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Phosphorus (P) is one of the essential nutrients 
required for plant growth, development, and repro-
duction. Although P is abundant in many soils, very 
little of it is present in phosphate (Pi) forms available 
for plant usage (Holford, 1997). In order to improve 
Pi uptake from soil, plants have developed numerous 
adaptive responses to low Pi availability (Raghothama,  
1999; Williamson et al., 2001; Vance et al., 2003). In 
these responses, the expression of a subset of genes is 

up- or down-regulated in plants (Raghothama, 1999; 
Wu et al., 2003; Misson et al., 2005). The Pi starvation- 
induced (PSI) genes are regulated by several tran-
scription factors, with PHOSPHATE STARVATION 
RESPONSE1 (PHR1) being the key transcription factor 
in vascular plants (Rubio et al., 2001; Devaiah et al.,  
2007, 2009). The phr1 mutant displays decreased  
expression of a subset of PSI genes, reduced contents 
of Pi, and minimal induction of anthocyanin accumu-
lation in responses to Pi starvation (Rubio et al., 2001; 
Misson et al., 2005). On the contrary, the overexpres-
sion of PHR1 in Arabidopsis (Arabidopsis thaliana) leads 
to an increased content of Pi in shoots and an elevated  
expression of a subset of PSI genes (Nilsson et al., 
2007). PHR1 is considered a central positive regulator 
of most PSI genes (Rubio et al., 2001; Bari et al., 2006). 
PHR1 belongs to the MYB-CC family of transcription 
factors, which are encoded by 15 genes in Arabidop-
sis. Besides PHR1, the other two MYB-CC members, 
namely PHR1-LIKE1 (PHL1) and PHL2, also are 
regarded as the key components of the central regu-
latory system controlling Arabidopsis transcriptional 
responses to Pi starvation (Bustos et al., 2010; Sun et al., 
2016). PHR1, PHL1, and PHL2, and perhaps additional 
MYB-CC members, act redundantly or function in  
different plant tissues to regulate plant transcriptional 
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responses to Pi starvation. The orthologs of PHR1 have 
been found in other plant species, including Phaseolus 
vulgaris (Valdés-López et al., 2008), Oryza sativa (Zhou 
et al., 2008), Brassica napus (Ren et al., 2012), and Triti-
cum aestivum (Wang et al., 2013), where they function 
similarly in response to Pi starvation. The transcription 
of the PHR1 gene seems independent of the Pi status of 

plants (Rubio et al., 2001; Zhou et al., 2008; Ren et al., 
2012). A more detailed understanding of the transcrip-
tional regulation of PHR1 in plant tissues and organs is 
so far unavailable.

Much progress has been made in research into 
Pi deficiency-induced root architecture remodeling  
(Williamson et al., 2001; López-Bucio et al., 2002). The 

Figure 1. Expression profiles of PHR1 in Arabidopsis. A, Expression of GUS in PHR1p:GUS transgenic Arabidopsis. Histochem-
ical assay of GUS activity in 1- (a), 2- (b), 3- (c), 4- (d), 5- (e), 6- (f), 7- (g), and 14-d-old seedlings (h) on 1 mm Pi medium and in 
roots of 25-d-old plant grown in soil (i and j). Bars = 100 μm. B, Expression analysis of PHR1 in roots and shoots. Five-day-old 
seedlings were transferred to 1 μm Pi for 0, 6, 12, 24, 48, and 72 h, and then total RNA was isolated from roots and shoots for 
reverse transcription quantitative PCR (RT-qPCR) analysis. The data are presented as means ± sd. The significance of differences 
was analyzed by Duncan’s test (P < 0.05; n = 9). Different lowercase letters indicate statistically significant differences. C, 
RT-qPCR analysis of PHR1 expression in roots treated with auxin (0.05 μm IAA or 0.05 μm NAA) and auxin transport inhibitors 
(10 μm NPA or 10 μm TIBA) for 24 h under 1 mm Pi or 1 μm Pi conditions, respectively. CK, Nontreated control. The data are 
presented as means ± sd. The significance of differences was analyzed by Duncan’s test (P < 0.05; n = 9). Different lowercase 
letters indicate statistically significant differences. D, Expression of GUS in roots of PHR1p:GUS transgenic Arabidopsis treated 
with auxin (0.05 μm IAA or 0.05 μm NAA) and auxin transport inhibitors (10 μm NPA or 10 μm TIBA) for 24 h under 1 mm Pi or 
1 μm Pi conditions, respectively.
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early data suggest that the ability of the root system 
to respond to Pi availability is independent of auxin 
signaling, because the root system architectures (RSAs) 
of the auxin-resistant mutants axr1, aux1, and axr4  
appear to respond normally to changes of Pi availability 
(Williamson et al., 2001). However, further research 
suggests that auxin plays an important role in medi-
ating the Pi starvation effects on RSAs (López-Bucio  
et al., 2002; Al-Ghazi et al., 2003; Nacry et al., 2005; Jain 
et al., 2007; Pérez-Torres et al., 2008). The increase in 
lateral root formation in Pi-deprived Arabidopsis seed-
lings is mediated, at least in part, by an increase in the 
auxin sensitivity of root cells, and the Pi availability  
modulates the expression of the TIR1 gene encoding 
an auxin receptor (Pérez-Torres et al., 2008). AUXIN 

RESPONSE FACTOR (ARF) gene family products reg-
ulate auxin-mediated transcriptional activation and 
repression (Salehin et al., 2015). In Arabidopsis, ARF19 
is reported to play an important role in lateral root for-
mation in response to Pi starvation (Pérez-Torres et al., 
2008).

Although no data directly support the cross talk 
between the PHR1 regulon and auxin signaling in Pi 
starvation responses so far, the PSI genes IPS1, At4, 
and Pht1;1/PT1 are down-regulated in the roots  
of slr-1 and arf7 arf19 mutants during Pi-starvation 
responses (Narise et al., 2010). IPS1, At4, and Pht1;1/
PT1 are the target genes of PHR1 (Rubio et al., 2001; 
Nilsson et al., 2007). slr-1 is a gain-of-function mutant 
of IAA14 (a repressor of auxin signaling), and the arf7 
arf19 double mutant is a loss-of-function mutant of 
ARF7 and ARF19. However, low Pi-induced anthocy-
anin accumulation, which also is controlled by PHR1, 
is increased rather than reduced in slr-1 and arf7 arf19 
mutants (Rubio et al., 2001; Narise et al., 2010). Based 
on these conflicting results, previous researchers  
deduced that the reduction of low Pi-dependent gene 
expression in slr-1 and arf7 arf19 mutants was not 
caused by the inactivation of PHR1 (Narise et al., 2010).

