that have arisen from a common ancestral gene by du-
plication events. According to whether these events are recent 
or older, there is a higher or lower likelihood that the paralogs 
retain common functions.

In this review, we synthesize current knowledge about 
TFs belonging to the HD-Zip family that participate in root 
development.

HD-Zip TFs in Arabidopsis

HD-Zip TFs are modular proteins that possess a combination 
of domains and motifs, but all have in common the adjacent 
HD and a LZ domain that define them. Among other domains 
and motifs found in HD-Zip TFs are the CPSCE motif (named 
based on the one-letter codes for the five conserved amino acids 
cysteine, proline, serine, cysteine, and glutamic acid; Tron et al., 
2002), the AHA motif (aromatic and large hydrophobic res-
idues embedded in an acidic context), the ZIBEL motif (which 
contains an LxLxL motif), the START domain (steroidogenic 
acute regulatory protein-related lipid transfer), the SAD domain 
(START-adjacent domain), and the MEKHLA domain (named 
based on the one-letter codes for the highly conserved amino 
acids methionine, glutamic acid, lysine, histidine, leucine, and ala-
nine). These motifs are located upstream or downstream of the 
HD-Zip domain and some are subfamily-specific (Mukherjee 
and Burglin, 2006; Ariel et al., 2007).

Members of subfamily I are relatively small proteins (~30–
35 kDa) with the HD-Zip roughly in the middle of the mol-
ecule, flanked by an amino- and a carboxy-terminus containing 
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several conserved motifs. In Arabidopsis, this subfamily has 17 
members, as shown in Fig. 1. Based on a phylogenetic analysis, 
they were classified into α, β, γ, δ, ε, and θ groups (Henriksson 
et al., 2005), which was supported by their exon–intron struc-
ture. A  later multispecies phylogenetic analysis, which also 
considered conserved motifs (e.g. the AHA motif and those 
without known function) present in the carboxy-terminus 
and shared between members of a group, divided the proteins 
into six clades, I–VI (Arce et al., 2011; revised by Capella et al., 
2016). 

Subfamily II includes 10 members (Ciarbelli et  al., 2008) 
that, in addition to the HD-Zip domain, have two more motifs: 
the CPSCE motif, which is adjacent to and downstream of the 
LZ, and an N-terminus consensus sequence, the ZIBEL motif 
(Fig. 1). Subfamily III is the smallest, with only five members 
in Arabidopsis (Fig. 1). The binding domain of these proteins 
has four extra amino acids between the HD and the LZ. In 
addition, they contain the START, SAD, and MEKHLA do-
mains (Mukherjee et  al., 2006). Subfamily IV comprises 16 
members in Arabidopsis; the most distinguishable features of 
these proteins are the presence of a loop in the middle of the 
LZ domain and the lack of a MEKHLA domain compared 
with the subfamily III members (Nakamura et al., 2006; Fig. 1). 
Details of the structural features of the four subfamilies, as well 
as phylogenetic trees, have already been reviewed by several au-
thors (Floyd et al., 2006; Ariel et al., 2007; Ciarbelli et al., 2008; 
Mukherjee et al., 2009; Bürglin, 2011; Capella et al., 2016).

Hidden treasures in public databases: HD-Zip 
members expressed in Arabidopsis roots

Functional studies about HD-Zip TFs in roots are scarce, and 
only a few genes of this family have been functionally charac-
terized in Arabidopsis. However, public databases have greatly 
increased and have documented knowledge about the expres-
sion patterns of plant genes, which allows us to infer that many 
members of this TF family, including the four subfamilies, could 
be involved in root development in Arabidopsis. At least three 
key sources are available: BAR from the University of Toronto 
(http://bar.utoronto.ca/; Brady et al., 2007; Kilian et al., 2007; 
Dinneny et al., 2008); the Root Atlas (Zhang et al., 2019; http://
wanglab.sippe.ac.cn/rootatlas); and the Plant sc-Atlas, which 
was very recently released by Ghent University (Wendrich 
et al., 2020; https://bioit3.irc.ugent.be/plant-sc-atlas/).

These databases have compiled information obtained from 
many microarrays and RNA-Seq analyses performed by dif-
ferent research groups. Using the BAR and Root Atlas data-
bases, we investigated the expression patterns of genes encoding 
HD-Zip proteins from the four subfamilies. To do these ana-
lyses, we retrieved all the primary data related to genes encoding 
HD-Zip TFs and analyzed this information, using the method 
described in Appendix S1 at Dryad Digital Repository, https://
doi.org/10.5061/dryad.mpg4f4qzb. Additionally, we retrieved 
the expression levels for marker TFs with known functions in 

specific root tissues or cell types. Based on this information, 
we set expression thresholds that allowed us to annotate tissues 
in which HD-Zip TF expression levels are equal or greater to 
those of functional TFs. We used this evidence as an indication 
that an HD-Zip TF is potentially functional in a tissue or cell 
type.

Expression of HD-Zip I members

The first comprehensive study of the expression of HD-Zip 
I members in roots was carried out by Henriksson et al. (2005), 
using non-quantitative reverse transcription (RT)–PCR. The 
authors isolated RNA from 12-day-old Arabidopsis roots 
and detected positive signals for AtHB1, AtHB3, AtHB20, 
AtHB23, AtHB5, AtHB6, AtHB16, AtHB7, AtHB12, AtHB21, 
AtHB40, AtHB53, AtHB51, and AtHB52; transcripts corres-
ponding to AtHB13, AtHB22, and AtHB54 were not detected 
in the 12-day-old roots. However, AtHB13 and AtHB22 were 
expressed in younger seedlings (5 days old), although AtHB54 
was not (Henriksson et al., 2005). Even though the technique 
used was not quantitative, this study provided the first indica-
tion about the role of HD-Zip I members in root development.

