
Plant-Specific Histone Deacetylases HDT1/2 Regulate
GIBBERELLIN 2-OXIDASE2 Expression to Control
Arabidopsis Root Meristem Cell NumberOPEN

Huchen Li,a Jesus Torres-Garcia,a David Latrasse,b,c Moussa Benhamed,c,d Stefan Schilderink,a Wenkun Zhou,e

Olga Kulikova,a Heribert Hirt,b,d and Ton Bisselinga,1

a Department of Plant Sciences, Laboratory of Molecular Biology, Wageningen University, 6708 PB Wageningen, The Netherlands
bUnité de Recherche en Génomique Végétale, UMR INRA 1165, Université d’Evry Val d’Essonne, ERL CNRS 8196, Saclay Plant
Sciences, 91057 Evry, France
c Institut de Biologie des Plantes, CNRS-Université Paris-Sud 11, UMR 8618, 91405 Orsay cedex, France
dKing Abdullah University of Sciences and Technology, Thuwal 23955, Saudi Arabia
e Department of Plant Sciences, Plant Developmental Biology, Wageningen University, 6708 PB Wageningen, The Netherlands

ORCID IDs: 0000-0002-5388-4124 (H.L.); 0000-0003-1029-8325 (J.T.-G.); 0000-0002-2480-2644 (W.Z.); 0000-0003-3119-9633
(H.H.); 0000-0001-5494-8786 (T.B.)

Root growth is modulated by environmental factors and depends on cell production in the root meristem (RM). New cells in
the meristem are generated by stem cells and transit-amplifying cells, which together determine RM cell number.
Transcription factors and chromatin-remodeling factors have been implicated in regulating the switch from stem cells to
transit-amplifying cells. Here, we show that two Arabidopsis thaliana paralogs encoding plant-specific histone deacetylases,
HDT1 and HDT2, regulate a second switch from transit-amplifying cells to expanding cells. Knockdown of HDT1/2 (hdt1,2i)
results in an earlier switch and causes a reduced RM cell number. Our data show that HDT1/2 negatively regulate the
acetylation level of the C19-GIBBERELLIN 2-OXIDASE2 (GA2ox2) locus and repress the expression of GA2ox2 in the RM and
elongation zone. Overexpression of GA2ox2 in the RM phenocopies the hdt1,2i phenotype. Conversely, knockout of GA2ox2
partially rescues the root growth defect of hdt1,2i. These results suggest that by repressing the expression of GA2ox2, HDT1/
2 likely fine-tune gibberellin metabolism and they are crucial for regulating the switch from cell division to expansion to
determine RM cell number. We propose that HDT1/2 function as part of a mechanism that modulates root growth in response
to environmental factors.

INTRODUCTION

Root architecture and growth is regulated through the activity of
root meristems. The root growth rate correlates with the cell
number in the root meristem (RM), as this determines the number
of cells that can differentiate in a given time. The RM includes the
stem cell niche (SCN), which is composed of the quiescent center
(QC) and its surrounding stem cells (van den Berg et al., 1995;
Scheres, 2007). The daughter cells of the stem cells divide a few
timesbefore they switch to expansion. Thesedividing cells are the
transit-amplifying cells and together with the SCN they form the
RM, whereas the expanding cells form the elongation zone
(Moubayidin et al., 2009; Perilli et al., 2010). The RM cell number is
determinedby the activity of stem cells, aswell as by the number of
times transit-amplifying cells divide before switching to expansion.

The genes andmechanisms involved in regulating the stem cell
activity or the switch from cell division to expansion are becoming
clear (Helariutta et al., 2000; Sabatini et al., 2003; Aida et al., 2004;

Dello Ioio et al., 2007, 2008; Galinha et al., 2007; Bennett and
Scheres, 2010; Moubayidin et al., 2010). In Arabidopsis thaliana
roots, the stem cell activity depends on two independent path-
ways controlled by transcription factors; the SHORT-ROOT
(SHR)/SCARECROW (SCR) pathway and the PLETHORA (PLT)
pathway (Helariutta et al., 2000; Sabatini et al., 2003; Aida et al.,
2004; Galinha et al., 2007). The expression domains of SHR and
SCR overlap with the distal PLT transcript accumulation area to
position the SCN (Aida et al., 2004). Loss-of-functionmutations in
SHR, SCR, or PLT1/PLT2 cause a loss of stem cell maintenance,
and this results ina reducedRMcellnumber (Helariuttaetal., 2000;
Sabatini et al., 2003; Aida et al., 2004; Galinha et al., 2007). The
switch fromcell division toexpansion is controlledby transcription
factors ARR12, ARR1, and SHY2 (Dello Ioio et al., 2007; Bennett
and Scheres, 2010; Moubayidin et al., 2010). ARR1 and ARR12
activate the expression of SHY2, a transcriptional repressor that
triggers the switch from cell division to expansion (Dello Ioio et al.,
2008). Gain-of-function mutations in ARR1 or SHY2 cause a re-
ducedRMcell number due to an earlier switch to expansion (Dello
Ioio et al., 2008; Moubayidin et al., 2010).
Beside transcription factors, chromatin-remodeling factorsalso

contribute to transcriptional reprogramming by creating an active
or silent chromatin configuration (Strahl and Allis, 2000; Jenuwein
and Allis, 2001; Kouzarides, 2007; Shahbazian and Grunstein,
2007).Someof themareessential formaintainingstemcell activity
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in Arabidopsis. For example, the chromatin-remodeling ATPase
BRAHMA is indispensable tomaintain the SCN by controlling PIN
gene expression (Yang et al., 2015). GCN5, a histone acetyl-
transferase, positively regulatesPLT-mediatedSCNmaintenance
(Kornet and Scheres, 2009). In loss-of-function mutants of brm or
gcn5, RMcell number is reduceddue to gradual loss of stemcells.

Recently, it has been demonstrated that the switch from cell
division to expansion in Arabidopsis roots is accompanied by
changes in level of histone acetylation (Rosa et al., 2014). Histone
acetylation level is regulated by histone acetyltransferases and
histone deacetylases (Shahbazian and Grunstein, 2007). In the
regionwhere the switch fromcell division to expansion is initiated,
among the highest expressed histone acetylation genes in Ara-
bidopsis roots are the four plant-specific histone deacetylase
genes, named HDT1-HDT4 (Supplemental Data Set 1; Birnbaum
et al., 2003). This suggests that these HDTs may play a role in
controlling the switch from cell division to expansion. However,
the function of HDTs in root development has not been in-
vestigated. It hasbeenshown thatHDTsare involved in responses
to biotic and abiotic stress (Sridha and Wu, 2006; Bourque et al.,
2011; Ding et al., 2012; Luo et al., 2012), and they can repress the
expression of defense-related genes by altering their chromatin
acetylation status (Bourque et al., 2011; Ding et al., 2012). We
studied whether HDTs regulate the switch from cell division to

expansion and in this way contribute to the mechanisms con-
trolling RM cell number and subsequently root growth.
Here, we investigated the RM phenotype of hdt mutants. We

show that two members of the HDT family, HDT1/2, determine the
RM cell number by affecting the switch from cell division to ex-
pansion. Downregulation of their expression (hdt1,2i) reduces RM
cell number and results in a markedly changed transcriptome.
Genetic analyses indicate that the strongly increased expressionof
C19-GIBBERELLIN 2-OXIDASE2 (GA2ox2) in hdt1,2i is a cause of
this reduced RM cell number. HDT1/2 negatively regulate the level
ofhistoneH3acetylationofGA2ox2andpossibly in thiswayrepress
the transcription of this gene. These data indicate that HDT1/2
repression of GA2ox2 expression contributes to regulation of the
switch from cell division to expansion in Arabidopsis roots.