To date, the relationship between auxin signaling  
and the PHR1 regulon in low-Pi responses is still  
unclear. This relationship is uncovered by our work, 
which indicates that auxin signaling is more intimately 
linked with the PHR1 regulon in low-Pi responses than 
was thought previously. Some questions regarding 
low-Pi responses can be answered by the regulating 
mechanism from our work.

RESULTS

Transcriptional Regulation of PHR1 in Arabidopsis

To investigate the transcriptional profiles of PHR1, 
we analyzed PHR1 promoter activity using transgenic 
Arabidopsis carrying a fusion of the PHR1 promoter 
to the reporter gene encoding GUS. Analysis of GUS 
activity revealed that the PHR1 promoter is active in 
roots (Fig. 1A). As early as 1 d after germination, GUS 
activity was detectable in roots of young seedlings. 
GUS activity in roots then increased continuously up 
to 5 d after germination. At the flowering stage, GUS 
activity was clearly detectable in young lateral roots, 
whereas it was weakly detected in lignified lateral 
roots and almost undetectable in lignified primary 
roots (Fig. 1A). Expression analysis showed that PHR1 
expression is induced in both Arabidopsis roots and 
shoots by Pi deficiency (Fig. 1B). These results sug-
gest that PHR1 expression is modulated by external or  
internal Pi levels in Arabidopsis.

In Arabidopsis responses to Pi starvation, auxin is 
involved in the remodeling of Arabidopsis RSA (Pérez- 
Torres et al., 2008). Additionally, gain- or loss-of-function 
mutations of PHR1 result in the respective modification 

Figure 2. Functional sequence analysis of auxin-response elements 
in the PHR1 promoter. A, Schematic representations of the constructs 
showing the deletion mutation of auxin-response elements in the 
PHR1 promoter. The triangles indicate the positions of deleted auxin- 
response elements. B, GUS staining showing the activity of the PHR1 
promoter with deletion mutation of auxin-response elements. C,  
Expression analysis of the GUS gene in roots of PHR1p:GUS, PHR1p-
m1:GUS, PHR1pm2:GUS, PHR1pm3:GUS, PHR1p:GUSmm1, 
PHR1p:GUSmm2, PHR1p:GUSmm3, and PHR1pmmm:GUS trans-
genic plants. Total RNAs were isolated from roots of 5-d-old seedlings 
for RT-qPCR analysis. The data are presented as means ± sd. The signif-
icance of differences was analyzed by Duncan’s test (P < 0.05; n = 9). 
Different lowercase letters indicate statistically significant differences.

ARF7 and ARF19 Regulation of PHR1 Expression



416 Plant Physiol. Vol. 178, 2018

of Arabidopsis RSA (Nilsson et al., 2007; Ren et al., 
2012). Thus, PHR1 may be a component of the auxin 
regulatory pathway involved in low-Pi responses. To 
investigate this possibility, we examined the effects 
of exogenous auxin and auxin transport inhibitors on 
PHR1 expression. RT-qPCR analysis showed that, on 
both 1 mm Pi and 1 μm Pi, the expression of PHR1 was 
obviously increased in Arabidopsis roots exposed to 
0.05 μm indole-3-acetic acid (IAA; natural auxin) or 
0.05 μm naphthylacetic acid (NAA; synthetic auxin; 
Fig. 1C). Promoter activity analysis also showed that, 
on both 1 mm Pi and 1 μm Pi, although no significant 
difference was found in root tips, the activity of the 
PHR1 promoter was obviously increased in the upper 
region of Arabidopsis roots exposed to 0.05 μm IAA or 
0.05 μm NAA (Fig. 1D). On the contrary, the expres-

sion of PHR1 was decreased significantly in the upper  
region of Arabidopsis roots that were exposed to auxin 
transport inhibitors (Fig. 1, C and D).

Auxin-Response Elements in the PHR1 Promoter Essential 
for PHR1 Expression

Using PlantCARE (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/), we found several cis- 
elements in the PHR1 promoter. Among these, there 
are three auxin-response elements, namely one copy of 
the AuxRE (GAGACA, −103 to −108) and two copies 
of the TGA (TGA-1 AACGAC, −1,037 to −1,042; and 
TGA-2 AACGAC, −353 to −358) elements (Supplemen-
tal Fig. S1).

To confirm that these elements are required for  
PHR1 transcription, we carried out a deletion-mutation  

Figure 3. EMSAs for ARF7 and ARF19 binding to the auxin-response elements of the PHR1 promoter in vitro. A, Diagram of 
the PHR1 promoter showing the relative positions of the auxin-response elements (TGA-1, TGA-2, and AuxRE) and the probes 
used in the EMSAs. B and C, EMSAs of the binding of ARF7 (B) and ARF19 (C) to auxin-response elements of the PHR1 pro-
moter. Each biotin-labeled DNA probe was incubated with ARF7 or ARF19 protein. An excess of unlabeled probe was added 
to compete with labeled promoter sequence. Biotin-labeled probes incubated without recombinant ARF7 or ARF19 protein 
served as the negative control.
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analysis using transgenic Arabidopsis. A set of con-
structs were generated and introduced into Arabidop-
sis (Fig. 2A). Histochemical staining of GUS activity 
revealed that PHR1 promoter activity was decreased 
in the roots of transgenic Arabidopsis following the 
deletion mutation of auxin-response elements (Fig. 
2B). RT-qPCR analysis also indicated that expression 
of the GUS reporter gene under the control of the  
mutated PHR1 promoter was lower compared with 
that under the control of the intact PHR1 promoter 
(Fig. 2C). In Arabidopsis carrying single point muta-
tions, GUS activity was obviously decreased in the 
roots of PHR1pm1:GUS transgenic plants. In Arabidop-
sis carrying double point mutations, GUS activity was 
decreased significantly in the roots of PHR1pmm1:GUS  
and PHR1pmm2:GUS transgenic plants. In roots of 
PHR1pmmm:GUS transgenic plants, although the GUS 
activity was decreased dramatically, it was still weakly  
detectable. These results suggest that the three auxin- 
response elements are essential; however, the TGA-1 
element is the most important of them for PHR1 tran-
scription in Arabidopsis roots.

ARF7 and ARF19 Binding to Auxin-Response Elements of 
the PHR1 Promoter

Using ARF7p:GUS and ARF19p:GUS transgenic plants, 
ARF7 and ARF19 promoter activity in Arabidopsis 

roots was investigated (Supplemental Fig. S2A). Under  
1 mm Pi conditions, GUS activity was weak in the roots 
of ARF7p:GUS transgenic plants and was almost un-
detectable in root tips. Under 1 μm Pi conditions, GUS 
activity was increased in roots (except for root tips) of 
ARF7p:GUS transgenic plants. GUS activity was easi-
ly detectable in the whole root system of ARF19p:GUS 
transgenic Arabidopsis under 1 mm Pi conditions. 
Under 1 μm Pi conditions, the GUS activity in roots 
of ARF19p:GUS transgenic plants was increased dra-
matically. RT-qPCR analysis also showed that ARF7 
and ARF19 are induced by low Pi in Arabidopsis roots 
(Supplemental Fig. S2B). These results indicate that the 
expression patterns of ARF7 and ARF19 are similar to 
that of PHR1 in Arabidopsis roots.