Currently, the BAR database indicates that all HD-Zip 
I members other than AtHB22 and AtHB54 are expressed in 
roots of seedlings grown in normal conditions (Figs 2, 3; Tables 
S1, S2 at Dryad). Indeed, BAR does not have any information 
about the expression of AtHB22 and AtHB54. When plants 
were subjected to different treatments, such as salt, drought, 
UV-B, or other stress conditions, the expression patterns of 
most of these genes changed (Fig. 4).

Our in-depth search of the databases showed that, in normal 
conditions, many members were expressed in the lateral root 
cap, and fewer in the columella and the QC. The subfamily was 
also represented in the cortex and endodermis (Fig. 2; Table S2 
at Dryad).

The only subfamily I members detected in the xylem were 
AtHB1, AtHB5, AtHB6, AtHB12, and AtHB16, and in the 
procambium AtHB1, AtHB16, AtHB51, and AtHB53. Twelve 
members were found to be expressed in the xylem-pole peri-
cycle, and nine in the phloem-pole pericycle (Fig. 3A; Table 
S2 at Dryad). Considering cell types specialized in root hair 
and lateral root development, several members were detected 
in both the root hair and non-hair epidermal cells; among 
them, AtHB20 exhibits the highest levels (Fig. 3B; Table S2 
at Dryad). The genes expressed in the lateral root primordium 
are different from those detected in root hair (Fig. 3C; Table 
S2 at Dryad).

When plants were subjected to abiotic stress factors, the 
scenario became more complex; each member appeared to be 
up-regulated or down-regulated by various stress treatments. 
AtHB1 was induced by osmotic, genotoxic, UV-B, and high-
temperature conditions, whereas it was slightly repressed by 
sodium chloride. The paralogous genes AtHB13 and AtHB23 
were repressed by osmotic and salinity stresses, whereas AtHB5 
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transcripts were induced by the same factors. The paralogs 
AtHB6 and AtHB16, as well as AtHB21, were regulated by 
almost all the treatments, albeit to different extents. AtHB7 

and its paralog AtHB12, which were weakly expressed in roots, 
were up-regulated by cold temperatures and by osmotic and 
salinity stresses. The paralogous genes AtHB40 and AtHB53 

Fig. 1. The HD-Zip TF subfamilies. (A) HD-Zip I; (B) HD-Zip II; (C) HD-Zip II; (D) HD-Zip IV. The left panels show a schematic structure of proteins from 
each subfamily, including motifs additional to the HD-Zip that characterize them. The right panels show the name and (in red) ID of each member.
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were induced by high temperatures and by osmotic and salinity 
stresses. AtHB20 was repressed only by osmotic stress, whereas 
AtHB22, AtHB51, and AtHB52 did not appear to be regulated, 
according to the applied criterion (Fig. 4; Table S3 at Dryad).

The Root Atlas contained detailed information about single-
cell type-specific expression, based on single-cell sequencing 
data. The observations on the expression of HD-Zip members 

reported in this repository generally agreed with those from 
the BAR database, although not always.

From subfamily I, AtHB1, AtHB6, and AtHB16 were ex-
pressed in all cell types, whereas AtHB21, AtHB22, AtHB51, 
AtHB52, and AtHB53 were not expressed in any of the ana-
lyzed cells, contrary to the information available in the BAR 
database. Notably, expression data for AtHB54 were coincident 

Fig. 2. Genes encoding HD-Zip TFs expressed in the root tip. (A) Schematic representation of different root tissues of the root tip: lateral root cap, 
columella, and quiescent center. (B) Drawings of longitudinal root sections of cortex and endodermis tissues, showing the meristematic, elongation, and 
differentiation zones. The HD-Zip members expressed in each tissue are listed and color coded: HD-Zip I (black), HD-Zip II (blue), HD-Zip III (red), HD-Zip 
IV (green). Key source: BAR from the University of Toronto (http://bar.utoronto.ca/; Brady et al., 2007; Kilian et al., 2007; Dinneny et al., 2008). Complete 
data and analysis are provided in Tables S1 and S2 at Dryad.
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Fig. 3. Genes encoding HD-Zip TFs expressed in the root tip. (A) Drawings of transverse sections indicating different cell types of the central cylinder 
of the root vasculature: procambium, xylem, xylem-pole pericycle, phloem-pole pericycle, phloem companion, protophloem, and metaphloem. (B) 
Illustrations of root hair and non-hair (epidermis). (C) Schematic representation of an emerging lateral root primordium. In all panels, members of the 
HD-Zip family expressed in each tissue are listed and color coded: HD-Zip I (black), HD-Zip II (blue), HD-Zip III (red), HD-Zip IV (green). Key source: BAR 
from the University of Toronto (http://bar.utoronto.ca/; Brady et al., 2007; Kilian et al., 2007; Dinneny et al., 2008).
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between databases, showing an absolute absence of expression. 
AtHB7 was expressed in all cell types, except in the epidermis, 
lateral root, and root hair, whereas its paralog, AtHB12, was 
detected only in the columella, endodermis, and stele. The 
paralogs AtHB13 and AtHB23 were expressed in the same 
cell types, with only two differences: AtHB23 was in expressed 
the stem cell niche and lateral root cap, whereas AtHB13 was 
not. AtHB40 was detected only in the stem cell niche and 
epidermis, whereas AtHB5 and AtHB20 were found in mul-
tiple cell types (Fig. 5). Importantly, some apparent discrepan-
cies between the databases could have resulted from the use of 
roots of different ages for the analyses: the Root Atlas was con-
structed with data from 10-day-old roots, whereas the experi-
ments collected by the BAR database were conducted with 
5- to 7-day-old roots, on average. The two data sources must 
therefore be considered complementary. 