RESULTS

HDT1 and HDT2 Control Root Growth

To test whether HDTs control Arabidopsis root growth, we ana-
lyzed T-DNA insertion mutants of all four HDT genes (designated
hdt1, 2, 3-1, 3-2 [Luo et al., 2012], and 4; Supplemental Figure 1).
RT-PCRanalyses showed that hdt1, 3-1, and 4were null mutants,

Figure 1. Silencing of HDT1 and HDT2 Leads to Reduced Root Growth.

(A)ExpressionofHDTgenes in thewild type andhdtmutants. RT-PCRanalysiswasperformedwith cDNAprepared fromseedlings at 6DAG.TheTUBULIN
gene was used as a loading control.
(B)RT-qPCRanalyses ofHDT1 andHDT2 expression inwild-type, hdt1, hdt2, hdt1,2i-1, and hdt1,2i-8 root tips at 6DAG. All panels showmean6 SE values
determined from three independent experiments.
(C) Primary root length of wild-type, hdt1, hdt2, hdt1,2i-1, and hdt1,2i-8 seedlings at 7 DAG. Data shown are average 6 SD (n > 20). Asterisks indicate
significant differences compared with the wild type (*P < 0.05, ***P < 0.001; Student’s t test).
(D) and (E) Expression patterns of pHDT1:GUS ([D], n = 22) and pHDT2:GUS ([E], n = 25) in root tips of seedlings at 6 DAG. Arrows indicate the SCN and
arrowheads indicate the boundary between the RM and elongation zone. Bars = 50mm.
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as transcript of themutated geneswas not detectable (Figure 1A).
hdt2, however, was a knockdown mutant that retained 20% of
transcript (Figures 1A and 1B). hdt1, hdt3-1, hdt3-2, and hdt4
displayed no root phenotype. However, hdt2 showed a 12% re-
duced root length, compared with the wild type (Figure 1C;
Supplemental Figure 2), at 7 d after germination (DAG).

Todetermine if theother threeHDTscontribute to root growth in
the hdt2mutant background, we crossed hdt2with hdt1, 3-1, and
4 to generate double mutants. hdt2 hdt3-1 and hdt2 hdt4 ho-
mozygous plants were morphologically indistinguishable from
hdt2 (Supplemental Figure 2), suggesting that neither HDT3 nor

HDT4contributes to root growth. In contrast, selfingofHDT1/hdt1
HDT2/hdt2 did not result in any homozygous hdt1 hdt2 double
mutants among more than 200 daughter plants tested. This in-
dicates that loss of function of both HDT1 and HDT2 is lethal, by
which the roleofHDT1 in rootgrowthcouldnotbestudied. Inorder
to study this role, we first determined the HDT1/2 expression
patterns in roots, by creating HDT1/2 promoter/GUS fusions
(pHDT1:GUS and pHDT2:GUS) as well as translational GFP fu-
sions (pHDT1:HDT1-GFP and pHDT2:HDT2-GFP). The latter
two constructs were functional, as they complemented the hdt1
hdt2 lethal phenotype and fully restored root growth in the

Table 1. Kinematic Analyses of Root Growth in Wild-Type and hdt1,2i-1 Seedlings

Parameter Wild Type hdt1,2i-1 Difference (%) P Value

Root growth rate (mm/h, M ) 320.6 6 35.0 141.8 6 24.7 256 <0.001
Fully expanded cell length (mm, N ) 191.0 6 9.2 195.2 6 9.0 – NS
Cell production per day (X ) 40.3 6 4.3 17.4 6 2.9 257 <0.001
Cell number in the RM (Y ) 38.0 6 3.9 17.3 6 1.7 254 0.001
Cell cycle duration (h, Z ) 22.8 6 2.4 24.4 6 4.7 7 0.107

The analyses were performed based on wild-type and hdt1,2i-1 root cortical cell file. Data shown are average 6 SD. P values were determined by
Student’s t test (n > 20). NS, no statistical significance. X = 24*M/N and Z = 24*Y/X.

Figure 2. Reduced Cell Number in hdt1,2i-1 and GA2ox2OE1 RM Is Caused by an Earlier Switch from Cell Division to Expansion.

(A) to (C)mPS-PI-stained root tips of thewild-type (A),hdt1,2i-1 (B), andGA2ox2OE1 (C) seedlings at 6DAG.Arrows indicate columella stemcellswhich did
not display any starch granule.
(D) and (E) Expression pattern of the pSCR:SCR-GFP in the wild-type (D) and hdt1,2i-1 (E) root tips at 7 DAG (n = 10; representative images are shown).
Identical confocal microscope settings were used in (D) and (E).
(F) Cell number of the RM in wild-type, ga2ox2, hdt1,2i-1, ga2ox2 hdt1,2i-1, and GA2ox2OE1 seedlings measured daily after germination during 8 d. Data
shown are average 6 SD (n > 20).
Bars = 50 mm in (A) to (E).
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corresponding background (Supplemental Figure 2). This in-
dicates that both promoter regions are sufficient to drive genes
expressionat the rightplace.TransgenicpHDT1:GUSandpHDT2:
GUS plants showed that both promoters were especially active in
the RM. They displayed patchy expression patterns, suggesting
a cell cycle phase dependent expression (Figures 1D and 1E).
Their high activity in the RM is consistent with transcriptome data
(Birnbaumet al., 2003) and supports the idea that bothHDTgenes
are involved in controlling RMactivity. To study this, wemade use
of the root-specific ROOT CLAVATA HOMOLOG1 (RCH1) pro-
moter to knockdown both HDT1/2. The RCH1 promoter is spe-
cifically active in the RM and it is first activated during the torpedo
stageof embryodevelopment (Casamitjana-Martínezet al., 2003).
So ifHDT1/2areessential fordevelopmental processespreceding
this embryonic stage, thesewill not be affected. Five independent
lines (designated hdt1,2i-1, 4, 6, 8, and 9) were generated. The
levels ofHDT1/2 transcript, in these lines, were between 15%and
40%of that of the wild type (Figure 1B; Supplemental Figure 3). In
comparison with hdt2, all hdt1,2i lines showed more severely
reduced root growth (Figure 1C; Supplemental Figure 2), in-
dicating that both HDT1 and HDT2 control root growth. The level
of root length reduction in these hdt1,2i lines correlates with
decreasing levels of HDT1/2 transcript (Figures 1B and 1C;
Supplemental Figures 2 and 3), indicating that HDT1/2 positively
regulate root growth.