Possibly, the regulation of PHR1 by auxin is carried 
out directly by ARF7 and/or ARF19. To test this pos-
sibility, a yeast one-hybrid assay was performed. The 
yeast cells with the effector AD-ARF7 or AD-ARF19 
and the reporter PHR1p:AUR1-C (pPHR1-AbAi) grew 
well on both SD/-Leu medium and SD/-Leu/AbA  
medium (Supplemental Fig. S3). These data indicated that 
both ARF7 and ARF19 are able to bind the PHR1 pro-
moter in yeast cells. To further confirm that ARF7 and 

Figure 4. ChIP assay of ARF7 and ARF19 binding to the auxin- 
response elements of the PHR1 promoter in vivo. A, Diagram of the 
PHR1 promoter showing the relative positions of two TGA elements 
and one AuxRE. The arrows show the positions of primers used in ChIP- 
qPCR. B and C, ChIP-qPCR analysis of the PHR1 promoter sequence. 
ChIP assays were performed with chromatin prepared from wild-type 
Arabidopsis. CK represents the ChIP signals without antibody, and 
ARF7 (B) and ARF19 (C) represent the ChIP signals with the addition of  
anti-ARF7 and anti-ARF19 serum, respectively. The data are presented 
as means ± sd. The significance of differences was analyzed by Stu-
dent’s t test (**, P < 0.01; n = 6).

Figure 5. Expression of PHR1 in arf7, arf19, and arf7 arf19 mutants. 
A, Expression analysis of the PHR1 gene in roots and shoots of the 
wild type (WT), arf7 and arf19 single mutants, and the arf7 arf19 dou-
ble mutant. Total RNAs were isolated from roots and shoots of 5-d-old 
Arabidopsis seedlings for RT-qPCR analysis. The data are presented as 
means ± sd. The significance of differences was analyzed by Duncan’s 
test (P < 0.05; n = 9). Different lowercase letters indicate statistically  
significant differences. B, GUS staining showing PHR1 expression pat-
terns in transgenic plants carrying the PHR1p:GUS construct in the 
wild type and arf7, arf19, and arf7 arf19 mutants. The histochemical 
assay of GUS activity was performed in roots of 5-d-old Arabidopsis 
germinated on 1 mm Pi medium.
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ARF19 can bind directly to auxin-response elements 
of the PHR1 promoter, we performed electrophoret-
ic mobility shift assays (EMSAs; Fig. 3). The EMSA  
results indicated that ARF7 and ARF19 proteins caused 
a mobility shift of biotin-labeled TGA-1, TGA-2, and 
AuxRE sequences (Fig. 3, B and C). Furthermore, the 
unlabeled TGA-1, TGA-2, and AuxRE sequences spe-
cifically competed with labeled sequences in binding 
to ARF7 and ARF19, indicating that the binding is  
sequence specific (Fig. 3, B and C). These results suggest 
that ARF7 and ARF19 are capable of binding auxin- 
response elements of the PHR1 promoter in vitro. To 
confirm that PHR1 is a target gene of ARF7 and ARF19 
in vivo, interaction between ARF7/ARF19 and the 
PHR1 promoter was detected by chromatin immuno-
precipitation (ChIP) assay (Fig. 4). The ChIP assay in-
dicated that ARF7 and ARF19 interact with the PHR1 
promoter encompassing TGA-1, TGA-2, or AuxRE and 
that there is a similar pattern of interaction between 
both ARF7 and ARF19 and the PHR1 promoter (Fig. 4, 
B and C). Comparatively, the interaction with TGA-1 is 
strong and the interaction with TGA-2 is weak. The re-
sults demonstrate that ARF7 and ARF19 are able to bind 
to the auxin-response elements of the PHR1 promoter  
in vivo.

PHR1 Is Positively Regulated by ARF7 and ARF19

Based on the results described above, we further  
hypothesized that ARF7 and ARF19 are able to positively  
regulate PHR1 expression in Arabidopsis roots. To test 
this hypothesis, we first analyzed the expression of 
PHR1 in arf7, arf19, and arf7 arf19 mutants by RT-qPCR 
(Fig. 5A). PHR1 expression was obviously decreased 
in roots of arf7, arf19, and arf7 arf19 mutants compared 

with that of wild-type plants. However, in Arabidop-
sis shoots, PHR1 expression was not significantly dif-
ferent between arf7, arf19, and arf7 arf19 mutants and 
wild-type plants. These results indicate that ARF7 
and ARF19 are positive upstream regulators of PHR1  
expression in Arabidopsis roots.

To obtain a more detailed understanding of the tran-
scriptional regulation of PHR1 expression by ARF7 
and ARF19, the construct PHR1p:GUS was introduced 
into arf7, arf19, and arf7 arf19 mutants. In 5-d-old 
seedlings, GUS signal was detectable in roots of each 
transgenic line (Fig. 5B). In wild-type plants, GUS sig-
nal was strong in the entire root system. In the arf7 
single mutant, the GUS signal was reduced in most 
regions of the root system, whereas GUS signal was 
obviously detectable at root steles and root tips. In the 
arf19 single mutant, the GUS signal was weak in most  
regions of the root system, whereas GUS signal was still  
detectable at the root tips. In the arf7 arf19 double  
mutant, which shows an impaired lateral root forma-
tion phenotype, the GUS signal also was weak in most 
of the root system and detectable only at the tip of the 
primary root. The results suggest that the transcription 
of PHR1 is positively regulated by ARF7 and ARF19 in 
Arabidopsis roots.

Expression of PSI Genes in arf7, arf19, and arf7 arf19 
Mutants

Theoretically, if ARF7 and ARF19 positively mod-
ulate PHR1 expression in Arabidopsis roots, the PSI 
genes, whose expression regulation is downstream of 
PHR1, could be down-regulated in arf7, arf19, and arf7 
arf19 mutants. To confirm this possibility, the expres-
sion of eight PSI genes in roots of arf7, arf19, and arf7 

Figure 6. RT-qPCR analysis of PSI genes in roots of arf7, arf19, and arf7 arf19 mutants. Five-day-old Arabidopsis seedlings were 
transferred to 1 mm Pi or 1 μm Pi medium for 24 h, and then total RNAs were isolated from roots for RT-qPCR analysis. The 
data are presented as means ± sd. The significance of differences was analyzed by Duncan’s test (P < 0.05; n = 9). Different 
lowercase letters indicate statistically significant differences. WT, Wild type.
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arf19 mutant and wild-type plants was measured (Fig. 
6). Under 1 mm Pi conditions, no remarkable differ-
ence in expression was found in the roots of each plant 
line for all PSI genes. Under 1 μm Pi conditions, the 
expression of PSI genes aside from PHO1 and WRKY75 
was decreased in roots of the arf7 single mutant and 
was decreased significantly in roots of the arf19 single 
mutant and the arf7 arf19 double mutant. These results  
indicate that the loss of function of ARF7 and/or 
ARF19 has a vital effect on the expression of PSI genes 
under low-Pi conditions.