Expression of HD-Zip II members

According to the BAR database, four members (HAT1, HAT2, 
HAT4/AtHB2, and HAT22) were expressed in the lateral root 

cap and in the columella, and four (HAT1, HAT2, HAT4/
AtHB2, and AtHB17) were expressed in the QC in normal 
conditions (Fig. 2A; Table S2 at Dryad). In different zones of the 
cortex and endodermis, the genes expressed are HAT1, HAT2, 
HAT4/AtHB2, and HAT22 (Fig. 2B; Table S2 at Dryad). The 
same genes were detected in the xylem, the xylem-pole peri-
cycle, the phloem, and the phloem-pole pericycle. In addition 
to the above-mentioned genes, HAT14 was expressed in the 
xylem, and AtHB18 in the phloem and phloem-pole pericycle. 
Only HAT3, HAT14, AtHB17, and AtHB18 were found to 
be expressed in the procambium (Fig. 3; Table S2, at Dryad). 
Moreover, several members of subfamily II were detected in 
the root hair and the non-hair epidermal cells (Fig. 3B; Table 
S2 at Dryad).

Regarding the effect of abiotic stress factors, HAT1, HAT2, 
HAT3, AtHB2/HAT4, and HAT22 were strongly induced by so-
dium chloride, whereas HAT9 was induced only by cold tem-
perature. AtHB17 was up-regulated by heat and salinity stresses 
and down-regulated by drought, genotoxic, and UV-B treat-
ments. AtHB18 was induced by salinity, cold temperature, UV-B, 
wounding, and oxidative stresses (Fig. 4; Table S3 at Dryad).

Fig. 4. Abiotic stress factors regulate the expression of HD-Zip TFs. Heat map showing the effect of different environmental stress factors on the 
expression of genes encoding HD-Zip TFs. The names of the genes are listed on the right. Missing genes are below the expression threshold in all 
conditions. Treatment is indicated on the upper x-axis and response time to treatment on the lower x-axis, classified as early (15 min, 30 min, 1 h, 3 h, 
and 4 h) or late (6 h, 12 h, and 24 h) responses. The intensity of color indicates the expression level on a logarithmic scale (right). Data were obtained 
from the BAR repository. The criterion applied to consider expression is explained in Appendix S1 at Dryad.
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Based on the Root Atlas, HAT1, HAT2, and HAT22 are 
the most widely expressed subfamily II members. Except 
for AtHB4 and HAT3, all the members of subfamily II were 
detected in the stele and endodermis. AtHB4 was found in 
the epidermis, and HAT3 was found in the stem cell niche 
and lateral root. HAT9 was expressed only in the stele and 
endodermis (Fig. 5). Notably, for this subfamily, the results 
obtained from the two databases were substantially different, 
particularly for the unexpressed members. Such differences 
are probably due to the “dilution” of single-cell expressed 
genes in tissue samples containing multiple cells. They could 
also result from the use of inefficient or cross-hybridizing 
microarray probes.

Expression of HD-Zip III members

The five members of subfamily III are expressed in specific 
root cells, but none were expressed in the lateral root cap. 
AtHB8, AtHB9 (PHAVOLUTA), AtHB14 (PHABULOSA), 
and IFL1/REVOLUTA/AtHB15 exhibited high expression 
levels in the columella and QC. IFL1/REVOLUTA/AtHB15 
was also expressed in both the meristematic and the elongation 
zones of the endodermis, whereas AtHB14 /PHABULOSA 
was expressed only in the meristematic zone of the cortex 
(Fig. 2; Table S2 at Dryad). None of the subfamily III members 
were expressed in the root hair or non-hair epidermal cells. 
The expression of all five members was detected in the xylem, 

Fig. 5. Expression of HD-Zip TFs according to single-cell transcript analysis. (A) Schematic representation of the cell types constituting an Arabidopsis 
root. A detail of the lateral root primordium (upper left panel), a transverse section of the root (upper right panel), and a longitudinal section of the root 
(lower panel) are shown. Different colors indicate each cell type, as indicated in the key. (B) For each gene of the four subfamilies, colored squares 
indicate the cell types in which the gene is expressed according to the Root Atlas (Zhang et al., 2019; http://wanglab.sippe.ac.cn/rootatlas).
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xylem-pole pericycle, protophloem, metaphloem, phloem 
companion, phloem-pole pericycle, and lateral root primor-
dium, whereas only AtHB9 was detected in the procambium 
(Fig. 3; Table S2 at Dryad). No significant differences were ob-
served in the expression levels of any of these TFs in response to 
the various abiotic stress treatments (Fig. 4; Table S3 at Dryad).

Based on the Root Atlas, the five members were expressed 
in the stem cell niche and the stele, and none of them were 
expressed in the columella root cap, epidermis, or cortex. 
In the lateral root cap, the only gene expressed was IFL1/
REVOLUTA/AtHB15, whereas in the endodermis, only 
AtHB8 was expressed. All of the members except AtHB9 were 
detected in the xylem. A similar scenario was observed in the 
lateral root, where all subfamily III members were expressed 
except AtHB14 (Fig. 5; Table S4 at Dryad).

Expression of HD-Zip IV members

The 16 members of subfamily IV (also called GL2, according 
to the first identified member, GLABRA2) were expressed in 
roots in normal growth conditions. Eight HD-Zip IV genes 
were expressed in the lateral root cap, whereas two were ex-
pressed in the QC (ANL2 and AtHB10); only ANL2 was 
expressed in the columella (Fig. 2; Table S2 at Dryad). Four 
members were represented in the procambium, whereas none 
were expressed in the phloem-pole pericycle (Fig. 3A). Only 
HDG7 was found to be expressed in the xylem, while HDG7, 
ANL2, and AtHB10 were expressed in the xylem-pole peri-
cycle and phloem companion. Two members (AtHB10 and 
HDG2) were detected in root hair, and the same two TFs to-
gether with five other members were expressed in the non-
hair epidermal cells (Fig. 3B; Table S2 at Dryad). No members 
of subfamily IV were detected in the lateral root primordium, 
indicating that this group would not be functional in lateral 
root development (Fig. 3C; Table S2 at Dryad). The expres-
sion of members of this subfamily seemed to be unaffected by 
external abiotic stimuli. The exceptions were HDG2, whose 
expression was repressed by all the treatments, and PDF2 and 
ATML1, which were down-regulated by several abiotic stress 
treatments (Fig. 4; Table S3 at Dryad).