Reduced Root Growth of hdt1,2i Involves a Lower RM
Cell Number

To investigate how HDT1/2 affect root growth, the kinematic
growth of roots was analyzed in wild-type and two hdt1,2i lines,
hdt1,2i-1 and hdt1,2i-8, which had the strongest reduction of
HDT1/2 mRNA levels. Root growth rate from 6 to 7 DAG was
determined (see Methods). In comparison with the wild type,
hdt1,2i-1 or hdt1,2i-8 roots grew 56% and 60% slower, re-
spectively (Table 1; Supplemental Table 1). Root growth rate is
determined by number of cells that are added from the RM to
elongation zone within a defined time period and to what extent
these cells subsequently expand (De Veylder et al., 2001).
Therefore, the reduced root growth rate of hdt1,2i could be due to
fewer cells being added to the elongation zone or reduced ex-
pansion of newly added cells. The length of cortical cells in the
differentiated zone of both hdt1,2i-1 and hdt1,2i-8 roots was
measured and shown to be the same as in thewild type. However,
the number of cells added to the elongation zone was reduced in
hdt1.2i-1 and hdt1,2i-8 (Table 1; Supplemental Table 1). This
reduced cell number could be caused either by the presence of
fewer cells in hdt1,2iRMor by a prolonged cell cycle duration. We
inferred cell cycle duration from kinematic growth analyses and
this showed that it was only 7% or 6% longer in hdt1,2i-1 and
hdt1,2i-8 compared with the wild type. However, RM cell number
was reduced by 54% in hdt1,2i-1 and by 59% in hdt1,2i-8. This
reduction equals the difference in root growth rate (Table 1;
Supplemental Table 1).

The reduced cell number inRMcan be caused either by the loss
of the SCN or by a reduced number of divisions of the transit-
amplifying cells. To distinguish between these two possibilities,
we first investigated whether the SCN was lost in hdt1,2i. The

columella stemcells inhdt1,2i-1andhdt1,2i-8werepresent; these
are the cells adjacent to the QC and not containing starch
granules, which occur in differentiated columella cells (Figures 2A
and 2B; Supplemental Figure 4A). Also,SCR, which is required for
SCN maintenance (Sabatini et al., 2003), had a wild-type-like
expression pattern in the QC and endodermis of hdt1,2i-1 roots
(Figures 2D and 2E). QC divisions were more frequently observed
in hdt1,2i-8, but not in hdt1,2i-1 (Supplemental Figures 4A and 4I).
However, expression ofWOX5, another QC marker (Sarkar et al.,
2007), was maintained in hdt1,2i-8, like in the wild type and
hdt1,2i-1 (Supplemental Figures 4D to 4F). This suggests that QC
cells are maintained in hdt1,2i-8. In addition, the RMs of hdt1,2i-1
and hdt1,2i-8were still present at 21 DAG (Supplemental Figures
4J to 4L). Together, these data indicate that the reduced cell
number in hdt1,2i RM is not caused by loss of the SCN.
RM cell number increases after germination, and it reaches

a maximum when the number of cells added by cell division is
equal to the number of cells that switch to expansion (Dello Ioio
et al., 2008). By monitoring at what time the maximum RM cell
number is reached, we determined when cell division and cell
expansionhave reachedabalance. ThemaximumRMcell number

Figure 3. HDT1/2 Orchestrate Transcriptional Reprogramming.

(A) Expression pattern of pHDT2:HDT2-GFP that complements hdt1 hdt2
lethal phenotype in root of 7 DAG seedling. Bar = 100 mm.
(B)DEGs overlapped between themeristem zone (M), elongation zone (E),
and differentiated zone (D) of wild-type and hdt1,2i-1 roots.
(C) The number of upregulated and downregulated DEGs in meristem,
elongation, and differentiated zone of hdt1,2i-1 roots compared with the
wild type.
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was established at 4 DAG in hdt1,2i-1, whereas this was first
reached at 6 DAG in the wild type (Figure 2F). Similar results were
also obtained for the hdt1,2i-8 line (Supplemental Figure 4C). This
demonstrates that HDT1/2 are involved in regulating the switch
from cell division to expansion. The reduced RM cell number
indicates that an earlier switch occurs after fewer divisions of the
transit-amplifying cells in hdt1,2i.

Possible Targets of HDT1/2 Revealed by
Transcriptome Analyses

In the RM and elongation zone, HDT1/2 were located in both
nucleolus and nucleoplasm (Supplemental Figures 5B and 5C),
where they could alter the expression level of genes by changing
chromatin acetylation levels (Wu et al., 2003; Zhou et al., 2004;
Ding et al., 2012). We performed Illumina RNA sequencing to
determine the transcriptome differences between the wild type
and hdt1,2i-1 to obtain insight in how RM cell number might be
reduced in hdt1,2i-1. HDT1/2 proteins accumulated highest in the
meristem, markedly lower in the elongation zone and were hardly
detectable in the differentiated zone (Figure 3A; Supplemental
Figure 5A). We compared transcriptomes from the wild type and
hdt1,2i-1 in these three zones (see Methods). This resulted in 90,
114, and42differentially expressedgenes (DEGs) in themeristem,
elongation, and differentiated zones, respectively (Figure 3B;
Supplemental Data Set 2).

In the meristem zone, 75 genes were upregulated in hdt1,2i-1,
representing ;83% of DEGs in this zone. This is consistent with
a function of HDTs in repressing gene expression (Wu et al., 2003;
Zhou et al., 2004). In the elongation and differentiated zones, the
number of upregulated geneswas 63 and 25, representing;55%

and 60% of DEGs, respectively (Figure 3C). Twenty-four DEGs
were shared between the meristem and elongation zones, five
DEGs were shared between the elongation and differentiated
zones, and only one DEG was shared between the meristem and
differentiated zones. In total, 217DEGswere identified (Figure 3B;
Supplemental Data Set 2).
Gene Ontology (GO) enrichment analyses for the 217 DEGs

showed that the upregulated genes in hdt1,2i-1 were enriched in
genes involved in “response to chemical/stimulus.” The down-
regulatedgeneswereenriched ingenes involved in regulating root
development (Supplemental Figure 6). As HDT1/2 most likely
repress the expressionof genes (Wuet al., 2003; Zhou et al., 2004;
Ding et al., 2012), we expected that the earlier switch to expansion
of transit-amplifying cells in hdt1,2i-1 was at least in part caused
by genes with increased expression. The most upregulated gene
from the hdt1,2i-1 meristem zone encodes a MATE protein that
belongs to a proton-dependent efflux transporter family, which
contains at least 54 members in Arabidopsis (Eckardt, 2001).
However, the expression level of several paralogswas very high in
the wild type and was not changed in hdt1,2i-1 (Supplemental
Data Set 2). Assuming functional redundancy of these genes, the
upregulation of one MATE gene probably did not have a major
effect on root growth.GA2ox2was the second most upregulated
gene (Supplemental Data Set 2). This gene, the highest expressed
member from its family in root tips, was a good candidate to
contribute to the reduced RM cell number in hdt1,2i-1. GA2ox2
encodes an oxidase that inactivates bioactive C19 gibberellins via
2-oxidation. This is amajor gibberellin (GA) inactivatingpathway in
Arabidopsis, and GA delays the switch from cell division to ex-
pansion in Arabidopsis roots (Rieu et al., 2008; Ubeda-Tomás
et al., 2008, 2009; Moubayidin et al., 2010).