arf7, arf19, and arf7 arf19 Phenotypes under Low-Pi 
Conditions

As upstream regulators of PHR1, the loss-of-function 
mutation of ARF7 or ARF19 could affect Arabidopsis 
responses to low Pi. As described previously, there 
was no obvious difference among arf7 and arf19 single 
mutants and wild-type plants on 1 mm Pi medium,  
whereas the arf7 arf19 double mutant displayed an 

obvious mutant phenotype with impaired forma-
tion of lateral roots (Supplemental Fig. S4). On 1 μm  
Pi medium, arf7 arf19 double mutants exhibited this 
same phenotype as well as dark-purple leaves that 
show an overaccumulation of anthocyanin (Fig. 7A).  
Under low-Pi conditions, the content of anthocya-
nin in shoots of wild-type plants and the arf7, arf19, 
and arf7 arf19 mutants was 0.85, 0.89, 0.97, and  
2.18 μmol g−1, respectively (Fig. 7B), meaning that there 
was higher anthocyanin content in shoots of the three 
mutant lines compared with that in wild-type plants, 
especially for the arf7 arf19 double mutant (Fig. 7B). 
Under low-Pi conditions, the Pi content in arf7, arf19, 
and arf7 arf19 mutants is lower than that in wild-type 
plants (Fig. 7, C and D). Whether in roots or in shoots, 
the Pi content of the arf7 arf19 double mutant was  
remarkably lower than that in the other plants (Fig. 7, 
C and D). The Pi content analysis indicates that, un-
der low-Pi conditions, the loss-of-function mutation 
of ARF7 and/or ARF19 results in reduced Pi uptake 
in Arabidopsis.

Figure 7. Phenotypes of arf7, arf19, and arf7 arf19 mutants under low-Pi conditions. A, Twenty-day-old Arabidopsis seedlings 
of the wild type (WT), arf7 and arf19 single mutants, the arf7 arf19 double mutant, the phr1 mutant, and the OEPHR1-5 trans-
genic line grown in hydroponics with 1 mm Pi and 1 μm Pi. B, Content of anthocyanin in shoots of the wild type, arf7 and arf19 
single mutants, the arf7 arf19 double mutant, the phr1 mutant, and the OEPHR1-5 transgenic line grown in hydroponics with  
1 mm Pi and 1 μm Pi. C, Content of free Pi in shoots of the wild type, arf7 and arf19 single mutants, the arf7 arf19 double mutant, 
the phr1 mutant, and the OEPHR1-5 transgenic line grown in hydroponics with 1 mm Pi and 1 μm Pi. D, Content of free Pi in 
roots of the wild type, arf7 and arf19 single mutants, the arf7 arf19 double mutant, the phr1 mutant, and the OEPHR1-5 trans-
genic line grown in hydroponics with 1 mm Pi and 1 μm Pi. The data are presented as means ± sd. The significance of differences 
was analyzed by Student’s t test (*, P < 0.05; **, P < 0.01; and ***, P < 0.001; n = 5). FW, Fresh weight.
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Arabidopsis Sensitivity to Auxin Is Changed by  
PHR1 Mutation

Under low-Pi conditions, the increase in lateral root 
formation in Arabidopsis is mediated by an increase 
in auxin sensitivity of root cells, a process in which 
ARF7 and ARF19 function as the crucial mediators 
(Pérez-Torres et al., 2008). As PHR1 is a target gene 
of ARF7 and ARF19, PHR1 could be involved in the 
regulation of RSA. To confirm this hypothesis, a phr1 
T-DNA insertion mutant (SALK_067629) was identi-
fied and a PHR1 overexpression transgenic Arabidop-
sis line (OEPHR1-5/-8) was generated (Supplemental 
Fig. S5). On 1 mm Pi medium, no significant difference  
was found among the RSAs of wild-type, phr1, and 
OEPHR1-5/-8 seedlings (Fig. 8; Supplemental Fig. 
S5). On 1 μm Pi medium, the number of lateral roots 

of phr1 mutant and OEPHR1-5/-8 transgenic plants 
changed compared with that of wild-type plants, 
whereby they decreased in phr1 mutants and increased 
in OEPHR1-5/-8 transgenic plants (Fig. 8; Supplemen-
tal Fig. S5). On 1 μm Pi medium with auxin (0.05 μm  
NAA or 0.05 μm IAA), the number of lateral roots  
in wild-type and OEPHR1-5/-8 transgenic plants 
increased dramatically, whereas they did not increase 
significantly in the phr1 mutant (Fig. 8; Supplemental 
Fig. S5). These results show that the loss- or gain-of-
function mutation of PHR1 changes Arabidopsis sen-
sitivity to auxin.

Overexpression of PHR1 Partially Rescues Lateral Root 
Impairment of the arf7 arf19 Mutant

From the above data, PHR1, as a target gene of ARF7 
and ARF19, is involved in the initiation and devel-
opment of lateral roots under low-Pi conditions. The 
representative phenotype of arf7 arf19 mutants is lat-
eral root impairment. To investigate the contribution 
of down-regulated PHR1 expression to the lateral root 
impairment of the arf7 arf19 mutant, PHR1 overexpres-
sion transgenic Arabidopsis in the arf7 arf19 mutant 
background (arf7 arf19 OEPHR1-3/-5) was generated 
(Fig. 9). On 1 mm Pi medium, almost no lateral roots 
were observed in both arf7 arf19 double mutant and 
arf7 arf19 OEPHR1-3/-5 transgenic plants (Fig. 9A). On 
1 μm Pi medium, lateral roots were still not observed 
in the arf7 arf19 mutant, whereas lateral roots were 
obviously observed in arf7 arf19 OEPHR1-3/-5 trans-
genic plants (Fig. 9B). However, the lateral root num-
ber of arf7 arf19 OEPHR1-3/-5 transgenic plants was 
significantly less than that of wild-type plants (Fig. 
9, B and D). These results indicate that, under low-Pi 
conditions, the lateral root impairment of the arf7 arf19 
mutant could be partially rescued by the constitutive 
expression of PHR1.