Based on the Root Atlas, seven members of this subfamily 
were expressed in the epidermis. Only ANL2 was detected in 
the stele and the columella, whereas in the stem cell niche and 
the lateral root cap, both ANL2 and HDG1 were expressed 
(Fig. 5).

What does the literature tell us about 
HD-Zip expression and functions in roots?

As stated above, functional studies on HD-Zip TFs in roots are 
scarce. However, during the past few years several papers have 
revealed crucial functions for these TFs in Arabidopsis roots.

After Arabidopsis, rice is the second species in which 
HD-Zip members were identified and characterized. Twelve 
members of subfamily IV were identified and phylogenetic 
trees including these rice proteins were constructed (Schrick 
et al. 2004; Nakamura et al., 2006). Later, and based on a pre-
vious description of seven members belonging to subfamilies I, 
II, and III (Meijer et al., 1997, 2000), Agalou et al. (2008) iden-
tified 33 proteins from these three subfamilies. Among them, 
14 were from subfamily I, 14 from subfamily II, and five from 
subfamily III. The expression of many of these genes was de-
tected in roots.

The number of members of each subfamily varies with re-
spect to those in Arabidopsis, not only in rice but also in other 
plants in which these genes have been identified. However, in 
general, subfamily I is usually the largest, followed by subfam-
ilies IV and II, with subfamily III being the smallest.

In soybean, 101 HD-Zip genes were identified; among them, 
88 existed as whole-genome duplication-derived gene pairs 
and 20 were differentially expressed in roots after abiotic stress 
treatments (water deficit and salinity), as revealed by transcrip-
tome analysis (Belamkar et al., 2014). Among the identified soy-
bean genes, 36 belonged to subfamily I, 24 to subfamily II, 11 
to subfamily III, and 30 to subfamily IV. Belamkar et al. (2014) 
did a complete phylogenetic analysis, improving on previous 
ones, and also conducted a survey of the expression of these 
genes in 17 different tissues under 24 conditions. However, 
the functions of these genes were suggested by relating them 
to sequence similarity and expression patterns of Arabidopsis 
HD-Zip members (Belamkar et al., 2014). Unfortunately, no 
functional experiments have been reported so far.

In maize, 55 HD-Zip genes were identified and found to 
belong to the four subfamilies: 17 from subfamily I and five 
from group III, as in Arabidopsis, 18 from group II, and 15 
from group IV (Zhao et  al., 2011). The expression of these 
genes was analyzed before and after water deficit but not spe-
cifically in roots.

Arabidopsis HD-Zip subfamily I members

AtHB6 is expressed in the root tip of 3-day-old seedlings; 
this expression was observed by histochemistry in transgenic 
plants carrying the reporter gene β-glucuronidase (GUS) with 
expression being driven by the AtHB6 promoter (Söderman 
et al., 1999). Expression in seedlings was induced by water def-
icit, osmotic stress, or exogenous treatment with abscisic acid 
(ABA). However, this induction was not significant in a culture 
of root cells. The authors suggested that the TF AtHB6 may 
have a role in the control of cell division and/or differenti-
ation (Söderman et al., 1999). Analysis of the AtHB6 promoter 
directing GUS expression in transgenic plants supported the 
assigned function. In these plants, GUS activity was detected 
in the cell division zone of the primary and lateral roots and in 
zones of cell differentiation (Fig. 6).
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AtHB12 expression was detected in roots of 14- and 
23-day-old plants but not in 45-day-old plants (Ré et  al., 
2014), whereas its paralog AtHB7 was absent in early-stage 
roots. However, expression in older roots cannot be ruled 
out because AtHB7 is expressed in advanced developmental 
stages, in which the roots were not analyzed (Ré et al., 2014). 
Remarkably, double mutant athb7/athb12 plants, but neither 
of the single mutants, exhibited shorter roots than the wild-
type control. Plants overexpressing AtHB7 exhibited a differ-
ential root phenotype, probably as a result of ectopic expression 
or from the regulation of AtHB12, which was demonstrated 
(Ré et  al. (2014). Both genes were induced by abiotic stress 
factors, including water deficit and salinity, and also by ABA 
treatment. More recently, this pair of genes was reported to be 
up-regulated by aluminum stress in the roots, particularly in 
the transition zone (Liu et al., 2020). In that report, the authors 
showed that athb7 mutant plants have a smaller than normal 
root meristem zone, due to the presence of fewer cells in this 
zone, while in the elongation zone, the cortical cells are shorter 
than those of the wild type (Fig. 6). When seedlings were sub-
jected to aluminum stress, these genes displayed an antagon-
istic role in root elongation; AtHB7 promoted resistance to 

aluminum stress, whereas AtHB12 had the opposite effect (Liu 
et al., 2020).

A predictive co-expression network study identified 
AtHB13 as a crucial player in the seed-to-seedling phase tran-
sition (Silva et al., 2016). AtHB13 was involved in late seedling 
establishment, and athb13 mutants exhibited longer primary 
roots compared with controls, indicating that AtHB13 is a 
negative regulator of early root growth, probably through the 
inhibition of cell division or cell elongation (Fig. 6).