Figure 4. The hdt1,2i-1 Root Tip Has a Gibberellin-Deficient Phenotype.

(A) and (B) Expression of pRGA:GFP-RGA in wild-type (A) and hdt1,2i-1 (B) root tips at 6 DAG. Arrowheads indicate the boundary between the RM and
elongationzone.Close-upofboxedareasshowfivecortical cells thatwereused forquantification in (C). Identical confocalmicroscopesettingswereused to
image pRGA:GFP-RGA proteins in (A) and (B); representative images are shown. Bars = 50 mm.
(C)Quantification of fluorescence intensity of pRGA:GFP-RGA in thewild type (n= 11) and hdt1,2i-1 (n= 12). Arbitrary unit was used forGFP intensity. Root
cells used for quantification are indicated in (A) and (B). Data shown are mean 6 SE. Asterisk indicates significant difference between the wild type and
hdt1,2i-1 (**P < 0.01, Student’s t test).
(D) and (E)Cell number in thewild type and hdt1,2i-1RMafter treatmentwith 1mMand 10mMGA4/GA3 (D) orwith 0.1mMand 1mMPAC (E) at 6DAG.Data
shown are average 6 SD (n > 40). Asterisks indicate significant differences compared with the mock (2; **P < 0.01, ***P < 0.001; Student’s t test).
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hdt1,2i-1 Root Tips Have a Gibberellin-Deficient Phenotype

To determine whether GA level is indeed reduced in hdt1,2i-1
root tips, we made use of a DELLA reporter construct (pRGA:
GFP-RGA). GA destabilizes DELLA proteins such as RGA
(REPRESSOR OF ga1-3) (Peng et al., 1997; Silverstone et al.,
2001). hdt1,2i-1 plants were crossed with pRGA:GFP-RGA to
generate homozygous plants. RGA protein level was quantified
by measuring GFP intensity in wild-type (n = 11) and hdt1,2i-1
(n = 12) roots. In each root, GFP intensity in nuclei of five cortical
cells, at the transition from division to elongation, were mea-
sured and the average values were determined. This showed
that in hdt1,2i-1, RGA protein level was around 50% increased
(Figures 4A to 4C), indicating that hdt1,2i-1 root tips have
a reduced GA level. Consistent with this, PIN1 and PIN2 levels,
which are positively regulated by GA (Willige et al., 2011), were
considerably reduced in hdt1,2i-1 compared with the wild type
(Supplemental Figures 7A to 7D).
To investigate whether the reduced GA level in hdt1,2i-1 root

tips is caused by the upregulation of GA2ox2, wild-type and
hdt1,2i-1 seedlingswere treatedwith exogenousGA4 orGA3. GA4

is a substrate of GA2ox2,whereasGA3 is not (Thomas et al., 1999;
HeddenandPhillips, 2000;Yamauchi et al., 2007).RMcell number
inboth thewild typeandhdt1,2i-1was increasedsignificantlyafter
GA3 (1 and10mM) application (Figure 4D). A similar increase inRM
cell number was also observed in the wild type after GA4 (1 and
10mM) application in the wild type. However, in hdt1,2i-1, RM cell
number was not affected by applying 1 mM GA4, and it was only
increased slightly by application of 10mMGA4. This suggests that
the upregulated GA2ox2 in hdt1,2i-1 root tips rapidly degrades
exogenously applied GA4 but not GA3.
In line with the reduced GA level in hdt1,2i-1 root tips, the ex-

ogenously applied paclobutrazol (PAC; 0.1 and 1 mM), a GA
biosynthesis inhibitor (Wangetal., 1986), significantly reducedRM
cell number in the wild type. Whereas RM cell number in hdt1,2i-1
was not affected (Figure 4E). This suggests that the GA level in
hdt1,2i-1 is so low that PAC has no additional inhibitory effect on
RM cell number. Collectively, these data indicate that the upre-
gulation ofGA2ox2 reducesGA level in hdt1,2i-1 root tips and this
contributes to the decreased RM cell number.

HDT2 Regulates the Expression of GA2ox2 Directly

To examinewhether there is a correlation between the expression
levels of HDT1/2 and GA2ox2, we compared the GA2ox2 mRNA
level in root tips of several hdt mutants/lines. This included the
hdt1 and hdt2 mutants, the hdt1 hdt2 double mutant com-
plemented by pHDT2:HDT2-GFP, hdt1,2i-1, and hdt1,2i-8. The
hdt1and thecomplemented line hadasimilarGA2ox2mRNA level

Figure 5. HDT2 Directly Regulates the Expression of GA2ox2.

(A) RT-qPCR analyses of GA2ox2 expression in root tips of the wild type,
hdt1, hdt2, and pHDT2:HDT2-GFP complemented hdt1 hdt2 mutant,
hdt1,2i-1, and hdt1,2i-8 lines at 6 DAG.
(B) Schematic representation of theGA2ox2 genomic region. Black boxes
represent exons, and green box indicates TATA box. The bent arrow in-
dicates the transcription start site. Bars below with numbers indicate re-
gions used in ChIP-qPCR experiments. Bar = 100 bp.

(C) and (D) ChIP-qPCR analyses of pHDT2:HDT2-GFP complemented
hdt1 hdt2 and wild-type seedlings using anti-GFP antibody (C), and
hdt1,2i-1 and wild type roots using anti-H3ac antibody (D). PC or NC
represents positive or negative control.
Data shown in (A), (C), and (D) aremean6 SE values determined from three
independent experiments. Asterisks in (C) and (D) indicate significant
differences compared with the wild type (**P < 0.01, Student’s t test).
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as the wild type, whereas in hdt2 and two hdt1,2i lines, the ex-
pression level of GA2ox2 was increased (Figure 5A). Lower level
of HDT2 mRNA (Figure 1B) correlates with higher expression
level of GA2ox2. This inverse correlation suggests that the ex-
pression of GA2ox2 is negatively regulated by HDT2.

HDTs can mediate transcriptional repression by deacetylating
genes (Ding et al., 2012). To investigate whether HDT2 binds to
the GA2ox2 locus, we performed chromatin immunoprecipitation-
quantitative PCR (ChIP-qPCR) on wild-type and pHDT2:HDT2-GFP
complemented seedlings using an anti-GFP antibody. Five different
DNA fragments were amplified spanning a region from 850 bp up-
stream to 618 bp downstream of the GA2ox2 start codon. These in-
cluded three fragments from thepromoter region and apart of the first
and the second exon, respectively (Figure 5B). The MATE gene
(AT2G04050) was used as positive control. It is also upregulated in
hdt1,2i-1 (Supplemental Data Set 2) and HDT2 binds to its first exon
(David Latrasse, personal communication). A randomly selected
Arabidopsis intergenic region of chromosome5was used as negative
control. Amarked enrichment of HDT2 on the positive control, as well
as on the first exon of GA2ox2 was found in pHDT2:HDT2-GFP-
complemented seedlings, compared with wild-type seedlings. In ad-
dition, a statistically significant enrichment was also found for one
promoter fragment (TATA box) and the second exon of GA2ox2. No
enrichment was observed for the negative control and the other two
fragments of GA2ox2 (Figure 5C). This indicates that HDT2 binds to
GA2ox2.