Genes Encoding MYB-CC Family Members Are Regulated 
by ARF7 and ARF19

PHR1 is part of the MYB-CC transcription factor family,  
which includes 15 members in Arabidopsis (Rubio  
et al., 2001). The functional redundancy between PHR1 
and other MYB-CC members has been shown previ-
ously (Bustos et al., 2010; Sun et al., 2016). It is possible 
that genes encoding MYB-CC transcription factors oth-
er than PHR1 also are modulated by ARF7 and ARF19. 
To test this possibility, auxin-response elements were 
identified within the 1.5-kb sequence upstream of 
each gene start codon. Interestingly, auxin-response 
elements were found in the promoters of most MYB-
CC family genes (Fig. 10A). Specifically, the TGA ele-
ment was found in the promoters of At5g29000/PHL1, 
At5g06800, At1g79430, and At1g69580; AuxREs were 
found in the promoters of At5g29000/PHL1, At3g13040, 
At2g01060, At3g12730, At1g79430, At4g13640/PHL3, 
At5g45580, At5g18240, and At3g04030; and the core 
auxin-responsive region (AuxRR core) was found in 

Figure 8. Number of lateral roots of the phr1 mutant and PHR1 over-
expression transgenic plants after exogenous auxin treatment. Five-
day-old seedlings germinated on Murashige and Skoog (MS) medium 
were transferred to 1 mm Pi, 1 μm Pi, 1 μm Pi + 0.05 μm NAA, or 1 μm 
Pi + 0.05 μm IAA medium and cultured vertically for 3 d. The data are 
presented as means ± sd. The significance of differences was analyzed 
by Duncan’s test (P < 0.05; n = 5). Different lowercase letters indicate 
statistically significant differences. WT, Wild type.
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the promoters of At4g13640/PHL3, At5g18240, and 
At3g04030. The auxin-response elements were not 
found in the promoters of only three genes, namely 
At2g20400, At3g04450, and At3g24120/PHL2.

Furthermore, the interaction of ARF7 and ARF19 with 
these auxin-response elements was detected by ChIP 
assay (Fig. 10B). This showed that, in addition to the 
PHR1 promoter, ARF7 and ARF19 were able to interact 
with the auxin-response elements of the promoters of 
At5g29000/PHL1, At5g06800, At3g13040, At3g12730, 
At4g13640/PHL3, At1g69580, and At3g04030. These 
results demonstrate that ARF7 and ARF19, functioning 
as transcription factors, are the upstream regulators of 
the genes encoding MYB-CC family members.

DISCUSSION

PHR1 Is Regulated by Auxin on a Transcriptional Level

In Arabidopsis, the PHR1 gene is not itself particu-
larly Pi responsive, and its transcript is only induced 
2-fold by low-Pi stress (Rubio et al., 2001). In contrast, 
PHOSPHORUS STARVATION RESPONSE1, the coun-
terpart of PHR1 in Chlamydomonas reinhardtii, is induced 

13-fold by Pi deprivation (Wykoff et al., 1999). As in 
Arabidopsis, the expression of PHR1 homologs in other 
plant species is not very responsive to Pi deprivation 
(Valdés-López et al., 2008; Zhou et al., 2008). It seems 
that the transcription of PHR1 is independent of the 
plant Pi status. C. reinhardtii is a unicellular alga and, 
thus, does not often suffer the stress of Pi deficiency. By 
contrast, terrestrial plants require adequate Pi for their 
growth and development, yet they often suffer Pi defi-
ciency from the environment. So, under high-Pi condi-
tions, the transcription of PHR1 is maintained at a high 
level in preparation for the low-Pi stress that can occur 
at any time. Our data support that a complicated reg-
ulation network exists in Arabidopsis for controlling 
PHR1 expression, especially under low-Pi conditions.

What is the upstream regulator of PHR1 during 
Arabidopsis development or under low-Pi stress? To 
answer this question, we investigated potential candi-
dates, and auxin, one of the pivotal phytohormones, 
was found to play a positive regulatory role in PHR1 
expression. In Arabidopsis, several studies have exam-
ined the role of auxin as a mediator in the responses 
to Pi starvation, and increased auxin sensitivity, rather 
than increased auxin transport or synthesis, is consid-
ered a mediator of proliferative lateral root growth in 
low-Pi responses (Williamson et al., 2001; López-Bucio 

Figure 9. Overexpression of PHR1 partially rescues the lateral root impairment of the arf7 arf19 mutant. A, Five-day-old seed-
lings of wild-type (WT), arf7 arf19 mutant, and arf7 arf19 OEPHR1-3/-5 transgenic plants transferred to 1 mm Pi medium and 
cultured vertically for 3 d. B, Five-day-old seedlings of wild-type, arf7 arf19 mutant, and arf7 arf19 OEPHR1-3/-5 transgenic 
plants transferred to 1 μm Pi medium and cultured vertically for 3 d. C, Expression analysis of PHR1 in wild-type, arf7 arf19 
mutant, and arf7 arf19 OEPHR1-3/-5 transgenic plants. Total RNAs were isolated from roots of Arabidopsis seedlings for RT-qP-
CR analysis. The data are presented as means ± sd. The significance of differences was analyzed by Duncan’s test (P < 0.05;  
n = 9). Different lowercase letters indicate statistically significant differences. D, Number of lateral roots of wild-type, arf7 arf19 
mutant, and arf7 arf19 OEPHR1-3/-5 transgenic plants. The data are presented as means ± sd. The significance of differences 
was analyzed by Student’s t test (P < 0.05; n = 9). Different lowercase letters indicate statistically significant differences.
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et al., 2002; Jain et al., 2007; Pérez-Torres et al., 2008). 
The induction of PHR1 by Pi starvation is consistent 
with the increase of auxin sensitivity by Pi starvation 
in Arabidopsis roots. Additionally, the up- or down- 
regulation of PHR1 by the application of exogenous 
auxin or auxin inhibitor, respectively, also supports 
that PHR1 is regulated by auxin.

PHR1 Is the Target Gene of ARF7 and ARF19 in Roots

In plants, auxin plays a crucial role in various  
aspects of physiological and developmental processes 
(Vanneste and Friml, 2009). In these processes, aux-
in coordinates the transcription of numerous auxin- 
mediated genes through the actions of ARFs and Aux/
IAA proteins (Salehin et al., 2015). The ARFs bind 
specific auxin-response elements in their target genes 
(Ulmasov et al., 1997). The Aux/IAAs function as  
repressors of ARF-mediated transcription by forming 

multimers with ARFs and recruiting the Groucho/
Tup family corepressor TOPLESS and its family pro-
teins (TPRs; Long et al., 2006; Szemenyei et al., 2008;  
Korasick et al., 2014; Nanao et al., 2014). To date, some 
kinds of auxin-response elements, which include the 
AuxRE (TGTCTC), TGA element (AACGAC), and 
AuxRR core (GGTCCAT), have been identified in the 
promoters of auxin-responsive genes (Nagao et al., 
1993; Ballas et al., 1995; Pastuglia et al., 1997). In the 
PHR1 promoter, three auxin-response elements (one 
copy of AuxRE and two copies of TGA elements) are 
certainly found, and each of them contributes to the 
transcription of PHR1.