The paralog of AtHB13, AtHB23, was functionally character-
ized. This gene is expressed in lateral root primordia, inhibiting 
lateral root initiation (Fig. 6), and it was shown to be the link 
between ARF7/19 (Auxin Response Factors) and LAX3. More 
precisely, AtHB23-silenced plants showed more initiated roots 
than controls. It was found that ATHB23 targeted the auxin 
influx carrier gene LAX3, which was induced, and LBD16, be-
longing to the Lateral Organ Boundaries family, which was re-
pressed. Notably, the study of this gene revealed that molecular 
programs for higher-order roots differ from those leading to 
lateral roots from the main root, given that the expression pat-
terns of both AtHB23 and LBD16 significantly differed be-
tween these two processes (Perotti et al., 2019, 2020).

Fig. 6. HD-Zip TFs have specific roles depending on their pattern of expression in the primary root and lateral root. Schematic representation of the main 
root, lateral root primordium (LRP), and lateral root (LR), indicating the different zones. The function of HD-Zip genes from the four classes, according to 
the literature, is indicated on the right. Hormone-regulated genes are indicated with different colors: auxin (red), ABA (blue), ethylene (green), cytokinin 
(orange). Question marks denote genes that putatively act in the indicated zone.
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AtHB52 was described as a key player in the crosstalk 
between auxin and ethylene signaling, modulating auxin 
transport downstream of EIN3 (Miao et al., 2018). The ex-
pression of this gene was regulated by ethylene, and athb52 
mutants were insensitive to this hormone. Moreover, both 
mutants and overexpressors showed distorted auxin distri-
bution and gravitropism. Target genes of the AtHB52 TF 
were identified by binding experiments both in vitro and in 
vivo. Among these targets, PIN2, WAVY ROOT GROWTH1 
(WAG1), and WAG2, seemed to be involved in ethylene-
mediated inhibition of root elongation (Miao et al., 2018) 
(Fig. 6). Finally, AtHB53 was shown to be expressed in 
the root meristem by whole-mount in situ hybridization 
and non-quantitative RT–PCR, and was assigned a role 
in auxin/cytokinin signaling pathways in roots (Son et al., 
2005) (Fig. 6).

Subfamily I members in other plant species

PuHox52 from Populus ussuriensis belongs to the γ/I clade 
(Henriksson et  al., 2005; Arce et  al., 2011), like AtHB7 and 
AtHB12 in Arabidopsis. Its expression was detected at the basal 
ends of stems by cutting (Wei et al., 2020). Its overexpression 
(in the same species) significantly increased the number of ad-
ventitious roots and shortened the rooting time, whereas its 
suppression led to the opposite phenotype. Several target genes 
of this TF were identified using a multilayered hierarchical 
gene regulatory network, among them 15 TFs. Notably, these 
TFs included an HD-Zip II putative homolog, HAT2 (Wei 
et al., 2020).

In rice, OsHOX4 is expressed in the roots and repressed by 
drought stress. Loss-of-function plants, generated by RNAi, 
did not show a differential phenotype, whereas overexpressors 
exhibited severe developmental defects. Analysis of the stems 
and leaves of OsHOX4-overexpressing plants suggested a role 
for OsHOX4 in stem elongation, maturation, and senescence. 
However, these putative functions were not confirmed with 
loss-of-function plants, probably due to compensation by its 
paralog, OsHOX20 (Agalou et al., 2008).

The sunflower divergent member HaHB4 was described as 
being weakly expressed in roots but strongly induced in this 
organ by drought (Gago et  al., 2002). The promoter of this 
gene was characterized by transforming Arabidopsis plants 
with a construct in which the HaHB4 promoter drove the ex-
pression of the GUS reporter gene. The expression, observed 
by histochemistry, was found to spread throughout the whole 
root, including lateral roots. The mutation of specific cis-acting 
elements limited the expression to the lateral root primordium, 
allowing the identification of specific root elements in the pro-
moter (Manavella et  al., 2008). This gene conferred drought 
tolerance on various plant species, including Arabidopsis, soy-
bean, and wheat (Dezar et  al., 2005; González et  al., 2019; 
Ribichich et al., 2020). However, its function in roots has not 
yet been uncovered.

Another divergent subfamily I  member, HaHB11, is ex-
pressed in roots. When it was overexpressed in Arabidopsis, the 
transgenic plants had significantly longer primary roots. The 
expression of the gene was visualized along the main root, in 
the lateral root primordium, and later in the secondary roots 
(Cabello et al., 2016, 2017).

In Medicago truncatula, MtHB1, which exhibits high sequence 
similarity with the Arabidopsis subfamily I members AtHB7 
and AtHB12, is expressed in primary and lateral root meristems 
and is induced by salt stress (Ariel et al., 2010b). Its constitu-
tive expression affected the architecture of Medicago roots, and 
the mutant exhibited enhanced root emergence. This gene was 
found to directly repress the expression of the LOB family TF 
gene LBD1, conferring salinity tolerance (Ariel et al., 2010a).

Arabidopsis HD-Zip subfamily II members 

Transcription of AtHB2/HAT4 is induced by changes in the 
red:far-red light ratio, promoting shade avoidance. Increased 
levels of this gene’s transcripts inhibited cell proliferation in 
the main root and lateral root formation, whereas treatment 
with auxin rescued this phenotype. Reduction in the AtHB2/
HAT4 transcript level led to the opposite phenotype (Steindler 
et al., 1999). Transgenic plants overexpressing this gene, as well 
as plants expressing it after chemical induction, exhibited ab-
normal root gravitropism, a typical auxin-related phenotype. In 
seedlings in which AtHB2 expression was chemically induced, 
the transcript levels of some auxin biosynthetic and transport 
genes were reduced, indicating a role for this TF in auxin pat-
terning (He et al., 2020).

According to a microarray analysis, AtHB2/HAT4 was de-
scribed as induced by cytokinin in 5-day-old seedlings (Brenner 
et  al., 2005). Plants overexpressing HAT4 exhibited shorter 
roots with less branching, whereas the hat4 mutant showed the 
opposite phenotype, both compared with controls. In view of 
the characteristics of HAT4 mutants and overexpressors, and 
considering that the expression of this gene is up-regulated by 
cytokinin, the authors suggested a cytokinin-associated role for 
HAT4 in roots (Köllmer et al., 2011).