Subsequently, we determined whether knockdown of HDT1/2
affects the acetylation level of the HDT2-bound GA2ox2 regions.
Since histone H3ac generally marks actively transcribed chro-
matin (Kouzarides, 2007),wedeterminedH3ac levelsofGA2ox2 in
hdt1,2i. We performed ChIP-qPCR on hdt1,2i-1 and wild-type
roots (see Methods) using an anti-H3ac antibody. An increase in
H3ac level was found for the positive control in hdt1,2i-1 roots.
Furthermore, at the HDT2 binding sites, a 2.6-fold increase was
found for the first exon of GA2ox2 and a statistically significant
increase inH3ac levelwasalso found for theTATAbox region (1.9-
fold) and the second exon (1.9-fold) (Figure 5D). Furthermore,
there was no increase in H3ac level at the negative control locus
and the HDT2 nonbinding sites in hdt1,2i-1. This shows that
knockdown of HDT1/2 results in an increased H3ac level at re-
gions towhichHDT2 binds. Taken together, these results indicate
that HDT1/2 repress the expression of GA2ox2 likely by deace-
tylating histone H3 at specific regions within the GA2ox2 locus.

GA2ox2 Is a Determinant in HDT1/2-Regulated Switch from
Cell Division to Expansion

To further studywhether the reduced root growth of hdt1,2iplants
is caused by the upregulation of GA2ox2, we generated four
GA2ox2 overexpression lines driven by the root-specific RCH1
promoter (GA2ox2OE1-OE4) (Casamitjana-Martínez et al., 2003). In
these lines, the level of GA2ox2 transcripts was 30 to 100 times
higher than that of thewild type (Figure6A).All fourGA2ox2OE lines
formed shorter roots than thewild type. The level of reductionwas
correlatedwith the level of upregulation ofGA2ox2 (Figure 6B). To
test whether overexpression of GA2ox2 causes the short root
phenotype in a similar way as hdt1,2i, the SCN and the length of
fully differentiated cells were analyzed, the RM cell number was

Figure 6. GA2ox2 Controls Root Growth.

(A) RT-qPCR analyses of GA2ox2 expression in root tips of the wild type
and four independent GA2ox2 overexpression lines at 6 DAG. All panels
show mean6 SE values determined from three independent experiments.
(B)Primary root lengthof the fourGA2ox2overexpression linesand thewild
type at 7 DAG. Data shown are average 6 SD (n > 20). Asterisks indicate
significant differences betweenmutants and thewild type (*P < 0.05, ***P <
0.001; Student’s t test).
(C) The length of fully differentiated cortical cells in the wild type,
GA2ox2OE1, andGA2ox2OE2at7DAG.Datashownareaverage6 SD (n>20)
withnosignificant differencebetween thewild typeandmutants (Student’s
t test).
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determineddaily from1 to8DAG inGA2ox2OE1andGA2ox2OE2. In
both lines, the SCN was shown not to be disturbed at 6 DAG and
expression of WOX5 was wild type like (Figures 2A and 2C;
Supplemental Figures 4B, 4D, and 4G to 4I). This was also sup-
ported by the maintenance of the RMs till 14 DAG (Supplemental
Figures 4J, 4M, and 4N). The length of fully differentiated cortical
cells in bothGA2ox2OE1 andGA2ox2OE2 roots wasmeasured and
shown to be identical to the wild type (Figure 6C). The maximum
RMcell number was established at 5DAG in bothGA2ox2OE1 and
GA2ox2OE2 (Figure 2F; Supplemental Figure 4C), whereas in the
wild type, this was first reached at 6 DAG. RM cell number of
GA2ox2OE1 and GA2ox2OE2 was reduced significantly at 6 DAG,
compared with that of the wild type (Figures 2F, 7A, and 7C;
Supplemental Figure 4C). These results suggest that the switch
from cell division to expansion occurs earlier in GA2ox2OE lines,
like in hdt1,2i lines. The similarity of the GA2ox2OE RM to that of
hdt1,2i further supports that lower GA levels in hdt1,2i-1 root tips
contribute to RM size regulation.

We next determined whether knockout of GA2ox2 (ga2ox2;
Supplemental Figure 1) could rescue the RM defect in hdt1,2i-1.
ga2ox2 plants were crossed with hdt1,2i-1 plants to generate
ga2ox2hdt1,2i-1homozygousplants.At6DAG,ga2ox2plantshad
a similarRMcell number as thewild type (Figures2F, 7A, and7D). In
ga2ox2 hdt1,2i-1 plants, the averaged RM cell number was 24.0.
This isasubstantially increasedcellnumber incomparison to16.6 in
hdt1,2i-1 (Figure 2F, 7B, and 7E). The maximum cell number was
established at 5 DAG in ga2ox2 hdt1,2i-1, comparedwith 4 DAG in
hdt1,2i-1plants (Figure2F).Therefore,knockoutofGA2ox2 rescues
(in part) the RM defect of hdt1,2i-1. These findings suggest that
HDT1/2 repress GA2ox2 expression to fine-tune gibberellin ho-
meostasis in order to determine RM cell number.

GA2ox2 Expression Is Increased in All Transit-Amplifying
Cells in hdt1,2i-1

In roots of hdt1,2i-1 plants, the switch from cell division to ex-
pansion occurs earlier than in the wild type, as caused by the

upregulation of GA2ox2. Therefore, we determined in which cells
GA2ox2 expression was increased. We created a GA2ox2 pro-
moter/GUS reporter line (pGA2ox2:GUS) and crossed it with
hdt1,2i-1 to generate homozygous pGA2ox2:GUS hdt1,2i-1
plants. In wild-type roots, a low level of expression of pGA2ox2:
GUS occurred in vascular tissue and pericycle at the transition
from the RM to elongation zone, but it was not detected in en-
dodermis, cortex, and epidermis (Figure 8A). This expression
pattern is consistent with the gene expression map of the Ara-
bidopsis roots (Birnbaum et al., 2003). In hdt1,2i-1, GUS activity
was markedly increased in both RM and the distal part of elon-
gation zone, and it was not restricted to vascular tissue and
pericycle. Instead,weobserved highGUSactivity in theRMwithin
all cell files (Figure 8B). The level of GUS activity gradually de-
creased from the distal to the proximal elongation zone where it
became undetectable. This is consistent with the expression level
ofGA2ox2 in these zones in hdt1,2i-1 (Supplemental Data Set 2).
These data indicate that HDT1/2 determine GA2ox2 expression
level in the RM and elongation zone.

DISCUSSION

In this study, we demonstrate that HDT1/2 influence the switch
fromcell division toexpansion in the root tipby repressingGA2ox2
expression. KnockdownofHDT1/2 causesanearlier switch to cell
expansion and results in a reduced RM cell number. The upre-
gulation of GA2ox2 is a contributing factor to this phenotype. We
show that HDT2 binds to several regions ofGA2ox2, and at these
binding sites the acetylation level is negatively regulated. Upre-
gulation of GA2ox2 in hdt1,2i most likely causes a reduced GA
level that results in an earlier switch fromcell division to expansion
of transit-amplifying cells.
pHDT1:GUS and pHDT2:GUS exhibit a patchy accumulation

pattern suggesting cell cycle-dependent expression. However,
HDT1/2-GFP fusion proteins are present at an equal level in
transit-amplifying cells. It seems unlikely that they have a function

Figure 7. GA2ox2 Is a Gene Repressed by HDT1/2 to Determine RM Cell Number.