In Arabidopsis, ARF7 and ARF19 play essential 
roles in auxin-mediated plant development by regu-
lating both unique and partially overlapping sets of 
target genes (Okushima et al., 2005). ARF7 and ARF19 
regulate lateral root formation by interacting directly  
with AuxREs in promoters of LATERAL ORGAN  

Figure 10. ChIP assay of ARF7 and ARF19 binding to the auxin-response elements of the promoters of MYB-CC genes in vivo. A, 
Diagrams of the promoters of MYB-CC genes showing the relative positions of auxin-response elements. B, ChIP-qPCR analysis 
of the MYB-CC promoters. ChIP assays were performed with chromatin prepared from wild-type Arabidopsis. CK represents 
ChIP signals without antibody, and ARF7 and ARF19 represent ChIP signals with the addition of anti-ARF7 and anti-ARF19 
serum, respectively. The experiments were repeated three times. The data are presented as means ± sd. The significance of 
differences was analyzed by Student’s t test (*, P < 0.05 [n = 9] and **, P < 0.01 [n = 6]).
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BOUNDARIES-DOMAIN16 (LBD16) and LBD29 
(Okushima et al., 2007). ARF19 also plays an import-
ant role in lateral root formation in response to Pi star-
vation (Pérez-Torres et al., 2008). PHR1 has a similar 
expression pattern to ARF7 and ARF19 in Arabidop-
sis roots under both high- and low-Pi conditions. The 
almost parallel expression patterns imply that PHR1 
and ARF7/ARF19 could be involved in a mutual  
biological process. In the PHR1 promoter, in addition 
to the AuxRE, two TGA elements also are binding sites 
of ARF7 and ARF19. Although several cis-elements 
have been identified as auxin-response elements in 
plants, only AuxRE is confirmed as a binding site of 
ARFs by protein-DNA interaction assay (Ulmasov et 
al., 1997; Okushima et al., 2007; Cole et al., 2009). We 
suggest that the TGA element, as an auxin-response el-
ement, can be bound by ARFs in plants.

ARFs bind to the promoters of auxin-responsive  
genes and activate or repress their transcription (Guil-
foyle and Hagen, 2007). As transcription activators, 
ARF7 and ARF19 positively regulate LBD16 and LBD29  
to regulate lateral root formation (Okushima et al., 
2007). In roots of arf7, arf19, and arf7 arf19 mutants, the 
activity of the PHR1 promoter is decreased significantly, 
as is the transcription of PHR1. In Arabidopsis roots, 
the expression of ARF7 is weak in most regions of roots 
and impaired in root tips, whereas the expression of 
ARF19 is comparatively high in the whole root system. 
The activity of the PHR1 promoter in the arf7 and arf19 

mutants is consistent with the expression patterns of 
ARF7 and ARF19, respectively, namely weakly reduced 
in roots of the arf7 mutant and significantly reduced 
in roots of the arf19 mutant. In the arf7 arf19 mutant, 
although the activity of the PHR1 promoter is low in 
most regions of the roots, it is still detectable in root 
tips. This suggests that other regulators (other ARFs) 
could be involved in controlling PHR1 expression in 
root tips. Considering lateral root impairment in the 
arf7 arf19 double mutant, auxin could be converged 
in roots, which results in expression pattern changes 
of other ARF genes. Accordingly, the expression pat-
tern of PHR1 in the arf7 arf19 double mutant is not as  
expected. The data prove that PHR1 is positively regu-
lated by ARF7 and ARF19 in roots. Our data also indi-
cate that ARF7 cooperates with ARF19 to control PHR1  
expression in roots, whereas ARF7 and ARF19 act redun-
dantly to control lateral root development (Okushima 
et al., 2005, 2007).

The Responses to Low Pi Are Down-Regulated in ARF7 
and ARF19 Loss-of-Function Mutants

As ARF7 and ARF19 are upstream positive regu-
lators of PHR1, the loss-of-function mutation of ARF7 
and/or ARF19 should affect the induction of PSI 
genes by low Pi. The PSI genes (IPS1, At4, Pht1;1/PT1, 
Pht1;4/PT2, ACP5, and RNS1) are the target genes of 
PHR1 during the response to low Pi (del Pozo et al., 

Figure 11. Model for the integration of auxin signaling and the PHR1 regulon in the Arabidopsis Pi-starvation response. Under 
both high- and low-Pi conditions, ARF7 and ARF19 regulate PHR1 in roots. When plants suffer Pi deficiency, PHR1 protein 
is activated by an unknown mechanism, then its downstream PSI genes are up-regulated. In roots of the arf7 arf19 mutant, 
PHR1 is inactivated, causing the suppression of molecular responses to Pi starvation. In shoots of the arf7 arf19 mutant, PHR1 
expression is intact, and the severe deficiency of Pi results in increased biosynthesis of anthocyanin. In roots of the phr1 mutant, 
the lateral root initiation dependent on PHR1 is interrupted, resulting in decreased proliferation of lateral roots. In shoots of the 
phr1 mutant, anthocyanin accumulation dependent on PHR1 is impaired. WT, Wild type.
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1999; Rubio et al., 2001; Shin et al., 2004). Consistent 
with this, the induction of the six genes by Pi starva-
tion is decreased significantly in roots of arf7, arf19, 
and arf7 arf19 mutants. In contrast, PHO1 and WRKY75 
(not targets of PHR1) are induced normally. Logically, 
the down-regulation of Pht1;1/PT1 and Pht1;4/PT2 
(even more genes encoding high-affinity Pi transport-
ers) could inactivate the Pi uptake system triggered 
by Pi starvation. Indeed, Pi content was lower in arf7, 
arf19, and arf7 arf19 mutants compared with wild-type 
plants. Unlike the Pi content, the anthocyanin accu-
mulation is enhanced in shoots of arf7, arf19, and arf7 
arf19 mutants under low-Pi conditions. In Arabidop-
sis shoots, anthocyanin accumulation induced by low 
Pi is dependent on PHR1 (Rubio et al., 2001). It seems 
contradictory, now that ARF7 and ARF19 positively 
regulate PHR1, that the anthocyanin accumulation 
should be down-regulated in arf7, arf19, and arf7 arf19 
mutants. Previously, it was discussed that PHR1 activ-
ity could not be affected in the arf7 arf19 double mutant 
(Narise et al., 2010). Considering the tissue specificity 
of PHR1 regulated by ARF7 and ARF19, it is logical 
that ARF7 and ARF19 specifically or dominantly con-
trol PHR1 in roots, whereas, in shoots, there are likely 
other ARF(s) controlling PHR1 expression. In roots of 
the mutants, the down-regulated PHR1 results in the 
decreased expression of PSI genes and Pi uptake. How-
ever, in shoots of the mutants, PHR1 is not affected and 
anthocyanin biosynthesis is intact. Moreover, the Pi 
deficiency in the arf7 arf19 mutant is more severe than 
that in arf7 and arf19 mutants and wild-type plants, so 
much more anthocyanin is accumulated in the double 
mutant under low-Pi conditions. Consistently, previ-
ous data also have shown that the induction of At4 and 
Pht1;1/PT1 by low Pi is decreased dramatically in arf7 
arf19 roots, whereas it is not obviously affected in arf7 
arf19 shoots (Narise et al., 2010).