Interestingly, and although the classification of the HD-Zip 
TFs into four subfamilies is based on markedly different struc-
tural features, members from subfamilies II and III interact 
in auxin-dependent plant development. Loss-of-function 
HD-Zip II mutations were found to directly affect auxin dis-
tribution and responses, and HD-Zip III TFs regulated the ex-
pression of subgroup γ and δ genes (Turchi et al., 2015).

Transcriptome analysis comparing plants treated with 
indole-3-acetic acid (IAA) for 15  min and untreated plants 
revealed that HAT2 is one of the 29 genes induced soon after 
this treatment. Notably, this gene was not responsive to other 
hormones. HAT2-overexpressing plants showed reduced lat-
eral root elongation and sensitivity to auxin, compared with 
controls. Remarkably, this gene played opposite roles in shoot 
and root tissues, regulating auxin-mediated morphogenesis 
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(Sawa et  al., 2002). It is important to note that in HAT2-
overexpressing plants, the transcript levels of the other sub-
family II members were regulated. More precisely, AtHB2, 
AtHB4, HAT1, HAT3, HAT9, and HAT22 were strongly 
repressed, whereas the expression of members of other sub-
families was not altered (Sawa et al., 2002). In addition to the 
interplay between HD-Zip II proteins, this assay indicated that 
the morphologic effect observed in roots could be the result of 
these repressed genes.

Subfamily II members in other plant species

In common wheat, 113 HD-Zip members have been identified; 
among them, 32 belong to subfamily II (Li et al., 2020a). The ca-
nonical auxin-responsive element TGTCTC is overrepresented 
in the promoters of wheat HD-Zip II-encoding genes. In 
roots, the expression of TaHDZ19-3A/3B/3D, TaHDZ20-
1A/1B/1D, and TaHDZ21-2A/2B/2D was strongly in-
duced by auxin, whereas TaHDZ21-23-7A/7D was repressed 
after the same treatment, suggesting a role for this gene in 
the auxin-related pathway similar to that of its Arabidopsis 
homolog AtHB2 (He et al., 2020). Moreover, other members 
of subfamily II in Arabidopsis are involved in auxin distribu-
tion and responses (Turchi et  al., 2013, 2015). In the case of 
wheat subfamily II members, a role in auxin distribution and 
response has not been experimentally corroborated so far, and 
more data will be necessary to confirm orthology.

The sunflower gene HaHB10 has high sequence similarity 
with AtHB2/HAT4, and it is expressed in different organs, 
including roots at different developmental stages. This gene is 
regulated by the quality and intensity of light and is involved in 
flowering. Functional studies in roots have not yet been carried 
out, but the functions of this gene could be related to those of 
its putative homolog in Arabidopsis (Dezar et al., 2011).

Arabidopsis HD-Zip subfamily III members

Members of subfamily III were found to be associ-
ated with root development 15  years ago. Generation of 
overexpressors and loss-of-function mutants, particularly in 
the genes REVOLUTA (REV), PHABULOSA (PHB), and 
PHAVOLUTA (PHV), and in KANADI genes, revealed that 
the TFs encoded by these genes play crucial roles in the on-
togeny of lateral roots. KANADI genes belong to the GARP 
TF family and have been described as regulators of organ po-
larity. They are required for abaxial identity in both leaves and 
carpels. They are also required for the proper regulation of 
auxin flow in early embryogenesis (Eshed et al., 2001, 2004). 
Hawker and Bowman (2004) demonstrated that the presence 
of HD-Zip III TFs susceptible to auxin induction was required 
for meristematic activity in the pericycle (Fig. 6). In that study, 
assays were carried out on the Ler genotype, whereas most sub-
sequent experiments described in other works were done with 
Col-0 plants. It is important to note this difference because 

root development has been shown to follow different programs 
in these two genotypes (Perotti et al., 2020). 

PHABULOSA (PHB) and PHAVOLUTA (PHV) must 
be confined in the apical meristem to enable correct estab-
lishment of the root meristem. When the regulation of PHB 
and PHV expression by a microRNA (miRNA)-dependent 
pathway failed, the precise elaboration of the embryonic root 
development program was prevented and resulted in an em-
bryo lethal phenotype (Grigg et al., 2009).

miRNAs are small RNAs that play crucial roles in the regu-
lation of gene expression. They are involved in multiple plant 
processes and are required for normal growth, negatively regu-
lating TFs and hormone receptors. In roots, they are involved in 
numerous developmental processes, such as vascular differen-
tiation, root apical meristem functioning, and stress responses. 
They are organized in multigenic families, and among them, 
the family miR165/166 targets members of the subfamily III 
HD-Zip genes (Couzigou and Combier, 2016).

Plants with mutations in genes encoding HD-Zip III TFs 
lose their xylem cells, indicating that these genes are essen-
tial for xylem identity (Carlsbecker et al., 2010). In the stele, 
HD-Zip III members determine the xylem pattern. High 
or low expression levels of HD-Zip III TFs define the for-
mation of metaxylem or protoxylem, respectively. Moreover, 
these genes are regulated by miR165/166; the overexpression 
of these miRNAs repressed the expression of HD-Zip III pro-
teins, inducing root growth by enhancing cell division and 
meristematic activity, while the opposite effect was observed 
when HD-Zip III genes were overexpressed (Singh et al., 2014). 
Moreover, ABA induced the expression of miR165a/166b (a 
and b denote particular genes within each miRNA gene family) 
and repressed ARGONAUTE10 (AGO10/AT5G43810, a 
principal component of the RNA-induced silencing com-
plex), which is an miR165a/166b repressor, which resulted in 
repression of the expression of all five HD-Zip III members. 
A  similar regulatory event occurs to maintain the shoot ap-
ical meristem: ago10 mutants exhibit abnormally high levels of 
miR165/166, leading to a reduction of HD-Zip III transcripts 
(Liu et  al., 2009). In this way, ABA regulates xylem pattern 
and maturation. Specifically, it inhibits the reduction of the 
QC, specifically at the pre-emergence stage, and also reduces 
the expression of lateral root-regulating HD-Zip III proteins 
through the action of miRNAs (Bloch et  al., 2019; Fig. 6). 
Interestingly, besides the regulation by miRNAs, HD-Zip III 
TFs are also regulated by LITTLE ZIPPER (ZPR) proteins, 
which possess a LZ but lack the HD. ZPR proteins were shown 
to heterodimerize in vitro and in vivo with HD-Zip III proteins, 
preventing them from binding to DNA and, in consequence, 
functionally inhibiting them (Wenkel et al., 2007).