Root tip phenotypes of the wild type (A), hdt1,2i-1 (B),GA2ox2OE1 (C), ga2ox2 (D), and ga2ox2 hdt1,2i-1 (E) at 6 DAG. Arrowheads indicate the boundary
between the RM and elongation zone. Bars = 50 mm.
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in a specific stage of the cell cycle. This is consistent with the
observation that cell cycle duration is not affected inhdt1,2i-1.We
expect thatHDTproteins are especiallymadewhen the chromatin
is duplicated, similar to histone transcription and translation. The
equal levels ofHDTsmight be causedby the relatively stable nature
of these proteins. This is supported by the occurrence of HDT1/2-
GFP in expanding cells, whereas GUS is not detectable. An al-
ternative explanation is that HDT1/2 are transported to adjacent
cells.Thiscouldexplainwhylow levelsofHDT1/2-GFParedetected
in the SCN, whereas GUS is below the detection level (n > 20).

We show that HDT1 and HDT2 determine the RM cell number.
Notably, treatment with trichostatin A (TSA), an inhibitor of certain
zinc binding motif containing histone deacetylases (Finnin et al.,
1999), increases the RM cell number (Rosa et al., 2014). This
seems indisagreementwithourfinding thatdecreasedHDTactivity
leads to a reduced cell number. However, although HDTs contain
a zinc binding domain, it has not been demonstrated that their
activity is targeted by TSA. Furthermore, other studies show that
application of TSA inhibits root growth and triggers QC divisions
(Nguyen et al., 2013; Pi et al., 2015). To determine whether TSA

could target HDT1/2, we compared the effect of TSA on QC cell
division in the wild type and hdt1,2i-1. This showed that a TSA
treatment and HDT1/2 knockdown increase the frequency of QC
divisions in a similar way (Supplemental Figure 4I), indicating that
TSA-mediatedQCdivisionsdonot involveHDT1/2but involveother
targets.
Overexpression of GA2ox2 causes a similar RM phenotype as

HDT1/2knockdown (Figures2F,7B,and7C).Therefore, inhdt1,2i,
the upregulation ofGA2ox2 (in part) causes the decreasedRMcell
number. Upregulation of GA2ox2 in hdt1,2i root tips (Figures 8A
and 8B) causes most likely a rapid degradation of GA. In agree-
mentwith this, thehdt1,2i-1RMcell number ispartially restoredby
GA3 and hardly affected by GA4 (Figure 4D). In addition, PAC,
which decreases RM cell number in the wild type that can be
restored by GA3 (Ubeda-Tomás et al., 2009), has no additional
effect on hdt1,2i-1RMcell number (Figure 4E). This suggests that
GA level in hdt1,2i-1 is very low. Themost direct way to show that
GA level is reduced in hdt1,2i-1 would be by GA quantification,
which is technically difficult. However, the increased accumula-
tion of RGA, as well as the decreased PIN1/2 abundance in
hdt1,2i-1 root tips (Figures 4A to 4C; Supplemental Figure 7) are
consistent with a reduced GA level. Similar phenotypes are also
observed in other GA-deficientmutants or PAC-treated seedlings
(Ubeda-Tomás et al., 2009; Moubayidin et al., 2010). A transit-
amplifying cell exits the mitosis as it enters into the elongation
zone (Blilou et al., 2002; Vanstraelen et al., 2009). GA is required to
promotemitotic activity (Peng et al., 1997; Silverstone et al., 2001;
Achard et al., 2009;Ubeda-Tomáset al., 2009). In linewith this,GA
biosynthesis mutants ga1 and ga3ox1 ga3ox2, as well as a non-
GA-degradable DELLA mutant, have a reduced RM cell number
due to an earlier exit from the mitotic cell cycle (Ubeda-Tomás
et al., 2009; Moubayidin et al., 2010). We postulate that in hdt1,2i,
the upregulation ofGA2ox2 causesmost likely a reducedGA level
that results in an earlier switch from division to expansion and in
this manner (in part) decreases RM cell number.
Previously, it has been shown that GA2ox6 transcript level in

Arabidopsis roots is higher than that of GA2ox2 (Dugardeyn et al.,
2008).However,GA2ox6 is only expressed in thedifferentiatedzone
(Supplemental Data Set 2). In the wild type, both genes are hardly
expressed in root tips, whereas in hdt1,2i-1, GA2ox2 is remarkably
upregulated in RMand its expression starts to decrease in the distal
elongation zone and becomes undetectable in the proximal elon-
gation zone and differentiated zone (Figure 8B; Supplemental Data
Set 2). This suggests that GA levels will only be disturbed in RMand
the distal elongation zone. GA controls the size of fully differentiated
root cells (Band et al., 2012; Shani et al., 2013). This is in agreement
with theobservation that thesizeof fullydifferentiated rootcells isnot
affected (Table 1; Supplemental Table 1).
SHY2 is an AUX/IAA-type transcriptional repressor that triggers

the switch from cell division to expansion (Dello Ioio et al., 2008;
Moubayidin et al., 2010). SHY2 expression is induced in this
transition zone by ARR1 and ARR12, two cytokinin-responsive
transcription factors,whichareexpressed in the transition zoneas
well. GA represses the expression of ARR1 and in this manner
delays the accumulation of SHY2 (Mason et al., 2004, 2005;
Dello Ioio et al., 2008). However, we did not observe any effect on
ARR1/SHY2 transcript levels inhdt1,2i-1RMandelongationzone.
Possibly the reduced GA level in hdt1,2i-1 transit-amplifying cells

Figure 8. Enhanced Expression of GA2ox2 in hdt1,2i-1 Root Tip.

Expression pattern of pGA2ox2:GUS in root tips of the wild-type (A) and
hdt1,2i-1 (B) seedlings at 6DAG (n=15 for each; representative images are
shown). Arrowheads indicate the boundary between the RM and elon-
gation zone. Bars = 50 mm.
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causes ARR1/SHY2 transcript to accumulate so the proteins will
reach the threshold level required to induce the switch from cell
division to expansion earlier than in the wild type. This most likely
does not affect their transcript levels in total root extracts (Dello
Ioio et al., 2007, 2008), as the size of the region where they are
expressed is most likely not affected.

The fact that hdt1,2i lines have a stronger phenotype than the
hdt2 mutant points to an additive effect of HDT1 and HDT2 in
controlling root growth (Figures 1B and 1C; Supplemental Figure
2). They both presumably repress GA2ox2 expression, as in
hdt1,2i-1/8 lines this gene is induced much higher than in hdt2
(Figure 5A), whereasHDT2mRNA levels in thesemutants are very
similar (Figure 1B). This could mean that HDT1 and HDT2 repress
the expression of same genes, but together have to be present at
a sufficient level. This is supportedby theobservation that thehdt1
mutant has no root phenotype, but has an increased HDT2 ex-
pression level (Figures 1B and 1C).