Loss- and Gain-of-Function Mutation of PHR1 Affects 
Arabidopsis Sensitivity to Auxin

Under low-Pi conditions, the RSA of the phr1 mutant  
is changed (Rubio et al., 2001; Nilsson et al., 2007). Sta-
tistically, the number of lateral roots of phr1 mutant 
and PHR1 overexpression transgenic Arabidopsis is 
significantly decreased and weakly increased, respec-
tively, under low-Pi conditions (Ren et al., 2012). By 
exogenous auxin treatment, the sensitivity of the phr1 
mutant to auxin for inducing lateral root formation is 
reduced. PHR1 is at least partially involved in the mod-
ulation of Arabidopsis RSAs under low-Pi conditions. 
ARF7 and ARF19 act as key components in a develop-
mental pathway regulating lateral root formation by 
directly regulating LBD16 and LBD29 (Okushima et al., 
2005; Wilmoth et al., 2005). In roots of the phr1 mutant, 
the expression of LBD16 and LBD29 is not changed  
obviously (Supplemental Fig. S6). On the other hand, 
constitutive expression of PHR1 could partially rescue 
the lateral root impairment in the arf7 arf19 double mu-
tant, showing the contribution of down-regulated PHR1 

to the phenotype of the arf7 arf19 mutant. It seems that 
there is a bypass independent of LBD16 and LBD29 in 
which PHR1 as a component is involved in the regula-
tion of lateral root formation under low-Pi conditions. 
In Arabidopsis, besides the ARF7/19-mediated path-
way, a WOX11-mediated pathway also contributes to 
root system formation (Sheng et al., 2017). Potentially,  
PHR1 is the mutual component of ARF7/19- and WOX11- 
mediated pathways for regulating lateral root initia-
tion and development.

Arabidopsis MYB-CC Family Members Are Regulated by 
ARF7 and ARF19

Arabidopsis PHR1 belongs to a 15-member family 
of MYB-CC transcription factors (Rubio et al., 2001). 
Furthermore, PHL1 and PHL2, the other two MYB-CC 
family members, are proven to be functionally redun-
dant with PHR1 in Arabidopsis responses to Pi star-
vation (Bustos et al., 2010; Sun et al., 2016). It is highly 
possible that the genes encoding the other MYB-CC 
transcription factors also could be the targets of ARF7 
and ARF19. Among 15 genes encoding MYB-CC fam-
ily transcription factors, the auxin-response elements 
were found in the promoters of 13 genes, and the  
majority of them are bound by ARF7 and/or ARF19. 
Here, the TGA element, AuxRE, and AuxRR core ele-
ment are tested in the promoters. It cannot be entirely 
excluded that the other cis-elements, which are un-
identified so far, could be bound by ARF7 or ARF19. 
Moreover, it cannot be ruled out that the other ARFs, 
besides ARF7 and ARF19, could modulate the genes 
encoding MYB-CC family transcription factors.

CONCLUSION

Based on the results obtained, we propose a model  
for how auxin signaling and the PHR1 regulon in 
Arabidopsis is coordinated during responses to Pi  
deficiency (Fig. 11). (1) Under high-Pi conditions, 
auxin signaling regulates PHR1 by ARF7 and ARF19 
in roots, yet the necessity of PHR1 expression is un-
clear. In shoots, the high level of Pi suppresses the 
biosynthesis of anthocyanin. (2) When plants suffer Pi 
deficiency, the increased sensitivity of an auxin recep-
tor, TIR1, results in up-regulated ARF7 and ARF19, 
which promote the expression of PHR1 in roots. 
PHR1 protein is activated by an unknown mecha-
nism (probably posttranslational modification), then 
its downstream PSI genes are up-regulated. Simul-
taneously, PHR1 is involved in the modulation of 
lateral root initiation, which results in increased pro-
liferation of lateral roots. In shoots, the biosynthesis 
of anthocyanin dependent on PHR1 is triggered by Pi 
deficiency. (3) Consistently, in roots of the arf7 arf19 
double mutant, LBD16/LBD29 and PHR1 expression 
is inactivated, causing the suppression of lateral root 
initiation and molecular responses to Pi starvation, 
resulting in more severe impairment of Pi uptake. In 
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shoots of the arf7 arf19 double mutant, PHR1 expres-
sion is intact and the severe deficiency of Pi results in 
increased biosynthesis of anthocyanin. (4) When phr1 
mutants suffer from Pi deficiency, the basic lateral 
root initiation dependent on LBD16/LBD29 is active 
and the lateral root initiation dependent on PHR1 is 
interrupted, resulting in decreased proliferation of 
lateral roots compared with that of wild-type plants. 
In shoots of the phr1 mutant, although Pi is severely  
deficient, anthocyanin biosynthesis dependent on 
PHR1 is interrupted and anthocyanin accumulation 
is impaired.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All Arabidopsis (Arabidopsis thaliana) plants used in this study were of the 
Columbia-0 ecotype background. The phr1 mutant line (SALK_067629) was 
obtained from the SALK collection. The homozygous phr1 mutant, which was 
selected by PCR-based genomic identification, was confirmed by RT-PCR. 
The ARF7p:GUS (CS24633) and ARF19p:GUS (CS24634) transgenic lines were 
obtained from the Arabidopsis Biological Resource Center. The seeds of arf7, 
arf19, and arf7 arf19 mutants were provided by Luis Herrera-Estrella and con-
firmed by RT-PCR using gene-specific primers (Supplemental Table S1). Ara-
bidopsis seeds were surface sterilized and germinated on one-half-strength 
MS medium (pH 5.8) containing 0.8% (w/v) agar at 22°C to 25°C. After 4 d, 
the germinated seedlings were transferred onto high-Pi or low-Pi medium at 
22°C to 25°C. MS medium with 1 mm KH2PO4 was used as high-Pi medium 
and that with 1 μm KH2PO4 was used as low-Pi medium. For hydroponics, 
5-d-old seedlings were transferred in one-quarter-strength Hoagland nutrient 
solution containing 1 mm or 1 μm KH2PO4, respectively. Plants were grown 
under a long-day light cycle (16 h of light/8 h of dark), and the humidity was 
maintained at 65%.