HD-Zip III TFs modulate the expression of genes 
encoding core auxin response molecules. PHB directly regu-
lates MONOPTEROS/AUXIN RESPONSE FACTOR5, 
which encodes a key TF in vascular formation, and IAA20, 
which encodes an auxin/IAA protein that can interact with 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/72/11/4005/6170579 by guest on 19 January 2023



Role of HD-Zip proteins in root development | 4017

MONOPTEROS. MONOPTEROS would cooperate 
with PHB in activating IAA20, while IAA20 would repress 
MONOPTEROS, forming a complex regulatory network that 
ultimately results in continuous xylem development despite 
perturbations in auxin levels (Müller et al. 2016).

The expression of HD-Zip III TFs is up-regulated by auxin, 
and once induced they promote xylem identity and quiescence 
of the organizer cells. This is supported by the study of a quad-
ruple mutant lacking four HD-Zip III genes, which shows pat-
terning defects and reduced xylem formation in the primary 
root vasculature. The inducible overexpression of AtHB8 (re-
sistant to miR164 and miR166) inhibited cell division in the 
stem cells, indicating the role of these TFs in promoting cel-
lular quiescence (Smetana et al., 2019; Fig. 6).

Both HD-Zip III members and their regulating miR166/165 
have been shown to be regulated by other hormones aside 
from auxin and ABA. In this way, these proteins mediate root 
development, both transcriptionally through phytohormones 
and KANADI genes, and post-transcriptionally via miRNAs 
(Singh et  al., 2017). Gibberellin, cytokinin, jasmonic acid, 
and salicylic acid induced miRNA expression at different 
time points. This regulation exhibited a time-dependent be-
havior; for example, treatment with salicylic acid induced the 
miRNAs during a period of 12  h but inhibited them after 
24 h. A complex model involving miRNAs, phytohormones, 
HD-Zip III TFs, and KANADI genes, leading to the repression 
or induction of root growth, was recently proposed by Singh 
et al. (2017).

Subfamily III members in other plant species

In soybean, 12 putative HD-Zip III genes have been identi-
fied, including GmHD-ZIP III-1 to GmHD-ZIP III-12. The 
encoded proteins are regulated by other TFs, specifically, the 
members of the ZPR family. Using yeast two-hybrid assays, 
GmZPR3d was discovered to interact with GmHD-Zip III-1 
(a potential ortholog of PHB and PHV) and GmHD-Zip III-2 
(a potential ortholog of ATHB15), showing co-expression in 
the root and parenchyma tissue of the nodule. These inter-
actions probably prevent DNA binding by GmHD-Zip III 
proteins, since ZPR does not possess an HD. Overexpression 
of GmZPR3d in soybean resulted in large nodules with a 
larger central zone, indicating a role for this pair of interacting 
proteins in nodule development in this species (Damodaran 
et al., 2019).

In Tibetan wild barley, HvHOX9 was identified as a target 
gene of miR166b and was significantly induced in the root 
tip only under aluminum stress. Its closest ortholog is wheat 
TaHOX9. Virus-induced silencing of HvHOX9 enhanced sen-
sitivity to aluminum but not to other metals or to low pH. 
Moreover, these silenced plants accumulated more aluminum 
in the root cell wall after aluminum exposure, but the concen-
tration of aluminum in the root cap was not altered. HvHOX9, 
and probably other HD-Zip III proteins, were thus suggested 

to be involved in aluminum tolerance in barley (Feng et  al., 
2020).

The rice subfamily III gene OsHB4 (Os03g43930) is, like 
the other members of this subfamily, a target of miR166. The 
expression of this gene is responsive to the presence of toxic 
cadmium. Overexpressor 35S:OsHB4 lines had significantly 
lower cadmium concentrations in the roots than wild-type 
plants, and the opposite scenario was observed in shoots, sug-
gesting that OsHB4 plays a role opposite to that of miR166 in 
promoting cadmium translocation from roots to shoots (Ding 
et al., 2018).

Arabidopsis HD-Zip subfamily IV members

The roles and expression patterns of HD-Zip IV genes have 
been reviewed by Chew et al. (2013). Many of these genes are 
specifically or preferentially expressed in plant epidermal or 
subepidermal cells and are involved in the regulation of lipid 
biosynthesis and transport. In roots, HD-GLABRA2 (HD-
GL2) was shown to be a negative regulator in phospholipid 
signaling involving the START domain (Ohashi et al., 2003).

HDG TFs act antagonistically with AIL (AINTEGUMENTA-
LIKE) to control cell proliferation (Horstman et al., 2015), and 
HDG1, HDG11, and HDG12 interact with BBM (BABY 
BOOM, belonging to the AP2/ERF family). Overexpression 
of the HD-Zip IV proteins provokes an arrest in the root meri-
stem that restricts root growth. Reduced levels of expression 
of these genes promote cell differentiation. Overexpression of 
HDG1 promotes giant cell identity, whereas hdg1 mutants do 
not show an obvious root meristem phenotype. The interaction 
between HDG and AIL occurs through protein–protein inter-
actions and also at the transcriptional level; these TFs regulate 
each other and share target genes (Horstman et al., 2015).