GA2ox2 isonlyonegeneoutof217DEGs inhdt1,2i-1.However,
knockout of GA2ox2 rescues hdt1,2i-1 root growth significantly
and GA2ox2 overexpression phenocopies hdt1,2i-1 (Figures 2F,
7B, and 7E). This suggests thatGA2ox2 upregulation is a cause of
the short-root phenotype in hdt1,2i. HDT2 binds to two exons of
GA2ox2, as well as to the TATA box (Figures 5B and 5C). The
identified HDT2 binding sites from GA2ox2 are also potential
HDT1bindingsites, asHDT1andHDT2aremost likely functionally
redundant. Binding to the TATA box appears to be important as
pGA2ox2:GUS is markedly enhanced in hdt1,2i-1 background.
This reporter construct does contain the TATAboxbut not the two
exons (see Methods). The TATA box is considered to be the
binding site of basal transcriptional machinery (Patikoglou et al.,
1999; Bernard et al., 2010; Liu et al., 2015a). KnockdownofHDT1/
2 results in increased histone acetylation levels of the GA2ox2
locus. We postulate that this decrease in histone acetylation in-
creases the accessibility of the GA2ox2 promoter to basal tran-
scription factors.

Remarkably, the DEGs in hdt1,2i-1 are enriched in genes in-
volved in response to various stimuli and root development
(Supplemental Figure 6). This suggests that HDT1/2 play a role in
adaptation of root development to environmental stimuli. It has
been shown that mild abiotic stress conditions in general lead to
transiently reduced growth that is reversible. The hormone ab-
scisic acid (ABA) plays a key role in regulating stress responses
and exogenously applied ABA and salt reduce RM cell number in
Arabidopsis seedlings (Yang et al., 2014; Liu et al., 2015b). Ex-
pression of the fourHDTs is repressed by ABA and salt (Luo et al.,
2012). We postulate that the HDTs may be part of a mechanism
that modulates root growth upon response to abiotic stress.
Repression ofHDT1/2 results in retarded root growth by reducing
the number of transit-amplifying cells. However, the SCN is well
maintained (Figures2Aand2B;Supplemental Figure4A); thus, the
root can reestablish growth upon release of the stress.

METHODS

Plant Materials and Growth Conditions

TheArabidopsis thaliana accessionColumbia-0was used as thewild type.
The T-DNA insertion lines used are the following: GK355_H03 for HDT1

(At3g44750), SAIL_1247_A02 for HDT2 (At5g22650), SAIL_240_C08 and
SALK_129799 (Luo et al., 2012) for HDT3 (At5g03740), GK_279_D04 for
HDT4 (At2g27840), and SALK_051749 for GA2ox2 (At1g30040) (Alonso
et al., 2003; Rieu et al., 2008). All seedswere obtained from theNottingham
Arabidopsis Stock Centre. The T-DNA insertions were verified by geno-
typing with primers listed in Supplemental Table 2.1. The Arabidopsis GFP
reporter lines used are pSCR:SCR-GFP (Helariutta et al., 2000), pRGA:
GFP-RGA (Silverstone et al., 2001), pPIN1:PIN1-GFP (Benková et al.,
2003), and pPIN2:PIN2-GFP (Blilou et al., 2005).

Plants were grown vertically on 0.53 Murashige and Skoog medium
including vitamins (Duchefa) and 1% sucrose under long-day conditions
(16 h light/8 h dark) at 22°C. For the GA and PAC treatment, 2-d-old
seedlings were transferred to the same medium containing GA3, GA4, or
PAC (Duchefa).

Root Growth Phenotype Analyses

Root lengthofArabidopsisplantswasmeasuredat 7DAG.Thecell number
in root meristem was determined by counting cortical cells from the cor-
tical-endodermal initial cell to the first expanding cortical cell daily from1 to
8DAG. For the kinematic growth analyses, root tips of;30 seedlings were
marked at 6 and then at 7 DAG, and the length increase within this 24-h
interval was determined by measuring the distance between these two
marks. The size of fully differentiated cells was determined by measuring
the lengthof cortical cells in thedifferentiated zone.Allmeasurementswere
done by using Image Lab 2.0 software (Bio-Rad).

Histology and Microscopy

Arabidopsis roots were mounted on slides in chloral hydrate solution and
analyzed under Axio Imager A1 microscope (Zeiss) with Nomarski optics.
GUS activity was visualized after incubation of transgenic plants for 1 h at
37°C in 0.1 M NaH2PO4-Na2HPO4 (pH 7) buffer including 3% sucrose,
0.05 mM EDTA, 0.5 mg/mL X-gluc, 2.5 mM potassium ferrocyanide, and
potassium ferricyanide (Jefferson et al., 1987). All confocal images were
acquired using Leica SP2 confocal laser scanning microscope. Fresh
transgenic roots were mounted on slides with 10 mM propidium iodide for
cell wall staining. GFP was detected with an excitation wavelength of
488 nm and propidium iodide was detected with an excitation wavelength
of 543 nm. GFP intensity was measured by using Image Lab 2.0 software
(Bio-Rad). To visualize starch in columella cells, mPS-PI staining was
performed according to Truernit et al. (2008).

Constructs and Plant Transformation

To generate pHDT1:HDT1-GFP and pHDT2:HDT2-GFP constructs, the
genomic sequences ofHDT1 andHDT2 including their putative promoters
(1.5 kb for HDT1 and 0.5 kb for HDT2) were PCR amplified from genomic
DNA using Phusion High-Fidelity DNA Polymerase (Finnzymes) and di-
rectionally cloned into pENTR-D-TOPO (Invitrogen). Subsequently, these
pENTR-D-TOPO constructs, the pENTR 4-1 vector (Invitrogen), and the
pENTR 2-3 vector (Invitrogen) containing a GFP open reading frame and
a CaMV 35S terminator were recombined into the binary destination
pBnRGW vector by Multisite Gateway reaction. The pBnRGW vector is
amodified vector basedonPKGW (Karimi et al., 2002) including thepNAP:
RFP expression cassette from pFluar101 (Stuitje et al., 2003) for easy
selection of red fluorescent transgenic seeds. For pHDT1:GUS, pHDT2:
GUS, and pGA2ox2:GUS constructs, the promoters (1.8 kb for GA2ox2)
were cloned into the pENTR-D-TOPO vector. The pENTR-D-TOPO con-
structs, the pENTR4-1 vector (Invitrogen), and the pENTR 2-3 vector
containing a GUS were recombined into the binary destination pBnRGW
vector by Multisite Gateway reaction. The primers used for making these
constructs are listed in Supplemental Table 2.2.
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To build the pRCH1:HDT1HDT2 RNAi construct (hdt1,2i ), the CaMV
35S promoter in pK7GWIWG2 vector (Limpens et al., 2005) was replaced
with RCH1 promoter [pK7GWIWG2(II)]. The RCH1 promoter was first
amplified on genomic DNA and cloned into pENTR-D-TOPO. Then it was
cut out from the vector by HindIII (partial digestion) and XbaI and re-
combinedwith two fragments of thepK7GWIWG2(II) vector in a three-point
ligation. The two fragments of pK7GWIWG2(II) vector were obtained by
digestion either with HindII and NcoI, or with SpeI (compatible with XbaI)
andHindIII. ThewholeRNAicassette including theRCH1promoterwascut
out from the vector using ApaI and HindIII and ligated into the pBnRGW
binary vector digested with the same enzymes and in such way creating
pBnRRGWIWG vector. The RNAi target sequences of HDT1 and HDT2
coding sequences (0.6 kb for each) were combined in one amplicon using
a two-step PCR, following the procedure described by Franssen et al.
(2015). In brief, the first stepPCRs introduced short overlaps (15bp) inPCR
fragments of HDT1 and HDT2 coding sequences with HDT1rnai-F and
HDT1rnai-R primers, or with HDT2rnai-F and HDT2rnai-R primers. These
two fragments were used as templates in the second-step PCR with
HDT1rnai-F and HDT2rnai-R primers. The final PCR fragment was in-
troduced into pENTR-D-TOPO vector and recombined in inverse-repeat
orientation into the pBnRRGWIWGbinary vector by a LRGateway reaction
(Invitrogen). The primers used for RNAi are presented in Supplemental
Table 2.3.