Vector Construction and Plant Transformation

The PHR1 promoter, which is a 1.5-kb sequence upstream of the PHR1 
start codon, was isolated from the Arabidopsis genome by PCR using a pair 
of primers and then cloned into pBluescript SK for sequence verification. 
The PHR1 promoter fragment was subcloned into pBI101 vector to generate 
the chimeric PHR1p:GUS construct. To investigate the necessity of auxin- 
response elements for PHR1 expression, one AuxRE and two TGA elements 
of the PHR1 promoter were deleted by primer-based mutagenesis, resulting 
in PHR1pm1:GUS, PHR1pm2:GUS, PHR1pm3:GUS, PHR1pmm1:GUS, PHR1p-
mm2:GUS, PHR1pmm3:GUS, and PHR1pmmm:GUS mutation constructs. With 
the gene-specific primers, the full-length cDNA of PHR1 was amplified and 
then cloned into pBluescript SK vector for sequence verification. The coding 
sequence of PHR1 was then cloned into pBI121 vector, replacing the GUS gene 
(35S:PHR1). The construct 35S:PHR1 was used to transform the wild type and 
the arf7 arf19 double mutant. The above-mentioned constructs were intro-
duced into Arabidopsis by the floral dip method. Homozygous lines of the T3 
and T4 generations were used in this study.

Histochemical Assay of GUS Activity

Histochemical assays of GUS activity in transgenic Arabidopsis were con-
ducted according to a protocol described previously (Ren et al., 2014). The 
samples were incubated at 37°C in a GUS reaction buffer including 5-bromo- 
4-chloro-3-indolyl-β-d-GlcA. Chlorophyll was cleared from plant tissues 
by immersing them in 70% ethanol. GUS staining patterns were confirmed 
by observing at least five different transgenic lines. Representative stained 
seedlings or tissues were imaged using a Leica MZ16f stereomicroscope  
(Leica).

Pi and Anthocyanin Content Assay

Pi content and anthocyanin content were measured by the methods  
described previously (Ren et al., 2012).

RT-qPCR Analysis

The expression of the genes was analyzed by RT-qPCR using the flu-
orescent intercalating dye SYBR Green in a detection system (MJ Research;  
Opticon 2). The ACTIN2 gene was used as a standard control for RT-qPCR. A 
two-step RT-PCR procedure was performed using a method described earlier 
(Ren et al., 2014). All primers used in the RT-qPCR analyses are listed in Sup-
plemental Table S1.

Yeast One-Hybrid Analysis

Yeast one-hybrid analysis was carried out using the Matchmaker Gold 
yeast one-hybrid system (Biosciences Clontech). PHR1 promoter was inserted  
upstream of the AUR1-C gene in the pAbAi vector and then efficiently  
integrated into the genome of the Y1HGold yeast strain by homologous  
recombination.

The truncated coding sequences of ARF7 and ARF19 (encoding amino  
acids 1–367 and 1–359, respectively, which include the DNA-binding domain 
and transcriptional factor domain) were cloned into pGADT7. This contains 
the GAL4 activation domain to create the fusion constructs GAL4-ARF7 and 
GAL4-ARF19, which were transformed into the Y1HGold/PHR1p reporter 
yeast strain. The resistance to AbA is conferred by the AbAr gene (AUR-1C), 
which is the reporter on the bait vector pAbAi. When ARF7 or ARF19 binds 
to the PHR1 promoter sequence, the GAL4 activation domain activates the 
expression of AbAr, which allows the cells to grow on medium containing the 
AbA antibiotic.

EMSA

The truncated coding sequences of ARF7 and ARF19 were cloned into 
pET32a. The ARF7 and ARF19 fusion proteins were purified from Escherichia 
coli strain BL21 (DE3) using an Ni-NTA resin column. Protein concentrations 
were determined using the Bio-Rad DC-assay kit. Three pairs of 45-bp oli-
gonucleotides each containing one of the auxin-response elements were syn-
thesized and labeled with biotin. Each pair of oligonucleotides is annealed to 
double-chain DNA as DNA probes. The labeled probes were incubated with 
the recombinant proteins in a buffer solution (750 mm KCl, 0.5 mm DTT, 0.5 
mm EDTA, and 50 mm Tris, pH 7.4) and incubated at room temperature for 20 
min. The DNA-protein reaction mixtures were separated by nondenaturing 
PAGE. The free and protein-bound DNAs were detected using the Light Shift 
Chemiluminescent EMSA kit (Thermo Scientific) according to the manufac-
turer’s instructions.

Antibody Generation and ChIP Assay

The polyclonal antibodies against ARF7 or ARF19 were generated by  
inoculation of rabbits with ARF7 and ARF19 fusion proteins. Seven-day-old 
seedlings were harvested for ChIP experiments. The chromatin samples for 
ChIP experiments were obtained according to a previously described protocol 
(Saleh et al., 2008). The plants were first cross-linked by formaldehyde, and 
the purified cross-linked nuclei were then sonicated to shear the chromatin 
into suitably sized fragments. The antibody that specifically recognizes ARF7 
or ARF19 was used to immunoprecipitate DNA/protein complexes from the 
chromatin preparation. The DNA in the precipitated complexes was recovered 
and analyzed by RT-qPCR as described above. The chosen primer sets can am-
plify fragments of 150 to 200 bp within the promoters of PHR1 and the genes 
coding other MYB-CC family members. To ensure the reliability of ChIP data, 
the input sample and nonantibody control sample were analyzed with each 
primer set. On the other hand, the fragment including the P1BS element of the 
IPS1 promoter was amplified as a negative control.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome 
Initiative or GenBank/EMBL databases under the following accession num-
bers: PHR1 (AT4G28610), ARF7 (AT5G20730), ARF19 (AT1G19220), ARF5 
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(AT1G19850), ARF10 (AT2G28350), IPS1 (AT3G09922), At4 (AT5G03545), Pht1;1 
(AT5G43350), Pht1;4 (AT2G38940), ACP5 (AT3G17790), RNS1 (AT2G02990), 
PHO1 (AT3G23430), WRKY75 (AT5G13080), LBD16 (AT2G42430), and LBD29 
(AT3G58190).
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The following supplemental materials are available.

Supplemental Figure S1. Schematic representation of the cis-elements in a 
1.5-kb sequence upstream of the start codon of the PHR1 gene.

Supplemental Figure S2. Expression analysis of ARF7 and ARF19 in Ara-
bidopsis roots.

Supplemental Figure S3. Analysis of ARF7 and ARF19 binding to the 
PHR1 promoter via a yeast one-hybrid assay.

Supplemental Figure S4. Phenotypes of arf7 and arf19 single mutants and 
the arf7 arf19 double mutant.

Supplemental Figure S5. Phenotypes of the wild type, phr1 single mutants, 
and PHR1 overexpression lines.

Supplemental Figure S6. Expression analysis of LBD16 and LBD29 in Ara-
bidopsis roots.

Supplemental Table S1. Primers or oligonucleotides used in this study.
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