HDG11 was reported to participate in drought tolerance 
involving auxin. In Arabidopsis, this TF regulates IAA28 (Rogg 
et al., 2001), and its mutation led to a down-regulation of the 
latter gene and a subsequent drought-sensitive phenotype 
in roots. In contrast, overexpression of HDG11 resulted in 
drought tolerance by enhancing root architecture and stomatal 
density (Rogg et  al., 2001; Yu et  al., 2008). This Arabidopsis 
gene, also called AtEDT1 (ENHANCED DROUGHT 
TOLERANCE1/HOMEODOMAIN GLABROUS11), has 
been ectopically overexpressed in other species, conferring 
similar features in Oryza sativa, Ipomea batatas, and M. truncatula 
(Ruan et al., 2012; Yu et al., 2013; Zheng et al., 2017). The re-
sults of yeast-one hybrid and chromatin immunoprecipitation 
assays indicated that HDG11 positively regulates several cell-
wall-loosening protein genes (Xu et al., 2014).

GLABRA2/AtHB10 was first associated with trichomes. 
Later, it was shown that its expression is not unique to trichome 
tissues, and it is also expressed in the roots in Arabidopsis. The 
characterization of mutants of this gene (gl2-1) allowed de-
termination that it is necessary for root hair development in a 
subset of epidermal cells. This process is regulated by ethylene 
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(Di Cristina et al., 1996). Moreover, gl2 mutant plants exhibited 
root hair development from hairless epidermal cells, although 
other events taking place during root hair differentiation were 
not affected (Masucci et  al., 1996). Moreover, it was shown 
that GLABRA2 recognizes and binds the promoter of VLN1 
(Actin-Bundling Protein Villin1), regulating the expression of this 
target gene specifically in root hairs, particularly in response 
to osmotic stress. The overexpression of VLN1 suppressed the 
gl2 mutant phenotype in root hair growth and actin dynamics 
(Wang et al., 2020).

ANL2 (ANTHOCYANINLESS2) is involved in the ac-
cumulation of anthocyanin in roots. This accumulation was 
strongly repressed in subepidermal cells of anl2 mutant plants, 
but it was reduced only slightly in epidermal cells of the Ler 
ecotype. The mutants showed aberrant cellular organization in 
the primary root (Kubo et al., 1999).

Subfamily IV members in other plant species

In maize, ANL2 was shown to control the cellular organ-
ization of the primary root (Javelle et  al., 2011). Moreover, 
transcripts corresponding to ZmOCL1 (OCL for outer cell 
layer), belonging to the HDGL1 subclass, were detected in 
early embryos, prior to protoderm development, also in maize. 
Expression of ZmOCL1 was then detected in the L1 cell layer 
of the primary root, suggesting that this gene is involved in the 
organization of the primary root primordium (Ingram et al., 
1999).

The cotton (Gossypium arboretum) subfamily IV members 
GaHOX1 and GaHOX2 were able to rescue the gl2 mutant 
trichome phenotype. Since these genes are putative orthologs 
of GLABRA2, similar functions in roots could be assigned, al-
though only the trichome phenotype was experimentally veri-
fied (Guan et al., 2008).

Among the 15 genes encoding HD-Zip IV TFs in tobacco, 
only NtHD-ZIP-IV-15 has been detected in the root epi-
dermis. Its expression was induced by multiple abiotic stress 
factors, indicating a functional role in the root epidermis in 
response to environmental conditions (Zhang et al., 2019).

The gene HaHR1 (Helianthus annuus Homeobox Root 1) was 
isolated from a sunflower cDNA library. Its expression in roots 
at different developmental stages was confirmed by Northern 
blot and RT–PCR (Valle et  al., 1997). The function of this 
gene in roots was inferred from its high sequence similarity 
with GLABRA2.

Secondary and higher-order roots

The modulation of root architecture allows plants to adapt to 
environmental conditions spatially and temporally. Compared 
with the primary root, lateral roots constitute most of the 
total root system; such a system is established by each order of 
roots emerging from a previous one. Studies on higher-order 
roots are significantly rarer, in fact almost non-existent, com-
pared with studies on the main and primary lateral roots. This 

interesting subject is unexplored, and the knowledge to be 
gained could have a substantial impact on crop improvement. 
Future studies will almost certainly focus on higher-order root 
development due to its importance in plant adaptation to in-
hospitable soils. Summarizing the little knowledge that exists 
about HD-Zip TFs in this developmental event, we can note 
that AtHB23 was recently described as having different target 
genes in root initiation from primary, compared with sec-
ondary, roots (Perotti et al., 2019, 2020).

Conclusion

The fine regulation of root development is crucial for plant 
growth and survival in any external conditions. Other than a 
few exceptions, mostly some members of subfamilies III and 
IV, HD-Zip TFs have not been described as functionally asso-
ciated with root development. The fact that HD-Zip TF genes 
exhibit very specific expression patterns in particular root cell 
types, exceeding the transcript levels of marker genes, tempts 
us to speculate that they have functions in root development. 
Here, we have shown that for HD-Zip TFs, information avail-
able in the relevant databases has enormous value. By carefully 
analyzing this information, we revealed which genes are ex-
pressed in each cell type and under a wide range of abiotic 
stress conditions, even though no functional reports are avail-
able in many cases. However, such data arise from particular 
experiments carried out with plants of different ages and 
growth conditions. Furthermore, discrepancies between the 
databases resulted from the materials and techniques used—
that is, single cells versus tissues, and microarrays versus next-
generation sequencing. Although functional characterization is 
still needed to understand the role of particular genes in root 
development, data held in the repositories helped us to support 
not only the importance of HD-Zip TFs but also the differ-
ences between the subfamilies in their putative or confirmed 
roles, as well as the regulation of these genes by different ex-
ternal conditions.
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