To construct pRCH1:GA2ox2 (GA2ox2OE), theRCH1 promoter was cut
out of the pENTR-D-TOPO vector using theNotI and AscI restriction sites,
and then ligated with a BsaI-digested pENTR4-1 vector. GA2ox2 cDNA
was cloned into pENTR-D-TOPO vector. These two vectors and theCaMV
35S terminator containing pENTR 2-3 vector were recombined in a Mul-
tisite Gateway reaction into the binary destination pBnRGW vector. The
primers used are shown in Supplemental Table 2.4.

All constructed binary vectors were introduced into Arabidopsis
throughAgrobacterium tumefaciens (strain C58)-mediated transformation
byfloraldippingmethod(CloughandBent,1998).TheArabidopsis(Columbia-0)
plants were transformed with pHDT1:GUS, pHDT2:GUS, pGA2ox2:GUS,
pRCH1:HDT1HDT2 RNAi, and pRCH1:GA2ox2 constructs. To test whether
pHDT1:HDT1-GFP and pHDT2:HDT2-GFP could complement the hdt1 hdt2
mutant, homozygous line for hdt1 and heterozygous for HDT2 plants were
transformed with pHDT1:HDT1-GFP and pHDT2:HDT2-GFP. The primers
used for confirming thecomplementationare listed inSupplemental Table2.5.

Gene Expression Analyses

ForRT-PCR,;10wild-type andhdt seedlingswere collected at 6DAG.For
study of gene expression by RT-qPCR,;100 root tips (includingmeristem
and elongation zone) were collected at 6 DAG, and this was done in three
independent experiments (three biological replicates). The collected plant
material was used for total RNA extraction using the E.Z.N.A. Plant RNA kit
(Omega). cDNAwas synthesized from1mgofRNAby reverse transcription
with random hexamer primers using the iScript Select cDNA synthesis kit
(Bio-Rad) according to the manufacturer’s instructions. RT-qPCR was
performed in a 10-mL reaction with MyiQ SYBR Green Super-mix (Bio-
Rad). Eachsamplewasquantified in triplicatesusingCFX3.0software (Bio-
Rad) and normalized using TUBULIN as a reference. The normalization
using Actin as a reference shows similar results. The primers used for
RT-PCR or RT-qPCR are listed in Supplemental Table 2.6 or 2.7.

RNA-Seq

Root tipsof;1000wild-typeand;2000hdt1,2i-1seedlingsat6DAGwere
cut and collected in three parts: the meristem zone (from columella till the
disappeared lateral root cap,;500 or 300mm in thewild type or hdt1,2i-1),
elongation zone (until the appeared root hairs,;900 or 800 mm in the wild
type or hdt1,2i-1), and differentiated zone (;1 mm for both, to avoid lat-
eral root primordia). The experiment was performed three times (three

biological replicates). Total RNA from each zone was extracted using
RNeasy Micro Kit (Qiagen). RNA was sequenced at BGI Tech Solutions
(Hong Kong) using low-input HiSeq2000 instrument. This generated ;12
million 50-bp clean single-end reads for each sample. Sequencing data
were analyzed by mapping to the Arabidopsis genome (TAIR10) using
a CLC Genomics Workbench (Denmark). Gene expression levels were
determined by calculating the reads per kilobase permillionmapped reads
(Shi et al., 2006). DEGs are defined based on relatively stringent statistics
and filtering (fold change > 2, false discovery rate, P value < 0.05)within the
CLC. GO enrichment analyses were performed using agriGO v2.0 (Tian
et al., 2017).

ChIP Assay

Approximately 1gramofwild-typeandpHDT2:HDT2-GFP (in thehdt1hdt2
background) complemented seedlings at 6 DAG were used for each anti-
GFP ChIP assay. Approximately 0.5 g of wild-type and hdt1,2i-1 roots
(;5 mm from the tip) at 6 DAG were used for each anti-H3ac ChIP assay.
For both assays, three independent ChIP experiments were performed as
described (Kaufmann et al., 2010), with some modifications. For anti-GFP
assays, sonicatedchromatinwas incubatedwithGFP-Trap agarosebeads
(Chromotek) for 90min at 4°C. For anti-H3ac assays, sonicated chromatin
was immunoprecipitatedwith an anti-H3ac antibody (06-599;Millipore) for
1 h at 4°C and then incubated with Protein A/G PLUS-Agarose beads
(Santa Cruz) for 50 min at 4°C. Immunoprecipitated DNA was recovered
using the IPure kit v2 (Diagenode) andquantifiedusing theQubit dsDNAHS
AssayKit (LifeTechnologies).Analiquotofnontreatedsonicatedchromatin
was processed in parallel and used as total input DNA control. ChIP-qPCR
data analyses were performed according to Frank et al. (2001). All ChIP
enrichments were calculated as percentage of DNA immunoprecipitated
at the locus of interest relative to the corresponding input samples
andnormalized to thepercentageofDNA immunoprecipitatedat that locus
inwild-typeplants.Theprimersused forChIP-qPCRare listed inSupplemental
Table 2.8.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: HDT1 (At3g44750), HDT2 (At5g22650), HDT3 (At5g03740), HDT4
(At2g27840), MATE (At2g04050), and GA2ox2 (At1g30040).
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Supplemental Figure 1. Genome Structure of HDT1-4 and GA2ox2
Genes.

Supplemental Figure 2. HDT1/2 Control Root Growth.

Supplemental Figure 3. Expression of HDT1 and HDT2 Genes in
Wild-Type and hdt1,2i Lines.

Supplemental Figure 4. Reduced Cell Number in hdt1,2i and
GA2ox2OE RM Is Caused by an Earlier Switch from Cell Division to
Expansion.

Supplemental Figure 5. Expression Pattern of pHDT1:HDT1-GFP and
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Supplemental Figure 6. Gene Ontology Enrichment Analyses of
DEGs in hdt1,2i-1 Roots.

Supplemental Figure 7. PIN1 and PIN2 Proteins Are Reduced in
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Supplemental Table 1. Kinematic Analyses of Root Growth in Wild-
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Supplemental Table 2. Primers Used in This Study.
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